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A model is introduced to account for nonuniform channel geometries in monolithic
adsorbents. Based on nonisothermal operation, fully developed parabolic flow and the
full three-dimensional convection-diffusion equation, the model is applied to the
adsorption of dichloromethane from an air stream flowing through a binder-less acti-
vated carbon monolith. The equilibrium parameters and the effective diffusion coeffi-
cient for adsorption are obtained independently from gravimetric adsorption experi-
ments. The nonuniform channel model is capable of predicting breakthrough curves as
a function of feed gas flow rates up to dimensionless breakthrough concentrations of
about 0.4–0.6, depending on the feed flow rate. Even though the variation of effective
diffusion coefficient with both concentration and temperature has been tested, success-
ful prediction over the whole range of concentration may require the incorporation of
further aspects relating to the anisotropic nature of the carbon. VVC 2010 American Insti-

tute of Chemical Engineers AIChE J, 57: 1163–1172, 2011
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Introduction

Activated carbon monoliths are structured, low pressure
drop materials which show excellent potential in environ-
mental control applications such as the recovery of volatile
organic compounds from air streams.1 Carbon-based mono-
lithic adsorbents can be of coated or integral types. Carbon-
coated monoliths have been prepared (i) by dip-coating ce-
ramic monoliths in a polymer mixture with subsequent car-
bonization and activation,2 (ii) by extrusion of commercial
activated carbon using a polymer as a binder,3 and (iii) by
growth of carbon filaments over deposited metal particles on
a ceramic surface.4 Integral monoliths have been prepared (i)
by extrusion of a carbon-binder mixture,5,6 and (ii) by the
extrusion of phenolic resins followed by carbonization and
activation to create a binder-less activated carbon monolith.7

The binder-less route provides a greater density of the
active adsorbent and allows the carbon pore structure to be
controlled precisely. Equally important, the binder-less
monolith provides a uniform electrical resistance which can
be exploited in its thermal regeneration step in a thermal
swing adsorption process.8 Electrical regeneration facilitates
a much faster cycle time, and hence, the cost of the adsorp-
tion process can be reduced considerably compared with
conventional packed beds that require medium temperature
steam or hot inert gas for the regeneration of the carbon.1

The binder-less activated carbon monolith has been shown to
compare favorably in performance with granular material9

and to be capable of providing a more sustainable route for
the control and recovery of volatile organic compounds.10,11

In the simplest approach, monolith design can be based on
the performance of an individual channel making the
assumption that all the channels are identical. It is possible
to use the height equivalent to a theoretical plate (HETP)
methodology12 which Ahn and Brandani13 improved by
developing a 3D model and establishing a simple HETP
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equation to take into account the effect of the solid material
in the four corners of the monolith wall. Ahn and Brandani14

considered the nonuniformity of both the channel size and
the wall thickness to obtain an excellent match for the
adsorption of carbon dioxide on square channel carbon
monoliths. There can be little doubt that variations from
channel to channel are likely in a monolithic adsorbent since
the pressure drop distribution measured through different
channels of a monolith at constant flow rate could be
described by a normal distribution.15

Because of advances in computing capacity and in numer-
ical techniques to solve complex problems, 3-D models have
been developed recently for adsorption in zeolite monoliths16

or in thin zeolite films supported on a monolith.17 A model
has also been developed using Comsol MultiphysicsTM to
describe the complete adsorption-desorption cycle of an elec-
tric-swing adsorption system.18 However, all these models
are limited to single channel modeling and require the esti-
mation of some of the model parameters to fit the experi-
mental data. The purpose of this article, therefore, is to con-
sider how the fundamental three-dimensional flow, energy,
and adsorption equations can be used to account for the
overall performance of an activated carbon monolith which
has channels of varying dimensions that map onto a normal
distribution. The model predictions are compared with exper-
imental data obtained using the adsorption of dichlorome-
thane (DCM) from air onto a research sample of a binder-
less monolith supplied by MAST Carbon Technology
(Guildford, UK). The parameters of the model are obtained
from independent measurements of the carbon monolith
characteristics.

