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The experimental and theoretical study of methane adsorption on granular activated
carbons is presented. The adsorption data are modeled by various isotherm equations.
Toth equation is found to have the best fit. The isosteric heat decreases with loading
and increases weakly with temperature, which is an indication of heterogeneity of the
methane and granular activated carbon system. Using optimized parameters from Toth
equation, a novel procedure is developed to calculate the integral heat of adsorption,
which is the total amount of isosteric heat of adsorption at a given temperature and
pressure during the adsorption process. VVC 2011 American Institute of Chemical Engineers
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Introduction

Depending on the source and geographical location of pro-
duction, natural gas can contain up to 95 mol % methane
(CH4), the remaining being carbon dioxide (CO2), nitrogen,
and small amounts of higher molecular weight hydrocarbons,
such as ethane (C2H6), propane (C3H8), and butane (C4H10).
It is well-known that natural gas burns cleaner than gasoline,
diesel and the other fuels. Because of this environmentally
friendly behavior, it is commonly used for heating and its
use continues to grow. It is also used in some vehicles by
storing it as compressed natural gas (CNG) at pressures up
to 270 atm. In current practice, natural gas is mainly stored
as CNG for vehicle use or liquefied natural gas (LNG) for
shipment. However, CNG requires expensive vessels and
multistage compression and LNG also requires expensive
cryogenic process. An attractive alternative to CNG and
LNG might be adsorbed natural gas (ANG), where the gas is
stored on porous material packed into a vessel at much

lower pressure. ANG uses microporous adsorbents inside a
vessel, which offers higher energy density and higher vol-
ume to volume (v/v) storage capacity compared with CNG
at typical natural gas pipeline conditions, pressure less than
50 bars and temperature less than 55�C.1–9 So, at these con-
ditions, ANG has high potential for exploitation not only in
transportation but also in large-scale application such as
ANG storage close to natural gas consumers.

In ANG operation, the most important is the selection or
development of a microporous material with high-storage
capacity and stability under cyclic operation. Potential
microporous materials, which can meet these requirements,
include activated carbon, metal-organic frameworks (MOF),
and other organic or inorganic solids.10–20 Although MOFs
and the other organic solids display attractive sorption prop-
erties with a v/v adsorption capacity as high as 230 of abso-
lute methane adsorption at 290 K and 35 bar, which also
exceeds the DOE target of 180 v/v, methane is strongly
entrapped in MOF’s structures and heating up to 100�C is
necessary for desorption.13 The other factors, which may
also affect the applicability of MOFs as natural gas adsorb-
ent include their stability and ability to tolerate impurities
such as H2S, black powder, mercaptans, etc., which are
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common in industrial applications. Inorganic solids like zeo-
lites have lower performance for methane storage than
activated carbons. Moreover, zeolites present much more
hydrophilic surfaces than carbons and tend to adsorb water
preferentially. Therefore, activated carbon currently remains
the only commercially viable adsorbent for natural gas stor-
age in terms of adsorption capacity and stability.

In this article, both experimental and theoretical investiga-
tions were carried out to determine the methane adsorption
capacity of various granular activated carbons under tempera-
ture range up to 56�C. Temperature-dependent Sips, Toth and
Unilan isotherm equations were used to fit the adsorption data.
D-A equation was used to optimize parameters for adsorption
characteristic curve. A novel procedure is also developed to
predict the total amount of isosteric heat of adsorption process.

Experimental

Experimental setup and procedure

In this study, the volumetric method was used to measure
the methane adsorption on granular activated carbons. The
major components of the experimental setup are shown in
Figure 1. A vacuum pump, not shown in Figure 1, is also
connected to the system for degassing. The adsorber has a
thermal jacket connected to a heater/chiller so that the tem-
perature of the adsorber can be set to the desired temperature
for measurement.

To determine the adsorption isotherm, the adsorber was
first filled up with 50 g of granular activated carbon and was
degassed at a pressure of 2.5 �10�4 Torr at 120�C for 4 h.
Then, the adsorber was cooled down to and maintained at
desired temperatures of 10, 21, 38 or 56�C. The reference
vessel has a volume of two liters, and the adsorber has a vol-
ume of 120 cm3. The reference vessel was first charged with
methane to a certain pressure, then, valve 3 was opened and
the pressure between two vessels was left to equalize. Read-
ings of the two pressure indicators were taken after 20 min
of reaching equilibrium.

