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Carbon Monoliths: A Comparison with Granular Materials
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Abstract. An activated carbon monolith synthesized from a phenolic resin precursor provides capacity and kinetic
properties which compare most favourably with the same mass of its granular counterpart. Experimental data have
been obtained using a dynamic, flow apparatus. The comparative performances are readily explained by an analysis
of internal and external mass transfer coefficients. The effect of axial dispersion is neglected. Internal mass transfer
coefficients are based on the linear driving force assumption, being approximated for the monolith by a geometric
transformation from the square channel to a hollow cylinder impervious to mass at its outer radius. The monolith
is predicted to have a pressure drop which is less than 6% of that of its equivalent granular system.
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1. Introduction

Monoliths comprise bundles of channels in a solid that
resembles a honeycomb structure. Whilst the regular
hexagon is good in terms of mass transfer and pres-
sure drop properties (Patton et al., 2004), the common-
est channel is square since this is simplest to form.
Activated carbon monoliths have been used to adsorb
volatile organic compounds (Gadkaree, 1998; Yates
et al., 2000; Tennison et al., 2001; Fuertes et al., 2003;
Valdés-Solı́s et al., 2003a). Free of binder, they are
manufactured commercially (MAST Carbon Ltd, UK)
by carbonising and then activating extruded phenolic
resins. This manufacturing route provides for a unique,
detailed control over the pore structure at the cell, mi-
cropore and macropore levels. The monoliths are also
electrically conducting, thereby facilitating rapid ther-
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mal swing operation at low voltage difference, provid-
ing the opportunity to reduce equipment size and adsor-
bent inventories in VOC recovery systems (Tennison
et al., 2001). Of the external parameters, the channel di-
mension, a, wall thickness, tw, and the cell shape, need
to be optimised for high kinetic performance balanced
against low pressure drop, especially for VOC recovery
applications (Patton et al., 2004). With the flexibility
afforded by the independent geometric parameters, a
and tw, the opportunity exists to tailor or optimise the
design for particular applications. Flexibility is much
more limited with granular materials.

2. Materials and Experimental Method

The adsorption of n-butane from air was used to com-
pare activated carbon in monolithic and granular forms.
The MAST Carbon square channel monolith had a
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cell density of ≈89 cells/cm2 with a = 0.63 mm and
tw = 0.43 mm. Surfaces were rough and somewhat ir-
regular in shape (Fig. 1). Granules, of size range 600–
1400 µm, were obtained by crushing samples of the
monolith. Hence, the internal structures of the granules
and monolith were identical. Surface and pore proper-
ties were obtained by nitrogen adsorption (Micromerit-
ics ASAP 2010). BET and Langmuir surface areas were
806 and 1051 m2/g, respectively. Total pore and micro-
pore volumes were 0.371 cm3/g, and the pore radius
was ≈0.41 nm (Botas Echevarria et al., 2003). The ma-
terials have no mesopore structure and the macropore
diameters are ≈5 µm (Tennison, 1998).

Dynamic experiments were carried out in a flow ap-
paratus (Botas Echevarria et al., 2003). The adsorption
column contained 26.11 g of adsorbent, whether mono-
lith or granules. The monolith length and diameter were
94.1 and 20.4 mm, respectively, whilst the granular
bed length and diameter were 122.0 and 21.2 mm, re-
spectively. The total gas flow rate was fixed at 1 or 3
litres/min at 40◦C and the concentration of n-butane
was fixed at 3 or 7% in nitrogen. The feed concen-
tration and progress of the breakthrough curve were
monitored continuously using a flame ionisation detec-
tor. The temperature of gas leaving the adsorbent was
monitored by a thermocouple. Prior to all experiments,
the adsorbent was regenerated for four hours under a
nitrogen flow of 1 litre/min at 400◦C. The adsorption
experiments were terminated after full breakthrough
had occurred.

3. Results

A summary of the results is given in Table 1. Both
the breakthrough time and the loading at the point of
breakthrough for the two forms of carbon were found to
be more or less equal. The design of the monolith was
intended to give this result. A comparison of Figs. 2 and
3, showing the effect of flow rate, reveals that whilst the

Table 1. Summary of column performance.

Bed of granules Monolith

Flow rate Butane Breakthrough Loading at Loading after Breakthrough Loading at Loading after
(litres/min) conc (%) time (mins) breakthrough (%) breakthrough (%) time (mins) breakthrough (%) breakthrough (%)

1 3 46 13.47 16.56 50 14.43 18.55

1 7 15 10.77 13.14 15 10.49 14.10

3 3 14 12.82 16.59 14 12.34 17.72

Figure 1. Scanning electron micrograph of MAST Carbon mono-
lith (Patton et al., 2004).