Materials and Experimental Method

Experimental dynamic breakthrough curves were obtained
by the adsorption of DCM onto a square channel activated
carbon monolith with a cell density of about 90 cells cm�2

(Table 1). To make this monolith, extruded phenolic resin
was carbonized by heating in flowing nitrogen at 1 K min�1

to 1073 K with a dwell time of 1 h at this maximum temper-
ature. The monolith was subsequently activated in flowing
carbon dioxide for 8 h at 1123 K, whereby an activation
level (weight loss) of 23.6% was achieved. The monolith
was dried and weighed before insertion into a stainless steel
column. As shown in Figure 1, a stream of air was bubbled
through liquid DCM and then diluted with a further air
stream to provide a feed concentration of about 2000 ppmv
of DCM (Table 2). The air flow rates were controlled by
float rotameters. A by-pass column filled with glass beads
was used to measure the feed concentration before the
adsorption experiment commenced. The outlet concentration
from the monolith was monitored every 30 s using a flame

ionization detector and the data transferred to a computer.
The adsorption experiments were performed at room temper-
ature and because of minor variations in this temperature,
slight variations in the DCM feed concentration were
observed from run to run. Nonetheless, the analysis which
follows will assume that more-or-less the same feed concen-
tration was used in the three runs shown in Table 2. Prior to
each experiment, the monolith was regenerated for 90 min at
483 K under a 0.25 L (STP) min�1 flow of nitrogen.

The average channel velocities uave shown in Table 2
were calculated by dividing the volumetric flow rate (meas-
ured at ambient conditions) by the free cross-sectional area
of the monolith. The hydraulic mean diameter for a regular
square channel with the nominal dimensions shown in Table
1 and the physical properties of air (since the DCM concen-
tration was low) were used in the calculation of the Reyn-
olds number.

Modeling

Ahn and Brandani13 neglected the axial component of dif-
fusion in the solid and represented the corners of the adsorb-
ent structure as a separate domain. Even with these restric-
tions, the numerical solution was only obtained after several
hours of simulation. In the present work, diffusion in the
solid phase is considered in all three dimensions. It has also
been possible to define a single domain for the solid phase
as shown in Figure 2.

The solid domain is considered to be isotropic and equi-
librium is assumed to exist at the interface between the gas
channel and the monolith surface as the mass transfer zone
passes down the channel. Extensive three-dimensional mod-
eling of the channel flow has shown that there is very little dif-
ference in the breakthrough curves for the following three
channel gas flow assumptions: (i) developing three-dimensional

Table 1. Physical Properties of Carbon Monolith

Monolith overall length, Lm 103 mm
Monolith overall diameter, dm 18.6 mm
Monolith total mass 13.2 g
Nominal channel size, dch ¼ 2a 0.70 mm
Nominal wall thickness, e ¼ 2tw 0.35 mm

Fractional free cross-section, e ¼ d2ch
ðdchþeÞ2

0.44

Figure 1. Schematic of adsorption experimental rig.

Table 2. Experimental Conditions

Flow rate
(L (STP) min�1)

Feed
concentration,
c0 (ppmv)

Channel gas
velocity,

uave (m s�1)
Reynolds
Number

5 1950 0.697 30.8
7 2000 0.976 43.1
9 1910 1.255 55.4
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flow, (ii) fully developed three-dimensional flow, and (iii) plug
flow. The expression for fully developed laminar flow in a rec-
tangular duct was established by Cornish.19 For a flow between
two infinite parallel plates, this can be reduced to:

u ¼ 3

2
uave 1� y2

a2

� �
(1)

where u is the channel velocity along the y-axis. For reasons of
symmetry in a square channel the velocity profile in the
z-direction can be reduced to a similar expression. Thus, the
parabolic velocity profile for a square channel can be
approximated as follows:

u y; zð Þ ¼ 9

4
uave 1� y2

a2

� �
1� z2

a2

� �
(2)

As shown in Figure 3, this expression is a good approxi-
mation of Cornish’s exact solution of fully developed lami-
nar flow.