Materials

Four types of commercial granular activated carbons, la-
beled as AC1, AC2, AC3 and AC4, with different physical

characteristics were used. The high-purity methane and ultra-
high-purity helium were used without further purification.

Characterization of activated carbons

Micromeritics ASAP surface area and porosity analyzer
were used for N2 adsorption/desorption at 77 K. The physi-
cal properties measured are in Table 1. Here, the total pore
volume from nitrogen porosimeter is for the pores that have
a diameter range of 0–20 nm, and the micropores are defined
as the pores that have diameters range of 0–2 nm. For the
mercury porosimeter, mesopore volume is for pores with a
width range of 2–50 nm, and macropores are pores with a
width range of 50–10,000 nm.

The amount N2 adsorbed vs. relative pressure at 77 K on
granular activated carbons are shown in Figure 2. The shapes
of these four isotherms are Type-II isotherm, which indicates
that these granular activated carbons are essentially micropo-
rous. After the relative pressure of 0.8, the increase of
adsorbed amount is most probably due to the presence of
mesopores, where the condensation of N2 occurs as the pres-
sure goes up. It is also noted that the isotherm plateau is
reached at P/P0 ¼ 0.5. The slope of the plateau is related to
the multilayer mechanism of adsorption on the external sur-
face of the materials. It is also obvious that the higher sur-
face a granular activated carbon has, the higher mass to
mass (m/m) adsorption capacity it has for nitrogen.

Figure 1. Schematic diagram of the experimental setup.

Table 1. Physical Properties of the Granular Activated

Carbon Samples

Sample AC1 AC2 AC3 AC4

ASTM mesh size 8�16 30�70 2�60 12�40

Bulk density (g/cm3) 0.47 0.39 0.49 0.54
Skeletal density (g/cm3) 2.299 2.363 2.402 2.059

Nitrogen Porosimetry (77 K)

BET surface area (m2/g) 1235 1589 1426 999
Total Pore Volume (cm3/g) 0.629 0.747 0.599 0.500
Micropore Volume (cm3/g) 0.600 0.706 0.560 0.456
BJH average pore width (Å) 18.00 18.70 17.47 20.64

Mercury Porosimetry

Total pore volume (cm3/g) 0.388 0.457 0.360 0.314
Mesopore Volume (cm3/g) 0.182 0.205 0.164 0.137
Macropore Volume (cm3/g) 0.205 0.252 0.194 0.176
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Determination of adsorption of methane

After the adsorber was filled with granular activated car-
bon, it was tapped gently until the level of the granular acti-
vated carbon did not go down anymore. At this point, the
granular activated carbon was packed to its bulk density.
The total volume of the adsorber cell (Vabsorber) consists of the
following volumes: adsorbent skeletal (Vsk), micropore (Vmic),
mesopore (Vmes) and macropore (Vmac), and the space among
the adsorbent particles (Vinterp). For precise determination of
the total volume of micropore, mesopore, macropore of the
adsorbent and the space among adsorbent particles, helium
was used since it is essentially inert for adsorption. To
determine the adsorption amount, pressure P1 was recorded for
the reference cell with a volume of Vref, and equilibrium
pressure P2 was also recorded after the gate valve 3 was open.
Then, the total volume becomes (VT ¼ Vref þ Vabsorber). The
nonskeletal volume is defined as

Vnsk ¼ VT � Vsk (1)

Assuming that the methane adsorption only takes place in
micropores, methane molecules inside the mesopore and
macropores behave like in gas state. Gas-phase methane vol-
ume is, therefore (Vnsk � Vmic). To calculate the amount of
methane adsorbed per gram of granular activated carbon,
nonideal behavior is considered and Eq. 2 is used. This volu-
metric measurement of adsorption is similar to the methods
applied by Gummar and Talu21 and Salehi et al22

nadsorbed ¼
P1VT

ZRT � P2�ðVnsk�VmicÞ
ZRT

h i
Mgac

(2)

where Z is methane compressibility factor, T is temperature,
and R is the ideal gasMgac is the mass of the granular activated
carbon used. Z is determined from the well-known Soave-
Redlich-Kwong (SRK) equation of state.

