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Adsorption Kinetics and Dynamic Behavior of a Carbon Monolith
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Abstract. The zero length column (ZLC) method has been applied to study the adsorption and diffusion of CO2 in
a carbon monolith adsorbent. ZLC desorption curves, measured over a wide range of flow rates, are shown to be very
well accounted for assuming a linear equilibrium isotherm with the kinetics controlled by diffusion into a parallel
sided slab. The data, at all flow rates, are characterized by a single pair of parameters (K and Ds). Diffusivities
for a He carrier are about double those for a N2 carrier reflecting both the difference in molecular diffusivities and
some contribution from Knudsen diffusion. Breakthrough curves for CO2-He and CO2-N2 were also measured for
columns packed with the monolith adsorbent. Both the equilibrium and diffusion parameters derived from analysis
of the breakthrough curves in accordance with the Golay/Spangler models are consistent with the values derived
from the ZLC measurements. Dispersion in the monoliths is shown to be controlled by mass transfer resistance
rather than axial mixing.
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Introduction

Monolithic adsorbers have been shown to offer impor-
tant practical advantages over traditional packed ad-
sorbent columns for applications such as rapid cycle
pressure swing adsorption, VOC removal, desiccant
cooling and other processes where pressure drop has a
significant economic impact (Ruthven, 2000; Ruthven
and Thaeron, 1996). Efficient performance as a mass
transfer device requires that both the wall thickness
and the cell dimensions of the monolith should be small
and this requirement presents an important manufactur-
ing challenge. However, this challenge has now been
largely met, at least for carbon based monoliths, and
monolithic carbon adsorbents with sufficiently small
wall thickness and channel dimensions to be of inter-
est for such applications are now available commer-
cially (Park et al., 2001). This investigation, aimed at
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characterizing the adsorption kinetics and equilibria for
CO2, was undertaken as part of a detailed experimen-
tal and theoretical study of the performance of a rapid
cycle dual piston pressure swing adsorption system us-
ing a monolithic carbon adsorbent. The measurements
were carried out by both zero length column (ZLC)
and breakthrough experiments with generally consis-
tent results.

Details of Monoliths

Two carbon based monoliths, formed by extrusion of
an activated carbon adsorbent together with a ceramic
material to improve the physical strength were kindly
provided by MeadWestvaco Corporation. Details of the
dimensions are given in Fig. 1. The larger monolith was
provided in cylindrical sections of 10 cm in length and
2.9 cm diameter. Five of these sections were connected
in series to form an experimental column of effective
length approximately 50 cm. The smaller monolith was
available as rectangular sections 6 × 4.7 × 1 cm. 45
cylindrical sections of diameter 1.56 cm were cut from
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Figure 1. Schematic diagram showing form and dimensions of monoliths.

this base material and packed into a cylindrical tube
of this diameter and length 45 cm to form a second
column.

ZLC Measurements

Full details of the ZLC technique have been given else-
where (Brandani et al., 2002; Eic and Ruthven, 1989;
Ruthven and Brandani, 2000). In essence a small sam-
ple of adsorbent is pre-equilibrated with sorbate and
then purged with an inert gas stream, at constant flow
rate, monitoring continuously the concentration of sor-
bate in the effluent stream. At low flow rates the sample
is essentially at equilibrium with the purge gas and the
desorption curve yields the equilibrium isotherm while,
at higher flow rates, the sorbate concentration in the ef-
fluent depends on the rate of diffusion out of the adsor-
bent. Under these conditions the response curve yields
the diffusional time constant. ZLC measurements car-
ried out over a wide range of flow rates thus provide a
simple and convenient way to obtain both kinetic and
equilibrium data.

In the low flow rate (equilibrium controlled) regime
the ZLC response curve for a system with a linear
isotherm is given by:

c

co
= exp

[ −Ft

Vg + KVs

]
(1)

The term (Vg + KVs) represents the hold up in the gas
volume of the cell (Vg) plus the hold up in the adsorbed
phase (KVs). When adsorption is relatively weak the

correction for hold up in the gas phase becomes sig-
nificant. The value of Vg is conveniently determined
from the blank response for the cell with no adsorbent
present.

Under conditions of kinetic control the ZLC re-
sponse for a parallel sided slab of adsorbent is given
by:

c

co
=

∑ 2Le−β2τ

(1 + γ )β2 + L + (L − γβ2)2
(2)

where β is given by the roots of the equation

L − γβ2 − β tan β = 0 (3)

and τ = Dst/�2, γ = Vg/K Vs, L = F�2/K Vs Ds .
The derivation of Eq. (2) is given in the Appendix. Note
that when γ is small (negligible gas phase hold up) the
solution reduces to the simpler form given previously
(Eic and Ruthven, 1989; Ruthven and Brandani, 2000).