Figure 4 shows the breakthrough curves obtained using
the three channel flow models for a 7 L (STP) min�1 flow
rate. It was ensured that the average velocities were identical
in the comparison. The curves for developing flow and fully
developed parabolic flow are actually coincident. However,
the curve using the plug flow approximation reveals a longer
time to the initial breakthrough than the other two. For
industrial applications, the time to breakthrough is an impor-
tant parameter in the design of adsorption units. Hence, in
consideration of this aspect and for simplicity in developing
the nonuniform channel model (NUCM), the fully developed
parabolic flow assumption has been used in this study. This
renders the channel flow model fully three-dimensional in
terms of the gas phase concentration and thereby to be of
the axially dispersed fully developed flow convection and
diffusion type as shown in Eq. 3.

@c

@t
� DM

@2c

@x2
þ @2c

@y2
þ @2c

@z2

� �
þ u y; zð Þ @c

@x
þ @c

@y
þ @c

@z

� �
¼ 0

(3)

Using an empirical equation provided by Fuller et al.20 DM,
the molecular diffusion coefficient of DCM in air at 298 K
and 101 kPa was calculated to be 1.05 � 10�5 m2 s�1. Dif-
fusion of adsorbed DCM in the solid phase was represented
by an effective diffusion coefficient Deff:

@q

@t
¼ Deff

@2q

@x2
þ @2q

@y2
þ @2q

@z2

� �
(4)

Here, q is the amount adsorbed. The rate of adsorption
into the solid has been approximated using the linear driving
force expression:

d�q

dt
¼ k q� � �qð Þ (5)

in which q represents the average loading in the solid and q*
the surface concentration at equilibrium with the fluid phase.
In an earlier study, the mass transfer coefficient k for various
channel shapes was expressed in terms of geometric

Figure 2. Schematic of a single square channel.

Figure 3. Comparison of parabolic velocity profile
(lines) with Cornish’s exact solution (squares).

Figure 4. Breakthrough curves for the plug flow, para-
bolic flow and developing flow models.
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transformation into an equivalent tubular geometry.21 For a
square channel, the mass transfer in a hollow channel insulated
at the outer surface is given by:

k¼
4Deff

1�ri
ro

� �
r2o�r2i
� �� 1

ro ro�rið Þ
1
2
r4o�r4i
� ��4ri

3
r3o�r3i
� �þr2i r2o�r2i

� �� �h i
(6)

Here, ro and ri are the external and internal diameters,
respectively, of the equivalent cylindrical channel. They are
related to the channel dimensions as follows:

ri ¼ 2dch
tw

and ro ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4tw
p

tþ dchð Þ þ r2i

r
(7)

From many gravimetric adsorption measurements made
using an Intelligent Gravimetric Analyser IGA-001 (Hiden
Isochema, Warrington, UK), the equilibrium between the
DCM and samples of the activated carbon monolith has been
found to be best described by the Tóth adsorption isotherm
as shown in Figure 5:

q ¼ qmax

b Tð Þp
1þ b Tð Þpð Þt� �1=t (8)

Here, p is the partial pressure of DCM, qmax is the adsorp-
tion capacity (maximum amount adsorbed), t is the Tóth pa-
rameter and b(T) is the affinity coefficient which is depend-
ent on the absolute temperature by the van’t Hoff equation:

b Tð Þ ¼ b0 exp
�DH
RT

� �
(9)

From nonlinear regression analysis, the Tóth isotherm pa-
rameters were found to be: qmax ¼ 4505 mol m�3 and b0 ¼
1.06 � 10�9 Pa�1. The isosteric heat of adsorption was
found to be DH ¼ 46.2 kJ mol�1.

It is possible to reduce the computational time in the solu-
tion to the flow and concentration equations by considering
four axes of symmetry, thereby reducing the element size to
1/8 of the channel, as shown in the top left corner of Figure
2. Many boundary conditions are required to solve the dy-
namics of the breakthrough.