Results and Discussion

Experimental results

Figure 3a and 3b show the plots of the amount of
adsorbed methane vs. pressure at 21�C for the four different

granular activated carbons. All of them have Type-I iso-
therm, which indicates that the materials are microporous.
Based on the moles of methane adsorbed per gram of granu-
lar activated carbon in Figure 3b, the capacity for methane
adsorption for four granular activated carbons increase in the
order of AC4 \ AC1 \ AC3 \ AC2. This order is the
same as the order of BET surface area of AC4(999 m2/g) \
AC1(1235 m2/g) \ AC3(1426 m2/g) ¼ AC2(1589 m2/g).
This is consistent with the order of the amount of N2

adsorbed at 77 K on these samples as in Figure 2. The
higher-surface area a granular activated carbon has the more
moles of adsorbate it adsorbs. Based on the volume of meth-
ane adsorbed per bulk volume of granular activated carbon
in Figure 3a, the capacity for methane adsorption increases
in the order of AC4 \ AC2 \ AC1 \ AC3. This capacity
for methane adsorption change can be attributed to the fact
that bulk density in volume to volume comparison becomes
a more important factor. The bulk density for the four granu-
lar activated carbons are AC1(0.47 g/cm3), AC2(0.39 g/
cm3), AC3(0.49 g/cm3) and AC4(0.54 g/cm3). Although
AC2 has the largest BET surface area, it has the lowest bulk
density. Then, for the same volume, AC2 will have the low-
est mass packed. AC3 has the second highest BET surface
area and bulk density, and AC4 has the highest bulk density,
but lowest BET surface area. Therefore, it is reasonable to
say that the synergetic effect between BET surface area and
bulk density makes AC3 have the highest volume to volume
adsorption capacity.

Figure 3. Volume to volume base comparison of the
adsorption capacity among the four granular
activated carbons. Mass to mass base com-
parison of the adsorption capacity among the
four granular activated carbons.

Figure 2. N2 adsorption isotherms at 77 K on granular
activated carbons.
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AC3 has the lowest average pore width of 17.47 Å among
the four granular activated carbons as calculated by Barret-
Joyner-Halenda(BJH) method (Table 1). The average pore
width increases in the order of AC3(17.47 Å) \ AC1(18.00
Å) \ AC2(18.70 Å) \ AC4(20.64 Å). Earlier theoretical
studies23–25 found that for methane adsorption on slit-pore
activated carbon, the optimum pore width is 11.2–11.4 Å to
create the maximum density for the adsorbed phase. Since
the pore width of AC3 is close to the optimum pore width,
it has the higher adsorption density, which contributes to
AC3’s highest volume to volume capacity for methane
adsorption.

Since AC3 performs better than the others on volume to
volume based comparison for methane adsorption, in the
remaining part of the article, the data for AC3 will be used
in the discussion and modeling. Figure 4 shows the tempera-
ture effect on methane adsorption on AC3. It is clear that
the higher the adsorption temperature, the lower amount of
methane adsorbed. This is due to the fact that adsorption is
exothermic. According to the Le Chatelier’s principle, the
endothermic desorption will be favored when temperature
increases. Therefore, less amount of methane is adsorbed at
higher temperatures.

To calculate the stored amount of methane inside the
adsorber vessel, the amount of the methane compressed
inside the mesopores, macropores and the space among gran-
ular activated carbon particles is added to the liquid-like
adsorbed phase inside micropores. Figure 5 compares the
methane stored for ANG and CNG at various pressures at
21�C. At about 50 bars, the adsorber packed with AC3 can
adsorb and store 90 and 120 times the volume of the
adsorber cell, respectively. The same adsorber packed with
AC3 only requires a pressure of about 10 bars to store the
same amount of methane by compression at 50 bars. So, the
advantage of adsorbed methane storage is obvious.

Empirical Modeling

Many semiempirical approaches have been proposed and
they are quite successful in describing equilibrium data.26

These isotherm equations include Freundlich, Sips, Toth and
Unilan equations. The Freundlich isotherm equation is not
valid at the low- and high- end of the pressure range because

it does not give proper Henry law behavior at low-pres-
sure,27 and does not have a finite limit when the pressure is
sufficiently high. It is generally valid in the narrow range of
the adsorption data. Although the Sips equation addresses
the problem of Freundlich equation of continuing increase of
the adsorbed amount with an increase in pressure, it does
not have a proper Henry law behavior at low-pressure. How-
ever, Toth isotherm equation satisfies both the low- and
high-end requirement and describes many systems with sub-
monolayer coverage very well. Unilan isotherm equation
(uniform distribution and Langmuir local isotherm) assumes
that the energy distribution is uniform and local Langmuir
isotherm is applied.