Figure 2. Breakthrough curves and temperature profiles for the
monolith.

final portion of the monolith breakthrough curve was
quite different from that for the granules, the initial
portions of the curves were quite similar. A similar
observation was made for the breakthrough curves as
a function of feed concentration.

Table 1 shows that the loading after breakthrough de-
creases with increasing butane concentration for both
forms of the adsorbent. The cause of this apparent
anomaly is the progress through the column of a larger
exotherm at the higher concentration which, in turn,
causes a reduction in equilibrium loading. This effect
has been observed in other dynamic adsorption col-
umn experiments (Crittenden and Ben-Shebal, 1992).
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Figure 3. Breakthrough curves and temperature profiles for the
granules.

Table 1 shows, as expected, that the loadings after
breakthrough were quite similar for all four experi-
ments in which the feed concentration was maintained
at the lower value of 3%, but the flow rate was varied.

4. Analysis and Design

Approximate HETP solutions to adsorption in rectan-
gular coated chromatography columns are provided
by Golay (1958, 1981) and Spangler (1998). Shah
et al. (1996) obtained numerical solutions for a mono-
lithic adsorbent when mass transfer was microporous
diffusion controlled but failed to obtain a solution
when the macropore diffusion resistance became im-
portant. Valdés-Solı́s et al. (2003b) developed a numer-
ical model for the adsorption of VOCs to find that it
was necessary to assume a parabolic velocity distribu-
tion in the carbon-ceramic monolith. Crittenden et al.
(2001) analysed the channel and internal mass transfer
effects to determine the dimensions of a square chan-
nel zeolitic monolith which would have a comparative
kinetic performance to an equivalent bed of pellets.
In the present study on carbons, the similarity in the
breakthrough times for the two adsorbent forms is also
explained in terms of their internal and external mass
transfer coefficients (Patton et al., 2004). The Ranz and
Marshall (1952) correlation for the Sherwood number,
Sh, is used to obtain the external (film) mass transfer
coefficient, k, for a packed bed in which axial disper-
sion is not significant and for Schmidt numbers, Sc, up
to 160:

Sh = kdp

D
= 2 + 0.6 Sc1/3 Re1/2

p (1)

The exact value of the molecular diffusion co-
efficient, D, for a VOC in nitrogen is not essen-

tial for the comparison; the value is typically of the
order of 10−5 m2/s (Janssen and Warmoeskerken,
1987). The viscosity and density at 40◦C are 1.92 ×
10−5 Ns/m2 and 1.127 kg/m3, respectively (Janssen
and Warmoeskerken, 1987). Hence, Sc ≈ 1.7. The
particle diameter, dp, is taken to be 1.0 mm and
the voidage, e, to be 0.4. For flow rates of 1 and 3
litres/min, the corresponding values of Reynolds num-
ber, Rep, are 7.3 and 21.8. Hence the external film
mass transfer coefficients are 0.039 and 0.053 m/s,
respectively.

Setting aside the debate over the selection of a
correlation for the square channel Sherwood number
(Valdés-Solı́s et al., 2003; Patton et al., 2004), the
Hawthorn (1974) semi-analytical equation is used to
obtain the asymptotic value of the external mass trans-
fer coefficient for the monolith:

Sh = kdch

D
= 2.98

(
1 + 0.095 Rem Sc

dch

L

)0.45

(2)

The channel dimension, dch , is the hydraulic mean
diameter which is equal to a, the length of the side
of the square channel. The asymptotic mass transfer
coefficient is given by:

k = 2.98D/a (3)

Hence the asymptotic mass transfer coefficient for
the monolith is equal to 0.047 m/s. This value is un-
affected by the flow rate down the channel, provided
that flow is laminar. Rem = 16 for a total flow rate
of 3 litres/min. The external mass transfer coefficient
for the granules at the higher flow rate is 13% greater
than that for the monolith, whilst for the lower flow rate
it is 17% lower. It can be seen, correspondingly, from
Table 1, that the loading at breakthrough for the bed
of granules is marginally better than that for the mono-
lith at the higher flow rate, whilst the converse is the
case for the lower flow rate. At the lower flow rate, the
breakthrough time is, correspondingly, shorter for the
bed of granules. It is clear, therefore, that the monolith
has been designed to compare favourably with the bed
of granules at least in terms of external mass transfer
coefficient.