Continuity of mass flux at the fluid-solid interfaces:

Deff

@q

@z

����
z¼aþ

¼ DM

@c

@z

����
z¼a�

¼ d�q

dt
for 0\y\a (10)

The parameters a� and aþ represent the spatial coordi-
nates of the gas-solid interface in the gas and in the solid,
respectively. Continuity of mass flux at the solid-solid inter-
faces is given by:

@q

@y

����
y¼0þ

¼ 0 for a\z\aþ tw (11)

@q

@y
þ @q

@z

� �����
y¼z

¼ 0 for a\z\aþ tw (12)

@q

@z

����
z¼ aþtwð Þ�

¼ 0 for 0\y\aþ tw (13)

Continuity of concentrations and mass flux at the entrance
and outlet of the channel are written for both the gas and
solid phases. For the gas phase:

c ¼ c0 for x\0 (14)

@c

@x

����
x¼L�

¼ 0 for y\a; z\a (15)

@c

@y
þ @c

@z

� �����
y¼z

¼ 0 for 0\z\a (16)

@c

@y

����
y¼0þ

¼ 0 for 0\z\a (17)

For the solid phase:

@q

@x

����
x¼0þ

¼ 0 for the area of wall facing the inlet stream

(18)

@q

@x

����
x¼L�

¼ 0 for the area of wall facing the outlet stream

(19)

Tests with different forms of the end boundary conditions
were performed to show that they made very little difference
to the model predictions. Indeed, the last two boundary con-
ditions could also be described, with no detectable change in
predictions, by assuming adsorption at the gas-solid interface
in these two locations. This is probably because the surface
areas concerned are so small that they have very little influ-
ence on the total breakthrough.

Figure 5. Adsorption isotherms of DCM on activated
carbon monolith samples at 5 (n), 10 (l) and
20�C (~) described by the Tóth expression
(solid lines).
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The energy balance in the gas phase was written in terms
of conduction and convection terms and in the solid phase
with conduction only:

qgcpg
@Tg
@t

� kg
@2Tg
@x2

þ @2Tg
@y2

þ @2Tg
@z2

� �

þ qgcpgu y; zð Þ @Tg
@x

þ @Tg
@y

þ @Tg
@z

� �
¼ 0 ð20Þ

qscps
@Ts
@t

� ks
@2Ts
@x2

þ @2Ts
@y2

þ @2Ts
@z2

� �
¼ 0 (21)

The air density, heat capacity and thermal conductivity
were calculated intrinsically by Comsol, the software used to
solve the system of equations. The carbon density of 842.2
kg m�3 was estimated from the physical characteristics of
the monolith and the channel size distribution used to deter-
mine the surface area of free flow. The thermal conductivity
of the monolith was measured as 18 W m�1 K�1.22 Very lit-
tle is known of the heat capacity of monolithic carbon.
Hence, the heat capacity of carbon23 of 703 J kg�1 K�1 was
fixed for the modeling.

The energy balance at the wall is described by the follow-
ing equation:

ks
@Ts
@z

����
z¼aþ

¼ DH
d�q

dt
þ agA Ts � T0ð Þ for 0\y\a (22)

Here, ag is the heat transfer coefficient of the air, A is the
surface area of the wall and T0 is the inlet temperature of
the air stream. In this study, an average value of the heat
transfer coefficient was considered to be sufficient and was
obtained from the Nusselt number calculated using the Haw-
thorn24 correlation for a square channel:

Nu ¼ hdch
kg

¼ 2:977 1þ 0:095
dch
L

Re Pr

� �0:45

(23)

The heat transfer coefficient was, accordingly, found to be
111.4 W m�2 K�1.

To complete the energy balance, boundary conditions
need to be considered for solid-solid interfaces, for the gas
phase and for the solid phase. For the solid-solid interfaces:

@Ts
@y

����
y¼0þ

¼ 0 for a\z\aþ tw (24)

@Ts
@y

þ @Ts
@z

� �����
y¼z

¼ 0 for a\z\aþ tw (25)

@Ts
@z

����
z¼ aþtwð Þ�

¼ 0 for 0\y\aþ tw (26)

For the gas phase:

Tg ¼ T0 for x\0 (27)

@Tg
@x

����
x¼L�

¼ 0 for y\a; z\a (28)

@Tg
@y

þ @Tg
@z

� �����
y¼z

¼ 0 for 0\z\a (29)

@Tg
@y

����
y¼0þ

¼ 0 for 0\z\a (30)

For the solid phase:

@Ts
@x

����
x¼0þ

¼ 0 for the area of wall facing the inlet stream

(31)

@Ts
@x

����
x¼L�

¼ 0 for the area of wall facing the outlet stream

(32)

As for the mass balance, the surface areas involved in the
last two boundary conditions are so small that they have
very little influence on the total energy balance.