In the present system the effluent gas composition
was monitored using an on-line quadrupole mass spec-
trometer but any sufficiently sensitive detector can be
used. A relatively large amount of adsorbent (7.6 mg)
was used in the column to compensate for the low
capacity.

Dead Volume Measurements

Figure 2 shows the blank response at several flow rates
with both He and N2 as carrier. It is evident that the
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Figure 2. Blank ZLC response curves for CO2 at 303 K.

response can be represented reasonably well by Eq. (1)
(with Vs = 0). The dead volume calculated from the
slope is approximately 0.14 ml.

Kinetic and Equilibrium Measurements

ZLC measurements for CO2 in a small piece of the
smaller monolith were carried out at 303 K over a
wide range of flow rates, with either N2 or He as the
carrier/purge gas. Representative response curves are
shown in Fig. 3. The response curves were fitted to
Eqs. (2) and (3) (with Vg = 0.14 ml) using a least

Table 1. Summary of parameters derived from ZLC
measurements (smaller monolith at 303 K).

He carrier N2 carrier

Dead volume Vg (ml) 0.14

KVs + Vg (ml) 0.38 0.32

K 42.1 31.6

Ds/�
2 (s−1) 0.92 0.48

Ds (cm2· s−1) 6.3 × 10−5 3.3 × 10−5

Sample wt = 7.6 mg, Density = 1.33 g/ml, Vs = 5.7 ×
10−3 ml, � = 0.0083 cm.

squares criterion to determine the best fit values of
the two parameters (KVs and Ds/�

2) for each data set.
This procedure has been shown to provide a more ac-
curate method of parameter evaluation compared with
the more traditional approach of fitting each response
curve individually (Brandani et al., 1995). The values
of these parameters are summarized in Table 1 and the
theoretical curves, back calculated from Eq. (2) with
the given parameter values, are shown in Fig. 3. It is
clear that the theoretical curves, with a single pair of
parameters, provide an excellent representation of the
experimental response, for both the He and N2 sys-
tems, over the entire range of flow rates. Furthermore,
the response curves at the lowest flow rate conform to
a simple exponential decay, in conformity with Eq. (1),
the solution for equilibrium control. It is clear that the
model of a linear equilibrium system in which the ki-
netics of desorption are controlled by diffusion out of a
parallel sided slab provides an excellent representation
of the observed behavior.

Breakthrough Measurements

A series of breakthrough experiments was carried out
with the columns formed by connecting sections of the
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(a)

(b)

Figure 3. ZLC response curves for CO2 at 303 K. (a) He and (b) N2 purge gas. Initial CO2 partial pressure = 23 Torr. Purge flow rates (F) are
in ml/min.

monoliths in series. Details of the column dimensions
are given in Table 2. The breakthrough curves were
measured, at several different flow rates with a feed
stream containing about 1% CO2 in a carrier of either
N2 or He. Both the adsorption and desorption curves

were measured. At constant flow rate the adsorption
response was always somewhat sharper than the des-
orption response suggesting that, even at this low con-
centration level, the equilibrium isotherm is of slightly
favorable form. The symmetry between adsorption and
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Table 2. Summary of column dimensions and parameters derived
from breakthrough measurements at 296 K.

Smaller
monolith Larger monolith

Cross sectional area (cm2) 1.91 6.6

Column length L (cm) 45 50

Voidage ε 0.71 0.69

Internal cell 0.09 0.136
dimension 2z (cm)

Wall thickness 2w (cm) 0.0165 0.028︷ ︸︸ ︷
Carrier N2 N2 He

Slope of µ vs. 1/F (ml) 1153 4319 5333

Slope of H vs. F (s · cm−2) 0.12 0.247 0.095

K 44.4 39.7 49.5

Ds (cm2·s−1) 1.93 × 10−5 7.4 × 10−6 3.55 × 10−5

Molecular diffusivities CO2-He, 0.63 cm2· s−1;
(Dg) at 296 K CO2-N2, 0.17 cm2· s−1

desorption breakthrough curves has been shown to be
extremely sensitive to minor deviations from linear-
ity in the equilibrium isotherm. It is worth pointing
out that this asymmetry cannot be explained by non-
isothermality since, for a linear system, any tempera-
ture excursions should affect adsorption and desorp-
tion equally, leading to a broadening of the response
but not to a divergence between the adsorption and
desorption curves. The equivalent linear response was
obtained by averaging the adsorption and desorption
breakthrough curves (c/co vs. t and 1 − c/co vs. t)
as shown in Fig. 4(b). Since the detector calibration
is linear the dimensionless response curves are eas-
ily calculated from the detector signal (Fig. 4(a)).
Kinetic and equilibrium parameters were then de-
rived from these averaged curves by the method of
moments.

