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Abstract: Experimental data of methane adsorption on two types of activated carbon have been carried out at
pressures up to 35 bar and at ambient temperature. Adsorption equilibrium and kinetics data at high pressure
were measured using a volumetric method. A theoretical model has been presented to calculate the amount of
adsorbed gas on adsorbents in a cylindrical tank. In the model, gas enters the bed axial direction. The continuity
and diffusion equations of adsorbent particles have been solved simultaneously. The models have been used
to simulate methane adsorption on activated carbon using in adsorbed natural gas technology (ANG).
Longmuir relation and Peng-Robinson equation have been used to evaluate the equilibrium amount of adsorbed
gas and compressibility factor. By successful fitting of the gas-solid equilibrium data in the Longmuir relation
the corresponding model parameters have been derived and effective diffusivity has been extracted with a new
simple method. The storage capacity of activated carbon with high micropore volume is found to be higher but
the diffusion coefficient and adsorption rate is lower than carbons with low micropore volume. Importance of
the diffusion in micro pores of particles has been investigated. Comparison of experimental results and uptake
data of calculation without and with diffusion equation has been confirmed that significant difference exists
between these two cases and diffusion resistance cannot be neglected.

Key words: Methane  Adsorption  Effective diffusion coefficient  Activated carbon

INTRODUCTION to be an appropriate material for adsorption of

Microporous solids are widely used in gas Description of the charge and discharge cycle
adsorption process. To describe this process isotherm dynamics of an ANG reservoir has been the subject of
data of gas on adsorbents and also kinetics results must several studies in recent years, [14-19].
be determined. Uptake data is applied to calculate In this work, A setup is designed to measure the
diffusion  coefficient  of  gas  in  solids.  Since  1980s, isotherm data and the diffusion coefficient of methane on
natural gas has been considered as a challenge to the activated carbon by volumetric method. An accurate
liquid fuel. ANG (Adsorbed Natural Gas) technology, mathematical model is presented to calculate the uptake
based on adsorption of natural gas in porous materials at data and results of model and experiments are compared.
relatively low pressures 3.5-4 MPa and ambient
temperature, is preferred compared to with LNG (Liquid Theoretical Model: In this study an accurate model has
Natural Gas) and CNG (Compressed Natural Gas) been presented to calculate the uptake data of gas
applications. This storage technology rests on the adsorption on microporous adsorbents. In this model
assumption that the high density of the adsorbed gas diffusion resistance in micropores has been considered.
confined within the pores of the adsorbent that The continuity equation was written in the bed in axial
compensates for the  volume  taken up by the solid and direction (x).
the lower density of the compressed gas into the
interaparticle  void  space.  Activated  carbons, because
of  containing  the great micropore volume, have shown (1)

hydrocarbons [1-13].
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Initial and boundary conditions for this equation has To obtain the uptake data of system in each kind of
been presented as follow: adsorbent particle, Eq. 2 is used and analytical solutions

Each element of the bed is containing of methane in
two sections, methane in the bulk (C) and also methane
adsorbed in the pore of activated carbon which is named Where Mt is the total mass of the diffusing species that
mean adsorbed of methane . Left side of equation has adsorbed in the particle at time t and M8 is the total
provides an expression for the total variation of the gas adsorbed mass, so Mt/ M8 is the fraction approach to
mass inside the reservoir as a function of time. The equilibrium. At 70% uptake a plot of ln(1- Mt/ M8) versus
parameters , u and  which shown in equation (1) is bed t should be linear with slop –ð2Deff/r2p.s

porosity, gas velocity and bed density. Implicit finite difference method was applies to solve
To calculate the mean adsorbed of the methane, the set of equations. Iteration was used to obtain the,

diffusion equation in the adsorbent particle was written mean gas adsorbed and uptake data in the bed achieved
for spherical pellet. as functions of time.

Spherical Particle Diffusion Equation: Activated carbon
has high volume of micropore and adsorption of gas
occurs mainly in these pores. So in this study intraparticle
diffusion of spherical and also cylindrical particles is
applied to calculate amount of adsorbed gas. On the
external surface of particles the Langmuir equilibrium
relation is applied between the gas pressure and gas
adsorbed on the surface of adsorbent.