About 5 min of computational time on a 3.4 GHz proces-
sor PC was required to solve this system of equations using
the commercial software Comsol. The average concentration
at the outlet of a single monolith channel was obtained by
integration across the channel cross-section, as follows

cave ¼ 2

a2

Z a

0

Z a

0

c y; zð Þdydz (33)

Results and Discussion

Two approaches to modeling all the channels in a single
monolith are now considered. In the first, all channels are
assumed to be identical with the nominal dimensions shown
in Table 1. This is the basis of the uniform channel model
(UCM). In the second, more realistic, approach, the channels
are not assumed to be identical in their dimensions. This is
the basis of the NUCM in which the pressure drop is consid-
ered to be the same across all channels in the monolith; in
this case, the model inherently takes the assumption of a uni-
form pressure distribution in the gas entry chamber. The out-
let pressure is uniformly atmospheric. In both approaches, no
account is taken of any possible nonuniformities in the axial
direction.

Uniform channel model (UCM)

The experimental breakthrough curve for a flow rate of 7
L (STP) min�1 is shown in Figure 6. Using the UCM, trial
and error was used in the Comsol simulation to find a fixed
value of the effective diffusion coefficient which ensured
that the predicted breakthrough curve fitted the experimental
data, at least in the early part of the breakthrough curve.
A value of 9.0 � 10�11 m2 s�1 was found to fit the experiment
extremely well up to the point where the dimensionless out-
let concentration reached about 0.6 of the feed concentration.
Figure 7 shows the gas phase concentration profile for the
one-eighth section of the channel (Figure 2) using the UCM.
Figure 7 confirms the need to model the gas phase convec-
tion-diffusion in three dimensions (as per Eq. 3). The highest
gas phase concentration exists, as expected, on the central
axis whilst the lowest concentrations exist in the corner.
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The effective diffusion coefficient is function of the gas
concentration and the temperature. These relationships can
be obtained from the kinetic data obtained using the IGA
when it is used to obtain the isotherms of adsorption at dif-
ferent temperature. The adsorption isotherms of DCM were
measured using small samples taken from the monolith for
temperatures of 5, 10 and 20�C. The rate of adsorptive load-
ing was analyzed at gas concentrations up to 5000 ppmv for
each temperature resulting in Figure 8.

The slopes and intercepts of the linear fits shown in Figure
8 were also well represented by a straight line when viewed
as a function of the temperature. Therefore, the effective dif-
fusion coefficient could be expressed by:

Deff ¼ InterceptðTsÞ þ SlopeðTsÞ � c (34)

The breakthrough curves obtained using the UCM with
the effective diffusion coefficient fixed or expressed using
Eq. 34 are almost identical, as shown in Figure 9. However,
the run-time required to solve the model using Eq. 34 was
almost twice as long as that using a fixed effective diffusion
coefficient. For the rest of this work, therefore, the UCM
and NUCM have primarily been solved using fixed values
for Deff.

In the same way as for the 7 L (STP) min�1 experiment,
the UCM was used to interpret the experimental data for the
other two flow rates shown in Table 2 (5 and 9 L (STP)
min�1). For these two flow rates, the effective diffusion
coefficients required to obtain excellent fits using the UCM
were found to be 4.6 � 10�11 and 1.05 � 10�10 m2 s�1,
respectively. The fits to the experimental data are shown in
Figure 10. The fits are excellent up to c/c0 of around 0.4 and

Figure 6. Breakthrough curve of DCM on activated car-
bon monolith: Experiment at 7 L (STP) min21

(*), single channel model, UCM (__), normal
distribution model, NUCM (---).

Figure 7. Concentration profile in UCM model at t 5 72
min and x 5 0.09 m for the 7 L (STP)�min21

experiment at 2000 ppm of DCM.

Figure 8. Effective diffusion coefficient of DCM in the
carbon monolith estimated from the kinetic
data of the adsorption isotherms at three
temperatures.

Figure 9. Comparison between breakthrough curves at
7 L (STP) min21 using the UCM with Deff fixed
or in function of gas concentration and tem-
perature.
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0.6 for feed flow rates of 5 and 9 L (STP) min�1, respec-
tively.

