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ABSTRACT

Experimental data of adsorption of methane on two types of microporous
activated carbon with different pore volume carried out at pressure up to
35 bar and ambient temperature. Adsorption equilibrium and kinetics data
at high pressure were measured using volumetric method. Parameters of
Longmuir equilibrium relation and effective diffusion coefficient were
calculated from experimental data. The theoretical model was solved using
the measured equilibrium data and diffusion coefficient asinput parameters.
A good agreement was observed between experimental dataand modeling
results. Storage capacity of activated carbonswith high micropore volume
was higher but diffusion coefficient and adsorption rate was lower than

KEYWORDS

ANG;

Methane;
Adsorption;
Effective diffusion coefficient;
Activated carbon.

carbonswith low micropore volume.

INTRODUCTION

Microporoussolidsarewidely used ingasad-
sorption process. To describethis processisotherm data
of gason adsorbentsand also kineticsresults must be
determined. Uptakedataisapplied to calculate diffu-
sioncodfficient of gasin solids. ANG (Adsorbed Naturd
Gas) isone of the applications of gas adsorption on
microporous solids. ANG technol ogy, based on ad-
sorption of natural gasin porousmateriasat relatively
low pressures 3.5-4 MPaand ambient temperature,
arepreferred compared to LNG (Liquid Natural Gas)
and CNG (Compressed Natural Gas) applicationg®.
Activated carbons, because of the great micropore
volumethey may contain, have shown to be an appro-
priatematerid , for adsorption hydrocarbong?3469,

Description of the charge and discharge cycledy-
namics of an ANG reservoir has been the subject of
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severa studiesinrecent yearg?5719,

Inthiswork, avolumetric method isdesignedto
measuretheisotherm dataand diffusion coefficient of
methane on activated carbon. An accurate mathemati-
ca model ispresented to cal culate the uptake dataand
resultsof model and experimentsare compared.

THEORETICAL MODEL

Inthisstudy an accurate model has been presented
to calculate the uptake data of gas adsorption on
microporous adsorbents. Inthismodel diffusonress-
tancein micropores has been considered.

The continuity equation waswritteninthebedin
axia direction(x).
oc aq oc
Sg"'(l—e)PsE——U& Y
Initid and boundary conditionsfor thisequation hasbeen
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presented asfollow:

Vi=0 forallx C=0
Vx=0 forallt C=C,

Diffusion equationinspherica pdlet:

og 1 0 aq
wmoa g (3 @

vt=0 forallr g=0

aq

Vr=0 forallt —=0
or

q,,bP
vr=r_ forallt ro,t)=—=2
P qs(p ) 1+bP

, P=ZCRT

|sotherm parametersat thel ast boundary condition will
be achieved from experimental data.

3
q_EIO qr2.dr &)

To obtain the uptake data of system in each kind of
adsorbent particle, EQ. 2 isused and analytical solu-
tions of these equationsare presented bel ow:

g M, ., 6&1 Dn’m’t
q_'M—-l‘FZFeXF{' 2 @

p

WhereM, isthetota massof thediffusing speciesthat
hasadsorbedintheparticleat timet, and M, isthetotal
adsorbed mass, so M/ M. isthefraction approachto
equilibrium. At 70% uptake aplot of In (1- M/ M)
versust should belinear withdop —nzDeff/er.

Implicit finitedifferencemethod was gppliestosolve
the set of equations. Iteration was used to obtain the,
mean gas adsorbed and uptake datainthebed achieved
asfunctionsof time.

EXPERIMENTAL

Materials

Two granular microporous activated carbons, PK
(PK1-3, steam activated carbon, from Norit) and AC
TABLE 1: Specific Surfacearea (S,,), total porevolume

(V,), micropore volume (V .. ) and bulk density (p, ) of
activated carbons.

micr

Carbon  Sger (M%g)  Vi(cm¥g)  Vmiao(cm/g)
PKNIY 696 0.47 0.23
ACM™? 974 0.546 0.42

(commercidized by Merck, Ref.:102514) with 1.5mm
diametersweresel ected inthis study. Textura proper-
ties have been shownin TABLE 1. Methane and he-
lium puritieswere 99.5% vol.