(2)

In this equation r is radius of particle; Deff is effective
diffusivity of methane on activated carbon which is
calculated from experiments. Adsorbed methane (q) which
is function of time and radius of a particle is obtained by
solving above equation with appropriate initial and
boundary conditions. Isotherm parameters at the last
boundary condition will be achieved from experimental
data.

(3)

of these equations are presented below:

(4)

Experimental
Materials: Two granular microporous activated carbons,
PK (PK1-3, steam activated carbon, from Norit) and AC
(commercialized by Merck, Ref.:102514) with 1.5 mm
diameters were selected in this study. Textural properties
have been shown in Table 1. Methane and helium purities
were 99.5% vol.

Apparatus: The experimental set-up for investigation of
methane  adsorption  on  activated  carbon  at  the
ambient temperature and 3.5 MPa pressure is shown in
Fig. 1. It consists of a cylindrical vessel which fills with
activated carbon, a loading cell to supply gas during the
experiments with pressure and temperature sensors with
division scale of 0.01 bar and 0.01 K, a pressure control
valve and vacuum pump. Temperature and pressure data
are measured and sent to the computer to record the data
in each second. The vessel and loading cell volume are
200 cc and 1710cc respectively.

Procedure
Adsorption Isotherms: Adsorption isotherms data were
determined with the volumetric method. The vessel was
filled with specified weight of activated carbon and then

Table 1: Specific Surface area(S ), total pore volume(V ), microporeBET t

volume(V ) and bulk density(ñ ) of activated carbons.micro bulk

Carbon S  (m /g) V  (cm /g) V  (cm /g)BET t micro
2 3 3

PKN (Rios et al, (2006)) 696 0.47 0.23

ACM (Quintanilla et al, (2007)) 974 0.546 0.42
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Fig. 1: Experimental set up, (1) methane, (2) Loading cell, (3) Vessel, (4) Vacuum pump, (5) PC, (6) Metering valve, (7)
Pressure control valve, (8) Pressure sensors, (9) Temperature sensor, (10) Valves, (11) Electronically signal to
computer, (12) Signal to Pressure control valve

heated up to 80°C for 2 hours and vacuumed with vacuum Adsorption  Kinetics:  The  effective  diffusion
pump simultaneously. Loading cell was pressurized with coefficient  of  methane to activated carbon was
methane in the range of 1 to 50 bar at the different discreet determined from uptake data. To measurement these data
values. In each initial pressure of loading cell, the exit after heating and vacuum the activated carbon, loading
valve of loading cell, metering valve, control valve and cell pressurized to 50 bar with methane. The pressure
entrance valve of vessel were opened. Loading cell control valve was set on 35 bar to keep the vessel
pressure was decreased until equilibrium was reached and entrance  pressure  at  this  value.  The  exit valve of
the pressure of the vessel was equal to loading cell loading cell was opened and gas pressure in the line was
pressure. According to the initial and final pressure of increased to 35 bar so control valve was closed
loading cell, amount of gas adsorbed on activated carbon automatically  then  entrance  valve  of  vessel  was
was calculated from the following equation: opened and gas was entranced to the vessel and the

control  valve  was  opened immediately, so the pressure

(5) loading cell pressure was decreased and this behavior

Peng-Robinson equation was used to evaluate adsorbed on the activated carbon in this condition.
compressibility factor. Temperature  and  pressure  of  loading  cell  were

adsorbed was calculated from these data due to the
(6) equation of M  = 16 ×n .

Adsorption isotherm curves were reached from RESULTS AND DISCUSSION
plotting adsorbed amount of methane (Q) versus initial
pressure for two activated carbons. For each activated Adsorption Isotherms: Longmuir equilibrium relation has
carbon storage capacity can be determined as follow. two parameters as it has been shown in Eq. 7.

(7) (8)

pressure  in  the  line  decreased,  in  this  condition

in the line was reached 35 bar again. During this process

was repeated until reaching constant pressure in the
loading cell. It means that methane cannot be more

recorded and in each second amount of methane

t ads
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Fig. 2: Longmuir equation for adsorption isotherms of methane on PKN and ACM

Fig. 3: Adsorption isotherms of methane, Lines represent the Longmuir fit to experimental data

Fig. 4: Straight line achieved from plotting Ln(1-mt/M8) versus t

The equilibrium adsorption data measured for
methane on PKN and ACM are shown in Fig. 2. They
were plotted according to the linearized form of the
Longmuir equation. The data obtained from experiments
fit into a straight line quite well. Isotherm parameters were
calculated from illustrated linear regression lines.