A slight adjustment needed to be made to the flow rate
used in the model to take account of the slightly higher feed
concentration used in the run at 7 L (STP) min�1 (Table 2).
Because the maximum loading of DCM on the monolith
cannot depend on the flow rate, a revised flow rate of 4.7 L
(STP) min�1 was used to fit the experiment at 5 L (STP)
min�1 to keep the same qs for all the simulations, and 8.7 L
(STP) min�1 was used for the breakthrough at 9 L (STP)
min�1. These slightly lower flow rates compensate for the
slightly lower feed concentrations (Table 1), the variation in
flow rate being within the experimental error in its measure-
ment. It is now apparent that by using the UCM there would
seem to be a dependency of the effective diffusivity of DCM

inside the carbon with the feed flow rate in the gas channel.
This is not scientifically possible. Hence, the UCM cannot
be used to adequately describe behavior in all the channels
in an actual monolith, and so, the NUCM is now considered.

Nonuniform channel model (NUCM)

The channels vary in size and shape as shown in the
image of a normal cross-section of the monolith (Figure
11a). Freeware image analysis software (ImageJ) was used
to highlight channel cross-sections as shown in Figure 11b.
The size of a channel, d, was determined as the side of a
square with the same cross-sectional area as the channel
image obtained from Figure 11a. Channels near to the edge
of the monolith tend to be nonsquare and of smaller cross-
sectional area than those in the centre. The average size,
dave, of the channels including the 18 nonsquare channels is
0.688 � 0.0652 mm whilst dave, of the channels excluding
the 18 nonsquare channels is 0.702 � 0.0365 mm. For mod-
eling purposes, a channel size of 0.7 mm and a wall thick-
ness of 0.35 mm are used.

The structure of the monolith was described using a Gaus-
sian distribution for the channel size, characterized by an av-
erage value and a standard deviation, r:

P hð Þ ¼ 1

r
ffiffiffiffiffiffi
2p

p exp � h� 1ð Þ2
2r2

 !
where h ¼ d

dave
(35)

It can be seen from Figure 12 that this distribution pro-
vides a good fit to the channel size distribution provided that
the nonsquare channels are excluded. The flow through each
channel is laminar (Table 2) and hence the single phase
pressure drop over a straight channel is given by:

DP
L

¼ 4f
1=2ð Þqgu2

d
(36)

Figure 10. Breakthrough curve of DCM on activated
carbon monolith: Experiment at 9 L (STP)
min21 (h) and 5 L (STP) min21 (~), single
channel model, UCM (__), normal distribution
model, NUCM (---).

Figure 11. Grey-level image of a square channel monolith (left) reduced to a binary image (right) used to determine
its channel size distribution.
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Expressions for the friction factor, f, as a function of the
Reynolds number have been established for various duct
geometries.25

The pressure gradient can then be written as follows:

DP
L

¼ 2Cul
d2

(37)

where C is a constant, and l is the viscosity of the gas. Now
consider any two channels of different size, d1 and d2, which
have average gas velocities, u1 and u2, respectively. The
pressure drop across both channels is the same. Hence, the
ratio of velocities is related to the ratio of channel sizes by
the following equation:

d1
d2

� �2
¼ u1

u2
(38)

The probability function of the normal distribution can
then be calculated from the gas velocities in the channels as
follows:

P hð Þ ¼ 1

r
ffiffiffiffiffiffi
2p

p exp � 1

2r2

ffiffiffiffiffiffiffiffi
u

uave

r
� 1

� �2 !
(39)

The average velocity, uave, was determined from the ex-
perimental volumetric flowrate. The breakthrough curves for
different h values were then obtained for each channel using
the UCM as shown in Figure 13 and the average exit con-
centration over all the channels for the NUCM was then
obtained from:

ccumul ¼
R hmax

hmin
cave hð Þ uave hP hð Þ dhR hmax

hmin
uave h P hð Þ dh

(40)

The velocity in each channel is given by the expression
uave h and the concentration cave(h) represents the averaged
outlet concentration for this specific velocity. It can be seen
from Figure 13 that the effect of nonuniformities in channel
dimensions is to broaden the overall breakthrough curve.