Here, methane adsorption on AC3 was modeled with tem-
perature-dependent form of Sips, Toth and Unilan equations.
The equations and their optimized parameters are listed in
Table 2. Nonlinear least-square method is used to fit the ex-
perimental data and in-house developed MATLAB program
is used to drive the MATLAB optimization toolbox solver
lsqcurvefit. The average relative error for each method is
also listed in Table 2. The average relative error is defined
in Eq. 4

Average relative error ðAREÞ% ¼
P Yexp

i �Ymodeled
i

Yexp

i

��� ���
N

(4)

where N is the number of experimental data points, super-
scripts exp and modeled stand for the experimental and
modeled values, respectively, Y represents the amount of
methane adsorbed.

In Table 2, the n0, t and s in the Sips, Toth and Unilan
equations characterize the heterogeneity of the methane-
granular activated carbon system; Cl,Cls,Cls0 are adsorbed
amount, saturation adsorbed amount and saturation adsorp-
tion amount at the reference temperature; b,b0,b, are
adsorption affinity constant, adsorption affinity constant at
reference temperature and adsorption affinity constant at
average adsorption energy, R is gas constant, P is adsorption
pressure x,a, P are parameters, and Q is heat of adsorption.
Q for Sips and Toth equations are quite different from each
other. This should not cause any problem because Q in the
Sips equation is the isosteric heat of adsorption at a

Figure 5. Amount of adsorbed and stored methane for
AC3.

Figure 4. Comparison of methane adsorbed amount at
different temperatures for AC3.
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fractional loading of 0.5, while Q in the Toth equation is the
isosteric heat of adsorption at zero fractional loading. The
values of n0, t and s in Table 2 all indicate the heterogeneity
of the methane-granular activated carbon system.26 As indi-
cated in Table 2, Toth equation gives the highest accuracy in
fitting the experimental adsorption data. Figure 6 shows that
the optimized temperature-dependent Toth equation fits ex-
perimental data well in all the pressure range at different
temperatures.

Isosteric Heat of Adsorption

The knowledge of the adsorption equilibrium and isosteric
heat of adsorption is essential for proper design and opera-
tion of any gas-phase adsorption process. The isosteric heat
of adsorption is usually estimated from the temperature de-
pendence of the adsorption isotherm.19,28,29 As discussed in
the Experimental results section, the optimized Toth equation
gives the best result in fitting experimental data. Here, this

equation is used to calculate the isosteric heat of adsorption.
Using Clausius-Clapeyron equation (Eq. 5), the equation for
isosteric heat of adsorption is derived from the Toth equation
as shown in Eq. 6

� DH ¼ RT2 @ lnP=@Tð Þh (5)

�DH¼Q�1

t
ðaRTOÞ ln bPð Þ� 1þðbPÞt� �

ln
bP

1þðbPÞt� �1=t
6664

7775
8<
:

9=
;

¼Q�1

t
ðaRTOÞ ln

h

1�htð Þ1=t

" #
� lnh

1þhtð Þ

( )

¼Q�1

t
ðaRT0Þ ln

Cl

Ct
ls�Ct

l

� �1=t
�

ln Cl
�
Cls

� �
1� Cl

�
Cls

� �t� �
2
664

3
775

8>><
>>:

9>>=
>>;

(6)

The isosteric heat of adsorption (Eq. 6) is a function of
loading of adsorbates or pressure. Now, the meaning of Q in
Eq. 6 is clear; it is the isosteric heat when the fractional
loading is zero. Figure 7 shows the variation of the isosteric
heat of adsorption for AC3 with loading at four different
temperatures. The value of isosteric heat of adsorption deter-
mined by Eq. 6 for AC3 is close to those reported values of
20 KJ/mol in the literature.30 The decrease of the isosteric
heat with loading physically means that methane molecules
prefer to adsorb onto the sites of high-energy. Then, as
adsorption progresses methane molecules adsorb onto the
sites of low-energy, which results in a slow increase in the
amount of adsorbed vs. pressure. This finding is also in
agreement with the slope of adsorption isotherm as indicated
in Figure 6.