The first and second moments were calculated
directly from the breakthrough curves by integra-
tion (Ammons et al., 1977; Kärger and Ruthven,
1992).

1st Moment: µ =
∫ ∞

o
(1 − c/co) dt (4)

2nd Moment: σ 2 = 2
∫ ∞

o
(1 − c/co)t · dt − µ2

(5)

The first moment is related directly to the dimension-
less Henry constant (K ):

µ = V

F
[ε + (1 − ε)K ] (6)

Values of K , given in Table 2, were calculated from
the slopes of the (linear) plots of µ vs. 1/F, shown in
Fig. 5.

The expressions for the second moment of the re-
sponse for a circular tube and a parallel sided duct,
coated with an adsorbent layer were derived many years
ago by Golay (1958). More recently the correspond-
ing expression for a rectangular duct was derived by
Spangler (1998, 2001). Since the cells of the present
monoliths are square Spangler’s expression is directly
applicable to the present systems provided that the
thickness of the adsorbent layer is replaced by the half
thickness of the monolith walls. This yields:

H

2
= σ 2

2µ2
· L = Dg

v̄
+

[
70

96
· z2

Dg
+ 1

6

wz

KDs

]
v̄ (7)

which is, except for the coefficient 70/96, the same as
the Golay expression for a circular duct of radius z
(Golay, 1958). Except at very low flow rates the term
Dg/v̄ is negligible so Eq. (7) predicts a linear increase
of HETP with flow rate. HETP values, calculated from
the first and second moments of the averaged step re-
sponse are shown plotted against flow rate in Fig. 6.
The values of KDs and Ds , calculated from the slopes
of these plots, are given in Table 2.

Comparison of Kinetic and Equilibrium
Parameters

Exact correspondence between the parameters derived
from the ZLC and breakthrough measurements cannot
be expected since the former were carried out at 30◦C
and the latter at approximately 23◦C. The isosteric heat
of adsorption for CO2 on activated carbon is approx-
imately 23 kJ/mole which yields a value of 1.24 for
the ratio of K values at 23◦C and 30◦C. For the smaller
monolith, with N2 as carrier, the corrected ZLC K value
at 296 K is therefore 39.2, which agrees well with the
value of 39.7 from the breakthrough measurements.

Both the ZLC measurements (smaller monolith)
and the breakthrough measurements (larger monolith)
show that the K value for CO2-He is larger by about
25–30% than the value for CO2-N2. This is consis-
tent with competitive adsorption of N2 which, although
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(a)

(b)

Figure 4. Representative breakthrough curves showing (a) adsorption and desorption curves and (b) the average (linear) curve.
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Figure 5. Variation of 1st moment with reciprocal flow rate for (a) small monolith and (b) large monolith.
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Figure 6. Variation of HETP with flow rate for CO2 at 298 K with (a) small monolith and (b) larger monolith.
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weakly adsorbed in comparison with CO2 is present at
a much higher partial pressure. The K values for CO2-
N2 determined for the small and large monoliths from
the breakthrough measurements agree within about
10%.

The agreement between the diffusivity values deter-
mined by ZLC and from the breakthrough curves is
less satisfactory. For the smaller monolith for CO2-N2

the ZLC and breakthrough diffusivity values (3.3 ×
10−5 and 1.93 × 10−5 cm2· s−1 respectively) differ
by a factor of about 1.7. Both the ZLC measure-
ments (smaller monolith) and the breakthrough mea-
surements for the larger monolith show that the diffu-
sivity for CO2-He is substantially larger than that for
CO2-N2. Such a difference is to be expected if trans-
port within the pores is controlled mainly by Knud-
sen diffusion with some contribution from molecu-
lar diffusion. Comparison of the CO2-N2 data for the
larger and smaller monoliths (derived from the break-
through data) suggests that diffusion in the larger
monolith is somewhat slower but since ZLC mea-
surements were made only for the smaller monolith
this conclusion could not be confirmed from the ZLC
data.

The calculation of solid phase diffusivities from ex-
perimental breakthrough curves is subject to consid-
erable error as a result of both the errors involved in
the calculation of the second moments and the errors
associated with the subtraction of the axial diffusion
and Golay dispersion terms in Eq. (7). Nevertheless,
with the exception of the breakthrough data for CO2-
N2 in the larger monolith, the diffusivity values de-
rived from the ZLC and breakthrough measurements
appear to be reasonably consistent. For CO2-N2 in the
smaller monolith, the ZLC and breakthrough diffusiv-
ities agree within a factor of about 1.7 (3.3 × 10−5 and
1.93 × 10−5 cm2· s−1). Some of this difference can
be attributed to the difference in temperature between
the ZLC (30◦C) and the breakthrough experiments
(23◦).