For the NUCM to adequately describe the adsorption
properties of the monolith, it is preferable that the unique
effective diffusion coefficient Deff for all flow rates is not

derived from the experimental breakthrough data but rather
from an independent source. The IGA data were therefore
used to obtain an independent estimate of the effective diffu-
sion coefficient. By using a linear driving force model26 to
analyze the rate of change in adsorptive loading on the sam-
ple in the IGA at a gas-phase concentration of 2000 ppmv,
the effective diffusion coefficient of DCM was found to be
�1.36 � 10�10 m2 s�1. This value compares reasonably
well with the effective diffusion coefficient of 1.7 � 10�10

m2 s�1 required to fit the experimental data for a flow of 7
L (STP) min�1 using the NUCM as shown in Figure 6. The
channel size distribution used in the NUCM was broader
(r ¼ 0.046 mm) than the distribution observed when consider-
ing only the well-formed square channels (r ¼ 0.0365 mm).
As can be seen from Figure 6, the NUCM leads to a slightly
different completion of the breakthrough curve than either
the experimental data or the UCM. One reason for this is
that the effective diffusion coefficient used in the NUCM is
somewhat higher than that obtained by back-calculation
using the UCM. In the NUCM, the air flow is slower in the
smaller channels. Thus, the full breakthrough has not been
reached in such channels explaining the slightly different
loadings predicted by the models. The channel outlet temper-
atures were not measured during the breakthrough experi-
ments and could not be compared with the predictions by
both models shown in Figure 14. The heat released during
the adsorption would limit the adsorption capacity in the
solid. After the breakthrough front has passed a certain point
in the channel, the temperature would decrease allowing for
further VOC uptake to take place. This would slow down
the uptake after the breakthrough has been reached compared
with an isothermal model. The temperature front during the
breakthrough in the larger channels moves faster than in the
smaller channels. Furthermore, the higher VOC flow through
the larger channels releases a greater amount of heat explain-
ing the sharper increase and the higher maximum in the out-
let temperature (Figure 14). The amount of released heat
predicted by both models should be similar. Thus, the outlet

Figure 12. Channel size distribution.

Figure 13. Breakthrough curves for each h value
(dashed lines) and cumulative breakthrough
for the monolith (full line).
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temperature decreases faster past its maximum with the
NUCM than with the UCM.

To test the robustness of the NUCM, the same normal dis-
tribution and the same effective diffusion coefficient were
then used to model the results for the other two feed flow
rates of 5 and 9 L (STP) min�1. The simulations are com-
pared with the experimental data in Figure 10. As for the
case with a feed flow rate of 7 L (STP) min�1, the first part
of the experimental breakthrough curve for both feed flow
rates is very well represented by the nonuniform flow model,
whilst at higher concentrations in the breakthrough curve,
the diffusion in the solid predicted by the model seems to be
too fast to explain the tail observed in the experimental data.
Nevertheless, the fact that the early part of the breakthrough
curve with different feed flow rates can be modeled by a sin-
gle, independently obtained, effective diffusion coefficient
means that the NUCM is scientifically better than the UCM
and augurs very well for future refinements.

Neither channel model (UCM or NUCM) is able to fit the
complete breakthrough of DCM (at high values of dimen-
sionless concentration) indicating that one or more of the
assumptions made in them are invalid. Whilst the UCM
appears to be better in fitting the experimental breakthrough
curves (Figures 6 and 10), this model is fundamentally
flawed in that the effective diffusion coefficient within the
solid phase has to be varied with the gas flow rate in the
monolith channels to obtain good matches between simu-
lated and experimental results. This is not scientifically feasi-
ble. The NUCM is not fundamentally flawed in this respect
and is far superior scientifically since the effective diffusion
coefficient has been obtained from an independent experi-
ment using the IGA. As for the UCM, the dependency of the
effective diffusion coefficient on both gas concentration and
temperature did not improve significantly the matching of
simulated and experimental breakthrough curves at high
dimensionless concentrations. It is possible therefore that the
properties of the pores within the monolith wall may not be
uniform and could vary with position. Indeed, the shapes of
the experimental breakthrough curves shown in Figures 6
and 10 are interesting in this respect, because they do not
show the normal shape of a breakthrough curve with a sin-

gle, dilute adsorptive. Whilst only a few breakthrough curves
are shown in this article, the change in shape which can be
seen in Figures 6 and 10 at a dimensionless concentration in
the range of 0.4 to 0.6 is typical of many others obtained
with the MAST Carbon monolith.22