Apparatus

The experimenta set-up for investigation of meth-
ane adsorption on activated carbon at theambient tem-
peratureand 3.5 MPapressureisshowninFigurel. It
consstsof acylindrica vessd whichfillswithactivated
carbon, aloading cell to supply gasduring the experi-
mentswith pressureand temperature sensorswith divi-
sion scale of 0.01 bar and 0.01 K, a pressure control
valve and vacuum pump. Temperature and pressure
dataare measured and sent to the computer to record
the datain each second. Thevessel and loading cell
volumeare 200 cc and 1710cc respectively.

Figurel: Experimental set up, (1) methane, (2) Loading cell,
(3) Vessd, (4) Vacuum pump, (5) PC, (6) M etering valve, (7)
Pressure control valve, (8) Pressure sensors, (10) Valves,
(11) Electronically signal to computer, (12) Signal to Pressure
control valve

Procedure
Adsorption isotherms

Adsorption isotherms datawere determined with
thevolumetric method. Thevessd wasfilled with speci-
fied weight of activated carbon and then heated up to
80°C for 2 hours and vacuumed with vacuum pump
smultaneoudly. L oading cell was pressurized with meth-
aneintherangeof 1to 50 bar at the different discreet
values. Ineachinitial pressure of loading cell, theexit
vaveof loading cell, metering valve, control valveand
entrance valve of vessel were opened. Loading cell
pressure was decreased until equilibrium wasreached
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and the pressure of thevessal wasequal to loading cell
pressure. Accordingtotheinitial and final pressure of
loading cell, amount of gas adsorbed on activated car-
bon was cal cul ated from thefollowing equation:

n. = POVL—C _ Pf (VL—C +Vc+VAC)
7 ZRT Z.RT
1000x N
w,

©)

s (mmole/ g)
0

Q=

Peng-Robinson equation was used to eval uate com-
pressibility factor.

Z®-(1-B)Z*+(A-3B*-2B)Z -

(AB-B*-B?*)=0 C)
Adsorptionisotherm curveswere reached from plot-
ting adsorbed amount of methane (Q) versusinitid pres-

surefor two activated carbons. For each activated car-
bon storage capacity can be determined asfollow.

n_.x83.14x273.15
ads (%)

Vvesd

StorageCapacity = (7

Adsor ption kinetics

Theeffectivediffus on coefficient of methaneto ac-
tivated carbon was determined from uptake data. To
measurement these dataafter heating and vacuum the
activated carbon, loading cell pressurized to 50 bar with
methane. Thepressure control valvewas set on 35 bar
to keep thevessal entrance pressureat thisvalue. The
exit vaveof |oading cell was opened and gaspressure
inthelinewasincreased to 35 bar so control valvewas
closed automatically then entrance val ve of vessel was
opened and gas was entranced to the vessel and the
pressureinthelinedecreased, inthis condition control
valvewasopened immediately, so thepressureinthe
linewasreached 35 bar again. Duringthisprocess|oad-
ing cell pressure was decreased and this behavior was
repested until reaching constant pressureintheloading
cell. It meansthat methane cannot be more adsorbed
ontheactivated carboninthiscondition. Temperature
and pressure of loading cell wererecorded andineach
second amount of methane adsorbed was cal cul ated
fromthese dataduetotheequationof M = 16 xn _.

RESULTSAND DISCUSSION

Adsorption isotherms
Longmuir equilibriumrelation hastwo parameters

—= Full Paper
asit hasbeen showninEg. 8.

_Q,bP
Q= 1+op ®)

Theequilibrium adsorption datameasured for methane
on PKN andACM areshownin Figure2. They were
plotted according to thelinearized form of theLongmuir
equation. Thedataobtained from experimentsfitintoa
sraight linequitewell. Isotherm parameterswerecal -
culated fromillustrated linear regressionlines.

y=1.627x+0.075 .
RZ=0.988
L
0.2 /

03 PKN

0.25

/P

0.6
ACM

y=2.267x+0.067
4 R?=0.996 /

0.4
0.3 /
0.2 /

0.1

1/q
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P
Figure?2: Longmuir equation for adsor ption isother ms of
methaneon PKN andACM

Figure 3 showstheequilibrium isothermsobtained
experimentaly (points) ascompared to each Longmuir
equation with adjusted parameters. The adjusted pa-
rameters(Q,_andb) areshownin TABLE 2.