Fig. 3 shows the equilibrium isotherms obtained
experimentally (points) as compared to each Longmuir
equation with adjusted parameters. The adjusted
parameters (Q  and b) are shown in Table. 2.m

By comparison of two isotherms it can be seen that,
in the same pressure, ACM shows more adsorbed
methane than PKN. It can be due to higher pore volume
and micropore volume of ACM than PKN.

Table 2: Comparison of PKN and ACM

Carbon Qm (mmol/g) b (1/bar) Storage capacity (v/v) D  (cm /s)eff
2

PKN 13.33 0.046 59.75 1.25×10 5

ACM 14.92 0.0295 84.1 4.6×10 6

Adsorption Kinetics: Methane was charged into the
vessel according to the procedure previously described.
Uptake data calculated as mentioned in section 3.3.

In Fig. 4, ln(1-M /M ) has been plotted versus t fort 8

ACM and PKN. Effective diffusion coefficients of two
activated carbons were determined from slop of straight
line. These values are listed in Table. 2.

Physical properties and model input parameters have
been shown in Table. 3.



q
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Table 3: Model input parameters

Parameter value Parameters value Parameters value

L 10 (cm) Co 0.01808 (g/cm3) Q  (ACM) 14.92 (mmol/g)m

D 4.5 (cm) Q  (PKN) 13.33 (mmol/g) b (ACM) 0.0295 (1/bar)m

r 1.5 (mm) b (PKN) 0.046 (1/bar) D  (PKN) 1.25×10-5(cm2/s)p eff

D  (ACM) 4.6×10-6 (cm2/s) z 1 (cm) t 1 (s)eff

Fig. 5: Experimental data and modeling results of uptake data

Longmuir parameters and also effective diffusion volumetric method. Longmuir equilibrium parameters and
coefficients are used in the model as input data to effective diffusion coefficients were determined and used
calculate uptake data from simulation. The experimental in the model as input parameters. Experimental data and
data and model results of uptake rate measurement for two modeling results indicated good adjustment. Activated
activated carbons are shown in Fig. 5. carbons with different micropore volume were selected in

Fig. 5 shows the good adjustment between the model this study. As a result, Activated carbon with higher
results and experimental data for two activated carbons micropore volume has been shown higher storage
with different properties, so this model can be used to capacity but lower adsorption rate and diffusion
determine effective diffusion of gas on the porous solids coefficient.
with high accuracy. Because in presents model diffusion
resistance in micropore has been considered and this term Nomenclature:
has important effect in kinetic of gas adsorption on
microporous adsorbents. C Gas density(g/cm )

According to Fig. 5, at the beginning of the process q Adsorbed gas(-)
rate of adsorption is high and then decreased and finally u Gas velocity(cm/s)
reached to the maximum value. This trend has been C Inlet concentration(g/cm )
achieved for two carbons, but for ACM the maximum Mean gas adsorbed(g/g)
value reached after the longer time. It can be due to the x Length coordinate of vessel(cm)
higher micropore volume of this carbon. The higher D Effective diffusivity(cm /s)
micropore volume caused higher amount of methane r Radius coordinate in particle (cm)
adsorption as mentioned before. As a result, it can be Z Compressibility factor 
seen that activated carbon with more micropore volume, P Pressure (Pa)
has higher storage capacity but lower rate of adsorption. R Outer radius of vessel(cm)

CONCLUSIONS r Particle radius(mm)

Experimental and theoretical study of methane t Time(s)
adsorption on two types of activated carbon performed in L Length of vessel(cm)
a cylindrical vessel filed with microporous carbon. Q Adsorbed gas (mmol/g)
Equilibrium and kinetics data were measured using a P Initial pressure of loading cell (bar)

3

o
3

eff
2

o

B, q Longmuir constantm

p

z Axial coordinate in particle (cm)
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P Final pressure of loading cell (bar) 10. Rubel, A.M. and J.M. Stencel, 2000. CH4 storage onf

