
A multiscale model for carbon adsorption of BTX compounds:
Comparison of volume averaging theory and experimental
measurements

Cleuzir da Luz a, Selene Maria de Arruda Guelli Ulson de Souza b, Antonio Augusto Ulson de Souza b,
Adriana Dervanoski c, Antonio de Oliveira Samel Moraes d, Brian D. Wood e,⇑
a Santa Catarina State University, Food Engineering Department, BR 282, Km 573, 89870-000 Pinhalzinho, Santa Catarina, Brazil
b Federal University of Santa Catarina, Chemical Engineering Department, Laboratory of Numerical Simulation of Chemical Systems, Campus Universitário, 88040-900 Florianópolis,
SC, Brazil
c Federal University of Fronteira Sul, Environmental Engineering, Erechim, Rio Grande do Sul, Brazil
d Federal University of Rio de Janeiro, COPPE/UFRJ – Chemical Engineering Program, Cidade Universitária, 21941-972 Rio de Janeiro, RJ, Brazil
eOregon State University, School of Chemical, Biological, and Environmental Engineering, Corvallis, OR 973312, USA

h i g h l i g h t s

� Analysis of nonlinear sorption in a multiscale porous medium.
� Two levels of upscaling described.
� Model verification by comparison with experimental data from packed columns.
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a b s t r a c t

In this work, the method of volume averaging is applied for the mathematical modeling of transport and
adsorption of benzene, toluene, and xylene in a packed bed of activated particles. One benefit of this
approach is that it allows one to directly incorporate measured microscale information into macroscale
models for predicting the effective transport and adsorption process. This work is novel in that it combi-
nes two levels of upscaling and a nonlinear adsorption process. The first level of upscaling develops an
effective model for the mass transport and reaction in an activated carbon particle; within the particle,
only diffusion and reaction are considered because of the very small pore sizes. The second level of
upscaling develops the effective model for a collection of carbon particles forming the porous medium
contained in a fixed-bed reactor; here, convection, diffusion, and dispersion are considered. The resulting
model resembles a classical mobile-immobile representation of the transport and adsorption process.
As part of the upscaling process, we develop the homogenized transport equations and their associated

effective parameters using two different averaging volume support scales (i.e., at two disparate length
scales). The effective parameters are all diffusion or dispersion tensors. These include (1) the effective dif-
fusion tensor defining diffusion in the homogenized carbon particle, (2) the effective diffusion tensor for
the immobile phase in the two-region representation of the medium, and (3) the effective hydrodynamic
dispersion tensor (which included diffusion and dispersion) for the mobile region of the porous catalyst
bed. Each of these effective parameters are determined by numerically solving closure problems over an
idealized spatially periodic model of a porous medium. One novel feature of these particular closure
problems is that they describe nonlinear adsorption at the microscale, which is a problem that is not cur-
rently represented in the literature.
Once derived, the two-scale, two-equation mobile-immobile model was applied to predict

experimentally-measured concentration breakthrough curves from packed bed columns with activated
carbon from coconut shell as the adsorbent to the removal of petrochemical contaminants (BTX) by
adsorption. There were no adjustable parameters in this modeling effort; the only modeling choice
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Nomenclature

Roman letters
av ¼ Acj

V1
area per unit volume in the carbon particles

(m2/m3)
Acj the domain comprising the solid-fluid interface

within an averaging volume V (m2)
Acj the magnitude (area) of the solid-fluid interface

within an averaging volume V (m2)
Ace the domain comprising the area of intersection be-

tween the fluid and the boundaries of the averaging
volume Vx (m2)

Abr;Arb the domain comprising the solid-fluid interfacial
area within an averaging volume V (m2)

Abr;Arb the magnitude (area) of the solid-fluid interface
within an averaging volume V (m2)

Abe;Are the domain comprising the area of intersection be-
tween the fluid and the boundaries of the volume
V (m2)

BA adsorption equilibrium constant (m3/kg)
bbb;brr closure variable (field) (m)
bc, closure variable for the first level of upscaling (m)
cAs surface concentration of species A in the j-phase