By comparison of two isothermsit can beseenthat,
in the same pressure, ACM shows more adsorbed
methane than PKN. It can be dueto higher porevol-
ume and mi croporevolume of ACM than PKN.

Adsor ption kinetics

Methanewas charged into the vessel according to
the procedure previously described. Uptake data cal -
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culated as mentioned in section Procedure.
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Figure3: Adsor ption isother msof methane, linesrepresent
thelongmuir fit to experimental data

InFigure4,In (1-M/M.) hasbeen plotted versust
for ACM and PKN. Effectivediffusion coefficients of
two activated carbons were determined from slop of
sraight line. Thesevauesarelisedin TABLE 2.

TABLE.2: Comparison of PKNand ACM

Qm Storage

2
Carbon (mmol/g) b (I/bar) capacity (VIv) Des (cm*/s)
PKN 13.33 0.046 59.75 1.25x10°
ACM 1492  0.0295 84.1 4.6x10°

Physicd propertiesand mode input parametershave
been shownin TABLE 3.
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Figure4: Sraight lineachieved from plotting Ln (1-mt/M )
versust

Longmuir parametersand a so effectivediffusion
coefficientsareused inthemodd asinput datato ca-
culate uptake datafrom simulation. The experimental
dataand mode resultsof uptake rate measurement for
two activated carbonsareshownin Figure5.

Figure 5 showsthe good adjustment between the
model resultsand experimental datafor two activated
carbonswith different properties, sothismode canbe
used to determineeffective diffusion of gason the po-
rous solids with high accuracy. Because in presents
modd diffusion resistancein micropore hasbeen con-
sidered and thisterm hasimportant effect in kinetic of
gas adsorption on microporous adsorbents.

Accordingto Figure5, at the beginning of the pro-
cessrate of adsorption ishigh, and then decreased and

TABLE 3: Modd input parameters

Par ameter value Parameters value Parameters value
L 10 (cm) Co 0.01808 (g/cm3) Qm (ACM) 14.92 (mmol/g)
D 4.5 (cm) Qm (PKN) 13.33 (mmol/g) b (ACM) 0.0295 (1/bar)
Mo 1.5 (mm) b (PKN) 0.046 (Vbar) Deit (PKN) 1.25x10-5(cm2/s)
Deit (ACM) 4.6x10-6 (cm2/s) Az 1 (cm) At 1(9
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finally reached to the maximum value. Thistrend has
been achieved for two carbons, but for ACM themaxi-
mum va uereached after thelonger time. It can bedue
tothehigher microporevolumeof thiscarbon. Thehigher
micropore volume caused higher amount of methane
adsorption asmentioned before. Asaresult, it can be
seen that activated carbon with more microporevol -
ume, has higher storage capacity but lower rate of ad-
sorption.
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Figure 5 : Experimental data and modeling results of
uptakedata

CONCLUSIONS

Experimental and theoretical study of methane ad-
sorption on two types of activated carbon performed
inacylindrical vessdl filed with microporous carbon.
Equilibrium and kinetics datawere measured using a
volumetric method. Longmuir equilibrium parameters
and effectivediffus on coefficientsweredetermined and
used inthe model asinput parameters. Experimental
dataand modeling resultsindicated good adjustment.
Activated carbonswith different microporevolume
weresdected inthisstudy. Asaresult, Activated car-
bon with higher micropore volume has been shown

—= Full Paper

higher storage capacity but lower adsorption rate and
diffuson coefficient.

NOMENCLATURE

. Gasdengty (g/cn)

. Adsorbed gas(-)

. Gasvelocity (cm/s)

. Inlet concentration (g/cn’)

. Mean gasadsorbed (g/g)

. Length coordinate of vessel (cm)
. Effectivediffusivity (cn?/s)

. Radiuscoordinatein particle (cm)
. Compressihility factor

. pressure(Pa)

. Outer radiusof vessd (cm)

: Longmuir congtant

. Paticleradius(mm)

. Axid coordinatein particle(cm)

: Time(d)

. Lengthof vessd (cm)

. Adsorbed gas(mmol/g)

. Initid pressureof loading cdl (bar)
. Find pressureof loading cell (bar)
. Loading cdl volume (cm®)

. Avoidvolumeof vessel (cmd)

. Adsorbed gas(mole)

: Adsorbent weight (g)

. Conectorsvolume (cmq)
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