V Loading cell volume (cm ) compressed carbons, Fuel, 79: 1095-1100.L-C
3

V Avoid volume of vessel (cm ) 11. Perrin, A., A. Celzard, A. Albiniak, M. Jasienko-HalatAC
3

n Adsorbed gas (mole) and J.F. Mareˆche´Furdin, 2005. NaOH activation ofads

W Adsorbent weight (g) anthracites: effect of hydroxide content on pore0

V Conectors volume (cm ) textures and methane storage ability,  Microporousc
3

REFERENCES 12. Celzard, A., A. Perrin, E. Albiniak and J.F. Broniek,

1. Vasiliev, L.L., L.E. Kanonchik, D.A. Mishkinis and methane storage ability of NaOH activated
M.I. Rabetsky, 2007. Adsorbed natural gas storage anthracite, Fuel, 86: 287-293.
and transportation vessels, porous Media 13. Lozano-Castello, D., J. Alcan˜iz-Monge, M.A. de la
Laboratory, Luikov Heat and Mass Transfer Casa-Lillo and D. Cazorla-Amoro´s, 2002. Advances
Institute. in the study of methane storage in porous

2. Alca˜niz-Monge,   J.,     M.A.     De     la   Casa-Lillo, carbonaceous materials, Fuel, 81: 1777-1803.
D. Cazorla-Amor´os and S. Linares, 1997. Methane 14. Rubel, A.M. and J.M. Stencel, 2000. CH4 storage on
Storage   in    Activated  Carbon    Fibres,   Carbon, compressed carbons, Fuel, 79: 1095-1100.
35: 291-297. 15. Bilo´e, S., V. Goetz and S. Mauran, 2001. Dynamic

3. Cook,  T.L.,   C.   Komodromos,   D.F.     Quinn   and Discharge and Performance of a New Adsorbent for
S. Ragan, 1999. Carbon Materials for Advanced Natural Gas Storage, AIChE J., 47(12): 2819-2830.
Technologies, pp: 269-302. 16. Yang, X.D., Q.R. Zheng, A.Z. Gu and X.S. Lu, 2005.

4. Cracknell, R.F., P. Gordon and K.E. Gubbins, 1993. Experimental studies of the performance of adsorbed
Influence of Pore Geometry on the Design of Micro natural gas storage system during discharge,
porous Materials for Methane Storage, J. Physical Applied Thermal Engineering, 25: 591-601.
Chemistry, 97: 494-499. 17. Firas, N., M. Rosli, R. Mohd and F. Ahmad, 2007.

5. Menon, V.C. and S. Komarneni, 1998. Porous Dynamic delivery analysis of adsorptive natural gas
Adsorbents for Vehicular Natural Gas Storage: A storages at room temperature, Fuel Processing
Review, J. Porous Materials, 5: 43-58. Technology, 88: 349-357.

6. Parkyns, N.D., D.F. Quinn and J.W. Patrick, 1995. 18. Manteghian, M., M. Mirzaei and R. Karimzadeh, 2011.
Porosity in Carbons, London, pp: 293-325. Non-isothermal Modeling of Methane Adsorption on

7. Lozano-Castello, D., D. Cazorla-Amoros, A. Linares- Activated Carbon: Effect of Adsorbent Particle
Solano and D.F. Quinn, 2002. Activated carbon Geometry, Petroleum Science and Technology, In
monoliths for methane storage: influence of binder, press.
Carbon, 40: 2817-2825. 19. Kazi Afzalur Rahman, Wai Soong Loh, Anutosh

8. Almansa, C., M. Molina-Sabio and F. Rodr guez- Chakraborty, Bidyut Baran Saha, Won Gee  Chun
Reinoso, 2004. Adsorption of ethane into ZnCl2- and Kim Choon, 2011. Thermal enhancement of
activated carbon derived discs, Microporous and charge  and discharge cycles for adsorbed natural
Mesoporous Materials, 76: 185-191. gas  storage,   Applied   Thermal  Engineering,

9. Celzard,  A.,   A.    Albiniak,    M.    Jasienko-Halat, 31(10): 1630-1639.
J.F. Mareˆche and G. Furdin, 2005. Methane storage
capacities and pore textures of active carbons
undergoing  Mechanical    Densification,   Carbon,
43: 1990-1999.

and Mesoporous Materials, 81: 31-40.

2007. The effect of wetting on pore texture and


