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a b s t r a c t

An analytical model is developed to study the performance of gas-phase filters. This model is validated
systematically with experimental results obtained from a small scale and a full scale experimental setup,
at various inlet concentrations. The prediction made by the model is then compared with predictions
made by two existing models and the experimental data: The developed model performs much better
than the others. The validated model is applied to study the effect of the diffusivity within the porous
pellets, the air volume flow rate, and the particle size on its performance. The variations of initial effi-
ciency and breakthrough time with respect to changes in these parameters are discussed.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Air cleaning devices can be used to keep the level of pollutants in
an acceptable range, thereby reducing the ventilation rates and the
associated energy requirements. Adsorption filters are a type of air
cleaning devices, and they may also be designed for a wide range of
other applications by choosing the appropriate adsorbent, and by
considering the physical and chemical characteristics of the adsor-
bent and the adsorbate [1e3]. However, there are some limitations
to their application: their efficiency decreases over time, and they
need to be frequently replaced or, in some cases, regenerated.
Furthermore, in order to design efficient filters, one should take into
accountmanyoperating parameters affecting thefilter performance.
Thus, by developing efficient tools to predict their performance, one
may hope to overcome their current limitations and to allow for a
wider application of this technology in non-industrial buildings.

Packed bed filters are one of the most common types of adsorp-
tion filters. Their operating parameters include the shape, size and
distribution of the granules and the packing density of the bed, all of
which affect the bed porosity. Other important parameters for these
filters are the airflow rate,which affects the convectivemass transfer
coefficient, and the type of adsorbent used, which determines the
diffusivity within the granules and the adsorption parameters.

The trend of the variation of efficiency over time indicates the
proper time of filter replacement. Therefore, a first step is to obtain

a model that can accurately predict the filter performance. Mass
transfer models of adsorption filters have been developed to pre-
dict breakthrough time. The inputs of these models are the inlet
fluid conditions and the filter characteristics, and the output is the
effluent concentration, or the efficiency of the bed.

Indeed, finding a proper and reliable model for packed bed
adsorption filters has been an important issue formany years; it has
been addressed by many researchers and a number of models have
been developed for specific and general cases [4e11]. To address
certain limitations arising from these methods, an efficient and
reliable model to quantify the performance of packed bed adsorp-
tion filters for a wide range of operation is developed here, and is
validated against experimental data. In addition, using the devel-
oped model, a parametric study of a packed bed adsorption filter is
carried out so as to evaluate its performance.

2. Model development

Unlike previously developed packed-bed mass transfer models,
this work starts by solving analytically the mass diffusion equation
of a single spherical particle. This yields the adsorption amount of
one single particle, and this computation is then extended to the
whole bed by considering the position of the pellets within the bed.

2.1. Adsorption in a single porous pellet

The contaminant mass transfer in packed bed adsorption filters
occurs in several stages. First, the adsorbate molecules convect
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from the bulk flow to the laminar layer at the surface of the particle;
next, the diffusion and adsorption occur in parallel within the
particle. Thus, the mass flux of the contaminant molecules that
diffuses within the particle and is adsorbed there is equal to the
convective mass flux, NA:

NA ¼ hm
�
Cb � C*

�
(1)

where C* is the laminar layer gas concentration at the surface of the
pellet, Cb is the bulk gas concentration in the bed, and hm is the
convective mass transfer coefficient.

In order to compute C*, the concentration in the pellets, Cavg,
which takes into account both gas and sorbed phases, is defined by

Cavg ¼ Adsorbentmass in gas and sorbed phaseswithin the pellet
Volumeof the pellet

¼ Vp
�
1� 3p

�
Q þVp 3pCp
Vp

¼ Vp
�
1� 3p

�
KCpþVp 3pCp
Vp

¼ ��1� 3p
�
Kþ 3p

�
Cp ¼ K 0Cp

(2)

Here Vp is the particle volume, 3p is the particle porosity, Q is
the sorbed phase concentration, Cp is the gas phase concentration
within the pores of the particle and K is the linear adsorption
isotherm, which relates the sorbed phase concentration to the gas
phase concentration, assuming they are in equilibrium at a con-
stant temperature. The adsorption isotherm coefficients are ob-
tained in the standard way by plotting the gas and sorbed phase
concentrations at the saturation point, at which these phases are
considered to be in equilibrium. Safari et al. also used, for Cp, the
inlet concentration (equal to outlet concentration) at saturation
point. They used the total amount of adsorption during the pro-
cess, divided by the total mass or volume of adsorbent, as the
sorbed phase concentration [12]. Note that the total amount of
adsorption comprises the adsorbate present in the gas phase
within the pores of the pellets, plus the sorbed phase of the pel-
lets. As shown by equation (2), this amount divided by the volume
of the pellet is equal to Cavg. Therefore, plotting Cp versus Cavg
yields K0.

The mass transfer in a single pellet is governed by the following
equation from Ref. [13], where we have substituted Cavg with K0Cp:

v
�
K 0Cp

�
vt

¼ De

�
1
r2

v

vr

	
r2
v
�
K 0Cp

�
vr


�
(3)

With the following boundary and initial conditions:

v
�
K 0Cpð0; tÞ

�
vr

¼ 0 (4)

hm
�
Cb � C*

�
¼ De

v
�
K 0Cp

�
Rp; t

��
vr

(5)

Cpðr;0Þ ¼ C0 (6)

Here r is the radial distance from center of the spherical particle,
t is the time,De is the diffusion coefficient, Rp is the pellet radius and
C0 is the initial concentration at time zero. An analytical solution to
the above equation can be found in many heat and mass transfer
textbooks (see e.g. Ref. [14]):

�
Cb � Cpðr; tÞ

�
ðCb � C0Þ

¼
XN
n¼1

4 exp

 
�l2nDet

R2p

!	
sin ln � ln cos ln
2ln � sinð2lnÞ




�
 
sin
�
ln
�
r=Rp

��
ln
�
r=Rp

�
!

(7)

where ln is obtained from the characteristic equation:

1� ln cot ln ¼ Bi ¼ hmRp
DeK 0 (8)

C* can be obtained from the gas phase concentration at the
pellet surface, i.e. at r ¼ Rp:

Cp
�
Rp; t

� ¼ C*ðtÞ (9)

Hence
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(10)

Therefore, the amount of adsorbate diffusing and being adsor-
bed in a time period t within a single pellet is:

JðtÞ ¼
Zt
0

Sahm
�
Cb � C*ðtÞ

�
dt (11)

where Sa represents the available surface area for mass transfer,
that is, 4pR2p . It should be noted that since the pellets within a
packed bed overlap, the available surface area is less than the
external surface area of a pellet (see Section 4.1).

Inserting the expression of Cb � C* from (10) into (11) yields:

JðtÞ ¼ ðCb � C0ÞSahm �
Zt
0
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dt (12)

2.2. Adsorption in the pellets of a packed bed filter

The amount of adsorption in a single pellet inside a packed bed
can be obtained under certain simplifying assumptions. The total
adsorption in the bed can then be calculated as the sum of the
adsorption amount of all the pellets.

The model developed here is based on a discretization of the
adsorption filter in space and time, which is commonpracticewhen
solving PDEs numerically. The assumptions made here are similar
to those made in the development of the existing packed beds fil-
ters mass transfer models, however they are applied here using a
different approach. Indeed one important characteristic of this
model is that it substitutes algebraic mass balance equations with
differential equations that are relatively straightforward to solve:
This provides a simplification in comparison with previous models.
The assumptions made in this model are:

1. The pellets are identical and uniformly distributed in the bed,
2. The bed is divided into N equal sections. The length of each

section is dx:
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