The ZLC data (for the smaller monolith), which
should be reliable, suggest that the pore diffusivity
for CO2-He is greater than that for CO2-N2 by a fac-
tor of about two. A similar difference is seen be-
tween the breakthrough diffusivities for CO2-He in
the larger monolith and CO2-N2 in the smaller mono-
lith. Since the equilibrium constants for the smaller
and larger monoliths are consistent it may be rea-
sonable to assume that the pore size, and therefore
the pore diffusivities, are also similar. A difference

in diffusivity of this magnitude is to be expected if
transport within the pores occurs by a combination
of the Knudsen and molecular diffusion mechanisms
since the molecular diffusivity for CO2-He is substan-
tially larger than for CO2-N2. However, on the ba-
sis of these comparisons, the breakthrough diffusivity
for CO2-N2 in the larger monolith appears to be erro-
neously small by a factor of about two. This might sug-
gest additional dispersion in the larger monolith aris-
ing from non-ideality of the monolith structure since
the effects of axial mixing and mass transfer resis-
tance in spreading the breakthrough response are very
similar.

Conclusions

The following conclusions can be drawn from this
study:

1. The ZLC response curves, which were measured
over a wide range of flow rates, show clearly the
transition from equilibrium control at low purge
rates to kinetic control at high flow rates. Over the
entire range the simple model (Eq. (2)) with con-
stant values of the two parameters D/�2 and K, pro-
vides an excellent representation of the dynamic
behavior.

2. The Spangler expression (Eq. (7)) provides a
good representation of the breakthrough curves
and yields kinetic and equilibrium parameters
which are approximately consistent with the ZLC
values.

3. The pore diffusivities for CO2-He are approximately
double the values for CO2-N2 suggesting that dif-
fusion occurs by a combination of the molecular
and Knudsen mechanisms. The possibility of some
additional contribution from micropore resistance
cannot be excluded.

Appendix

ZLC Response for Parallel Sided Slab with Significant
Gas Phase Hold-Up

Vs
dq̄

dt
+ Vg

dc

dt
+ Fc = 0

∂q

∂t
= 2ADs

∂q

∂x

∣∣∣∣x=l
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Boundary conditions:

∂q

∂x

∣∣∣∣
x=0

= 0, q|x=l = Kc

Vs
dq̄

dt
= 2As Ds

∂q

∂x

∣∣∣∣x=l

Dimensionless variables:

ξ = x/ l, τ = Dst/ l2, Q = q/qo = q/Kco,

C = c/co, γ = Vg/K Vs, L = Fl2/K Vs Ds

∂ Q

∂ξ

∣∣∣∣1 + γ
dC

dτ
+ LC = 0

∂ Q

∂τ
= ∂2 Q

∂ξ 2
,

∂ Q

∂ξ

∣∣∣∣o = 0, Q1 = C

Transforming to the Laplace domain yields:

d Q̃

dξ

∣∣∣∣1 + γ (sc̃ − 1) + Lc̃ = 0

s Q̃ − 1 = d2 Q̃

dξ 2

The Laplace domain solution is:

C̃ = 1

s

[ √
s tan h

√
s + γ s√

s tan h
√

s + γ s + L

]

Inversion by the method of residues yields for the time
domain solution:

c

co
=

∞∑
n=1

2Le−β2τ

L + (1 + γ )β2 + (L − γβ2)2

where β is given by the roots of the equation

β tan β = L − γβ2

Notation

As External area
c Sorbate concentration in gas phase
co Initial (steady) value of c (ZLC experiment)

or feed concentration for t > 0 (breakthrough
experiment)

Dg Molecular diffusivity (gas phase)
Ds Pore diffusivity in solid (defined with respect

to adsorbed phase concentration gradient)
F Purge flow rate
H Height equivalent to a theoretical plate

(HETP)
K Dimensionless equilibrium constant
� Half thickness of adsorbent
L Parameter in Eqs. (2) and (3) defined by

L = F�2/K Vs Ds .
Column length (in Eq. (7))

q Adsorbed phase concentration (local)
q̄ Average value of q
qo Value of q at equilibrium with co

t Time
v̄ Interstitial gas velocity
V Column volume
Vg Dead volume (in ZLC system)
Vs Solid volume (in ZLC experiment)
w Half thickness of monolith wall
x Distance measured from center of slab

z Half of internal cell dimension
µ Mean retention time
ε Voidage of monolith
σ 2 Second moment of chromatographic response
β, γ Parameters in Eq. (2)
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