(internal surface area of carbon particles) (kg/m2)
cAc concentration of species A in the c-phase (fluid

phase) (kg/m3)
cAb concentration of species A in the b-phase (fluid

phase) (kg/m3)
cAr concentration of species A in the r-region (carbon

phase) (kg/m3)
dp particle diameter (m)
dc column diameter (m)
DAc;DAb molecular diffusion coefficients for chemical spe-

cies A in the fluid phases (m2/s)
DAr Effective (macroscale) diffusion coefficient arising

from the first level of upscaling for species A in the
porous medium (m2/s)

D�
Abb Total dispersion tensor for species A arising from the

second level of upscaling (m2/s)
D�

Abr ¼ D�
Arb, coupling dispersion tensors for species A

arising from the second level of upscaling (m2/s)
D�

Arr Effective diffusivity tensor for species A arising from
the second level of upscaling (m2/s)

FAc generic condition at the boundary Ace (kg/m3)
FAb generic condition at the boundary Abe (kg/m3)
GAr generic condition at the boundary Are (kg/m3)
h mass transfer coefficient for the second level of

upscaling (m/s)
hWakao mass transfer coefficients in the liquid film (correla-

tion Wilson and Geankoplis (1966)), second level of
upscaling (m/s)

hWilson mass transfer coefficients in the liquid film (correla-
tion Wakao and Funazkri (1978), Wakao and Fu-
nazkri (1966)) (m/s), second level of upscaling (m/s)

IAc generic initial for the c-phase (kg/m3)
IAb generic initial condition for the b-phase (kg/m3)
IAr generic initial for the r-phase (kg/m3)
KA equilibrium adsorption coefficient (Linear isotherm)

(m)
K�
A ¼ av jcjKA

ec dimensionless adsorption equilibrium coef-
ficient for the r-region

‘c characteristic length of the internal structure of the
microporous carbon particles (m)

‘b; ‘r characteristic lengths of the macroscale structure of
the porous medium (composed of a packed bed of
carbon particles) (m)

‘j lattice vector defining the structure of a periodic ar-
ray (m)

Lp characteristic length of the macroscale concentra-
tion filed (roughly, the carbon particle size) for the
first level of upscaling (m)

Le characteristic length of the macroscale porosity field
(roughly, the carbon particle size) for the first level
of upscaling (m)

Lc characteristic length of the macroscale (roughly, the
reactor dimension) for the second level of upscaling
(m)

ncj;nbr unit normal vectors pointing from the fluid c;b-
phases toward the solid j;r-phases (dimensionless)

O symbol indicating an order-of-magnitude estimate
qmax;A maximum adsorption capacity (Langmuir isotherm)

(kg/m2)
Q fluid flow rate (m3/s)
r position vector (m)
r1 radius of the averaging volume on the first level of

averaging (m)
r2 radius of the averaging volume on the second level

of averaging (m)
Rep particle Reynolds number (dimensionless)
Sh Sherwood number (dimensionless)
Sc Schmidt number (dimensionless)
tb; tr closure variable (scalar) associated with the mass-

transfer term in the second level of upscaling (–)
t� characteristic time scale for the microscale process

(s)
T� characteristic time scale for the macroscale process

(s)
T temperature (�C)
uAb dimensionless tensor convective transport in b-

phase for species A (dimensionless)
uAr dimensionless tensor convective transport in r-

phase for species A (dimensionless)
vb microscale fluid velocity (m/s)
hvbib intrinsic average velocity (m/s)
~vb ¼ ~vb þ hvbib deviation from the average velocity

(m/s)
V1 The averaging domain for the first level of the aver-

aging process. V1 ¼ Vc [Acj [Vj
V1 The magnitude (volume) of V1 (m3)
Vc domain of the c-phase in the averaging volume V1

(m3)
Vc magnitude (volume) of Vc (m3)
Vj domain of the j-phase in the averaging volume V1

(m3)
Vj magnitude (volume) of Vj (m3)
V2 The averaging domain for the second level of the

averaging process. V2 ¼ Vb [Abr [Vr
V2 magnitude (volume) of the averaging volume at the

second level of upscaling (m3)
Vb domain of the b-phase in the averaging volume V2

(m3)
Vb magnitude (volume) of Vb (m3)
Vr domain of the r-phase in the averaging volume V2

(m3)
Vr magnitude (volume) of Vr (m3)
ðx1; x2; x3Þ Cartesian coordinate system
x position vector locating the centroid of the averag-

ing volume, (m)
yx position vector locating points relative to the cen-

troid in the x phase or region, (m)
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