The linear driving force approximation is used only
as an approximation to provide an initial and approx-
imate comparison of the rates of adsorption, dq̄/dt ,
(Glueckauf, 1955; Glueckauf and Coates, 1947). q∗

and q̄ are the equilibrium and average loadings. For
rigorous design and analysis, caution needs to be taken
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if the isotherm is highly favourable (Ruthven, 1984)
which is the case for the MAST Carbon materials. For
spherical particles:

dq̄

dt
= 60De

d2
p

(q∗ − q̄) (4)

The effective diffusion coefficient, De, is the same
for the granules and monolith and need not be evalu-
ated. For 1 mm diameter particles, the value of 60/d2

p is
equal to 6.0×107. A linear driving force expression for
a square channel monolith has been derived by Patton
et al. (2004). It is based on the assumption that a square
channel of inner dimension, a, and wall thickness, tw,
can be transformed to a cylindrical channel of inner
radius ri and outer radius ro which is impervious to
mass transfer on its outer surface. The geometry trans-
formation is based on the cylindrical channel having
the same surface area and wall volume per unit length
as the square channel. The geometry transformations
are:

ri = 2a

π
(5)

ro =
√

4t

π
(t + a) + r2

i (6)

Using the quadratic driving force approximation
(Liaw et al., 1979), Patton et al. (2004) derived the lin-
ear driving force expression for the equivalent hollow
cylinder:

dq̄

dt
= 4De(q∗ − q̄)[( ro

ri
−1

)(
r2

o − r2
i

) − 1
ri (ro−ri )

(
1
2

(
r4

o − r4
i

) − 4ro
3

(
r3

o − r3
i

) + r2
o

(
r2

o − r2
i

))] (7)

With t = tw/2 in this equation, it can be shown that for
the monolith:

dq̄

dt
= 4.4 × 107 De(q∗ − q̄) (8)

The coefficient in the linear driving force expres-
sion for the monolith is 27% less than that calcu-
lated for the bed of granules. The comparison is espe-
cially favourable bearing in mind the potential errors
involved. Firstly Eq. (4) is used for particles which
not only are somewhat irregular in shape (having been
made by crushing and grinding monolith pieces) but
which also have a range of sizes (with a median of
1 mm). Secondly, the validity of the geometry trans-
formation for the monolith has not been evaluated ex-

perimentally. Thirdly, the monolith channels are not
smooth, straight or uniform in dimension (Fig. 1).
When both the external and internal coefficients are
compared for the two shapes of activated carbon, it is
not surprising that the dynamic performances, particu-
larly for the 3 litres/min feed flow rate, are almost the
same. It is more-or-less confirmed that, for this par-
ticular application involving the adsorption of a dilute
hydrocarbon from air, the monolith geometry competes
very well with the equivalent bed of granules on both
experimental and theoretical grounds.

It can be seen from Eq. (2) that the external mass
transfer performance of a monolith can be improved
by reducing the channel size. For the simplest form of
monolith device, namely the parallel plate contactor,
Ruthven and Thaeron (1996) were able to show that
a substantial advantage in terms of reduced pressure
drop was available for a given number of theoretical
stages in an adsorption column. Additionally, the HETP
could be reduced by reducing the spacing between the
adsorbent surfaces. It can be seen from Eqs. (5)–(7) that
the internal mass transfer performance can be improved
by reducing the wall thickness. Hence, the challenge is
to make thin walled monoliths with high cell densities.

The Ergun (1952) equation (in which u is the super-
ficial velocity, L is the length of adsorbent, µ is the
viscosity and ρ is the density) can be used to show that
the pressure drop, �P , through the granules is 982 Pa
at 3 litres/min:

�P

L
= 150

(1 − e)2

e3

µu

d2
p

+ 1.75
(1 − e)

e3

ρu2

dp
(9)

The pressure drop along the monolith channel is
given by Patton et al. (2004):

�P

L
= 28.4Qµ

a4
(10)

Q is the volumetric flow rate through a channel. �P
at 3 litres/min is 56 Pa, that is, less than 6% of that for
the equivalent bed of granules. The channel roughness
should not affect the pressure drop since flow is laminar.

5. Conclusion

It has been demonstrated that it is possible to manufac-
ture an activated carbon monolith that has a capacity
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and dynamic mass transfer performance equal to that of
the equivalent bed (same mass) of granules. The pres-
sure drop however, is expected to be less than 6% of
that for the bed of granules.
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