Table 2. Isotherm Equations Used to Model the Experimental Data and their Optimized Parameters

Equation Name Equation Expression Optimized Parameters using 294.15 K as reference temperature ARE (%)

Sips
Cl ¼ Cls

ðbPÞ1=n

1þðbPÞ1=n
Cls,0 ¼ 10.794 mmole/g 1.7563

b ¼ b0 exp
Q
RT0

T0
T � 1

� �h i
v ¼ 0

1
n ¼ 1

n0
þ a 1� T0

T

� �
b0 ¼ 0.023753 bar�1

Cls ¼ Cls;0exp z 1� T
T0

� �h i
Q ¼ 10.516 kJ/mole

n0 ¼ 1.6512
a ¼ 0.64163

Toth Cl ¼ Cls
bP

½1þðbPÞt �1=s
Cls,0 ¼ 17.934 mmole/g 1.3047

b ¼ b0exp
Q
RT0

T0
T � 1

� �h i
v ¼ 0

t ¼ tD þ a 1� T0
T

� �
b0 ¼ 0.12929 bar�1

Cls ¼ Cls;0exp v 1� T
T0

� �h i
Q ¼ 20.259 kJ/mole

t0 ¼ 0.42718
a ¼ 0.2573

Unilan Cl ¼ Clsln
1þ�besP
1þ�be�sP

� �
Cls,0¼ 28.115 mmole/g 2.9886

�b ¼ b0exp � �E
RT0

1� T0
T

� �h i
v ¼ 0

�E ¼ EmaxþEmin

2
b0 ¼ 0.001025 bar�1

s ¼ Emax�Emin

2RT
�E ¼ 15:803 kJ=mole

Cls ¼ Cls;0exp v 1� T
T0

� �h i
s ¼ 6.1961

Emax ¼ 30.956 kJ/mole
Emin ¼ 0.6505 kJ/mole

Figure 6. Modeling and experimental data for AC3 at
different temperatures.
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Integral Heat of Adsorption

Equation 6 can be numerically integrated to get the inte-
gral heat of adsorption,31 which is the total amount of heat
of adsorption released during the adsorption process. There-
fore, the following procedure can be developed to estimate
the integral heat of adsorption, which needs to be removed
from an adsorber bed to control the bed temperature constant
during adsorption process:

(a) Experimental measurement of adsorption isotherms at
different temperatures.
(b) Use experimental data to optimize the parameters of

the temperature-dependent Toth equation parameters.
(c) Use Toth equation to predict the amount of adsorption

at a certain temperature and pressure.
(d) Integrate isosteric heat of adsorption curve to get the

integral heat of adsorption—the total amount of isosteric
heat of adsorption up to a certain pressure at a certain tem-
perature.

Using the aforementioned procedure and assuming a con-
stant bed temperature, the integral heat of adsorption heat
released is calculated for an adsorber packed with 1 kg of
AC3 at a temperature range of 10–60�C, and a pressure
range of 0–50 bars. Although Figure 7 shows that isosteric
heat is slightly higher at higher adsorption temperature,
Figure 8 shows the integral heat of adsorption released at

higher temperature is less than that at lower temperature.
This is because of the less amount of methane adsorbed at
higher temperature.

Conclusions

The detailed analysis of high-pressure methane adsorption
and storage results at the temperature and pressure range of
10–56�C, and 0–50 bars has allowed us to draw the follow-
ing conclusions.

Physical characteristics of granular activated carbon such
as BET surface area, micropore volume, packing density and
pore-size distribution all play important role in determining
the amount of methane adsorbed.

Isosteric heat of adsorption of methane on granular acti-
vated carbons increases with temperature and decreases with
loading, which indicates the heterogeneity of the methane-
granular activated carbon system.

A procedure is developed to calculate the integral heat of
adsorption in the adsorption process. The integral heat of
adsorption increases with decrease of adsorption temperature.
The higher amount of adsorption can account for this even
though a slight lower isosteric heat of adsorption at lower
adsorption temperature. This procedure can be used to pre-
dict the integral heat of adsorption released in the isothermal
adsorption process and it is important information for the
design and operation of an industrial adsorber.
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6. Goetz V, Biloé S. Efficient dynamic charge and discharge of an
adsorbed natural gas storage system. Chem Eng Comm. 2005;192:
876–896.

7. Menon VC, Komarneni S, Porous adsorbents for vehicular natural
gas storage: a review. J Porous Mater. 1998;5:43–58.
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