Conclusions

Two approaches have been compared in the modeling of
experimental breakthrough curves of a volatile organic com-
pound on a binder-less activated carbon monolith. When all
channels are assumed to be identical (the UCM), relatively
low effective diffusion coefficients in the solid are required
to model the experimental data with reasonable success. The
need to vary the effective diffusion coefficient with feed
flow rate, and hence with channel gas velocity, is a funda-
mental weakness of this simpler model and directs research
away from the commonly made assumption that all channels
behave the same. In the new NUCM, a normal distribution
of channel sizes is used to model the actual monolithic struc-
ture. It is then found that a single independently obtained
effective diffusion coefficient can be used with reasonable
success in this NUCM for all three feed flow rates studied in
this research. The characteristics of the monolith (VOC
adsorption properties, channel and wall thickness dimen-
sions, effective diffusivity, etc.) as measured independently
can be used as parameters in the NUCM model to represent
accurately the experimental data up to dimensionless break-
through concentrations of about 0.4–0.6.

Diffusion into the solid with the NUCM, however, is still
too fast to simulate correctly the tailing observed with the
experimental breakthrough curves at high values of c/c0.
Accordingly, further improvements are required to the
NUCM by possibly incorporating the anisotropic nature of
the carbon structure.
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Notation

A ¼ wall surface area (m2)
a ¼ half channel size (mm)

a� ¼ position at the gas–solid interface in the gas phase
aþ ¼ position at the gas–solid interface in the solid phase
b ¼ affinity coefficient (Pa�1)
b0 ¼ pre-exponential factor of affinity coefficient (Pa�1)
c ¼ gas phase concentration (mol m�3)
c0 ¼ feed gas concentration (mol m�3)

cave ¼ average concentration at the outlet of a monolith channel (mol
m�3)

ccumul ¼ average concentration over all the channels in the distributed
channel model (mol m�3)

cpg ¼ heat capacity of the gas (J kg�1 K�1)
cps ¼ heat capacity of carbon (J kg�1 K�1)
d ¼ channel size (m)

dave ¼ average channel size in Gaussian distribution (mm)
dch ¼ nominal channel size (mm)
Deff ¼ effective diffusion coefficient (m2 s�1)
dm ¼ monolith overall diameter (cm)

Figure 14. Channels outlet temperatures predicted by
the UCM (__) and the NUCM (---) models.
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DM ¼ molecular diffusion coefficient (m2 s�1)
e ¼ nominal wall thickness (mm)
f ¼ friction factor
h ¼ dimensionless channel size

DH ¼ isosteric heat of adsorption (kJ mol�1)
k ¼ mass transfer coefficient in LDF equation 5 (s�1)

Lm ¼ monolith overall length (mm)
p ¼ partial pressure of DCM (Pa)

P(h) ¼ probability density function of normal distribution
DP ¼ pressure drop over a straight channel (Pa)
q ¼ adsorbate loading in carbon wall (mol m�3)
q ¼ mean adsorbate loading (mol m�3)

q* ¼ adsorbate loading in equilibrium with fluid phase (mol m�3)
qmax ¼ adsorption capacity of the carbon (mol m�3)

R ¼ molar gas constant (¼ 8.314 J mol�1 K�1)
T0 ¼ gas stream inlet temperature (K)
Tg ¼ gas stream temperature (K)
Ts ¼ carbon wall temperature (K)
tw ¼ half wall thickness (mm)
u ¼ gas channel velocity (m s�1)

uave ¼ average channel gas velocity (m s�1)

Greek letters

ag ¼ Heat transfer coefficient of the air (W m�2 K�1)
e ¼ Fractional free cross-section
kg ¼ gas stream thermal conductivity (W m�1 K�1)
ks ¼ carbon monolith thermal conductivity (W m�1 K�1)
l ¼ gas viscosity (Pa s)
qg ¼ gas density (kg m�3)
qs ¼ carbon density (kg m�3)
r ¼ standard deviation of Gaussian distribution of channel sizes

(mm)
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