@ Adsorption 11: 473-477, 2005
Z— (©) 2005 Springer Science + Business Media, Inc. Manufactured in The Netherlands.

Dynamics of Carbon Dioxide Breakthrough in a Carbon Monolith
Over a Wide Concentration Range

HYUNGWOONG AHN AND STEFANO BRANDANT*
Department of Chemical Engineering, University College London, Torrington Place, London WCIE 7JE, UK

s.brandani @ucl.ac.uk

Abstract. Monoliths, and structured column packings in general, offer the advantage of allowing increased
throughput and reduced pressure drops. The performance of a monolith is commonly based on models of an
equivalent characteristic channel representative of the system. The HETP or the dispersion of a breakthrough curve
are indicative of the separation efficiency of an adsorption column, and what is typically observed is that the exper-
imental results are below expectation. We present a detailed model that we have developed recently, which takes
into account the distribution of the size of the monolith channels, the distribution of the wall thicknesses as well as
the number of monolith sections in the column. In this contribution, the mathematical model is extended to include
nonlinear isotherms and a procedure to determine the equilibrium parameters from a modified moment equation
is applied to characterise the system CO; on a carbon based monolith. Model predictions, based on independently
measured kinetic parameters, are shown to provide an excellent match to the experimental results over a wide range

of gas phase concentrations.
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1. Introduction

Structured adsorbents can increase the performance of
separation units when compared to traditional packed
columns (Ruthven and Thaeron, 1996). Monoliths are
particularly suitable for rapid cycle pressure swing ad-
sorption (PSA), VOC removal, desiccant cooling and
other processes where pressure drop has a significant
economic impact (Ruthven, 2000). Typically, in order
to design these units the performance of an individual
representative channel is considered and the theory of
Golay (1958) is applied. To improve this approach, Ahn
and Brandani (2004a) have developed a 3-D model for
gas and liquid phase adsorption in a square or rectangu-
lar channel, and have derived a simple HETP equation
that takes into account the effect of the solid material
in the four corners. Even with this new correction, it
is still not possible to fully reconcile the breakthrough
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results on a carbon monolith and ZLC experiments on
a fragment of the monolith presented by Brandani et
al. (2004). The experimental dispersion of the break-
through curves is significantly larger than that which
would be predicted from the diffusional time constant
extracted from the ZLC experiments. This has led us
to investigate the effect of the channel size distribu-
tion and the wall thickness distribution on the perfor-
mance of a monolith, and the general model (Ahn and
Brandani, 2004b) indicates that these have a significant
effect, as well as the number of sections in a column.
To preserve the integrity of the monolith, the simplest
way to measure an adsorption isotherm is using break-
through experiments. In this contribution, we present
an application of the procedure to determine the adsorp-
tion isotherm from integral step breakthrough experi-
ments (Brandani, 2004), which allows us to extend our
general model to include non-linear equilibrium effects
and compare the model predictions with experimental
results over a wide range of CO, concentrations.
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Figure 1. Carbon dioxide isotherm at 298 K and atmospheric
pressure.

2. Equilibrium Isotherm

The adsorption equilibrium of carbon dioxide in a car-
bon monolith was obtained in the range of 2% to 40%
CO; from the adsorption and desorption breakthrough
experiments at atmospheric conditions. Nitrogen was
used as a carrier gas in a system where sorbate flowrate
can be switched on and off using a three way valve. The
operating conditions of the breakthrough experiments
and the detailed dimensions of the column are listed in
Table 1.

Given the large concentration steps, the equilibrium
properties were calculated including a flowrate correc-
tion term developed by Brandani (2004).

Figure 1 shows the experimental results and the fit of
the adsorption data using a simple Langmuir isotherm.
The isotherm parameters are listed in Table 1. Up to

Table 1. Monolith parameters.

25% CO, the flowrate correction procedure yields the
same equilibrium properties for both adsorption and
desorption experiments, confirming that N, is not ad-
sorbed strongly. For the highest concentration the dif-
ference between adsorption and desorption results is
due to the amount of carrier gas adsorbed in the col-
umn, and further experiments either with helium as a
carrier or at higher concentrations would allow to de-
termine the binary isotherm parameters, but this would
be beyond the scope of the present contribution.

3. Breakthrough Simulation
3.1. Individual Channel Model

Ahn and Brandani (2004a) have developed a full 3-D
mathematical model for a square channel and showed
that, by a simple redistribution of the solid from the
four corners to the four sides, it is possible to define a
equivalent one dimensional diffusional resistance in the
solid. To obtain the numerical solution to the full 3-D
model on a high end PC several hours are required. Ahn
and Brandani (2004b) have shown that it is possible
to match exactly the 3-D simulation results using a
1-D model of adsorption between two parallel plates,
by appropriately defining the equivalent dimension of
the system. This reduces the computational time for
a single channel breakthrough to one second or less
(Ahn and Brandani, 2004b), thus allowing to model
more rigorously a real monolith.

To develop the 1-D mathematical model the follow-
ing assumptions were made: (i) isothermal condition,

Length of the total monolith column, L (m)
Length of each section of the column (m)
Cross-sectional Area (mm?)

Average void fraction, & (—)

Diffusivity in gas phase, Dy (m?/s)
Diffusivity in solid phase, Dy (m?/s)

Height of the central channels, /4ye], and standard deviation, o; (mm)
Height of the lateral channels, Zayes, and standard deviation, o (mm)
Wall half-thickness, w,ye, and standard deviation, o, (mm)

Viscosity of nitrogen at 298 K and 1 atm, n (uP)

N, volumetric flowrate (mm?/s)

Langmuir isotherm parameter, ¢, (mmol/cm?)

Langmuir isotherm parameter, b (cm®/mmol)

0.5
0.1
660
0.6827
171073
3.3107°
1.38 £ 0.007
1.0 & 0.008
0.14 + 0.0015
177
8333
1.1532
38.503




(ii) dispersed plug flow, (iii) the effect of nitrogen ad-
sorption is negligible.

The component mass balance and the overall mass
balance in the gas phase for an individual channel are
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where c is the concentration in the gas phase, vaye 1S the
average velocity, g is the average concentration in the
solid phase.

The Langmuir isotherm and an LDF approximation
are used for the estimation of equilibrium isotherm and
adsorption kinetics, respectively.
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where the corrected wall thickness for a square channel,
which takes into account the contributions from the four
corners, is given by Ahn and Brandani (2004a)

we = w(l +w/h) ®)

where & is the channel dimension and w is the wall
half-thickness.

3.2. Modelling the Monolith Structure

The carbon monolith column is composed of a bundle
of square channels as shown in Fig. 2. From the image it
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is possible to determine that there are two characteristic
channel sizes corresponding to the central region and
the outer section of the monolith. Figure 2 was used to
determine the relative occurrence, 1:9, of these chan-
nels as well as estimates of the variance of the channels
sizes and wall thicknesses.

The structure of the monolith is described using
Gaussian distributions for channel size and the wall
thickness, characterised by an average value and a stan-
dard deviation.

D, = 0.9(«/_0, exp < 2(h havel)2))

+0.1 (\/_U? exp ( (h haves)z))
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The parameters used in Eqgs. (6) and (7) are listed
in Table 1. To limit the range of the size distributions,
an upper and lower bound was chosen for w and h
and the distribution functions were normalized into the
probability functions, Py, and P,,.

From the combined probability function, the void
fraction of each channel and the cross-sectional area
of the column, it is possible to derive the theoretical
number of channels for the monolith

A
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With the parameter values in Table 1, the estimated
number of channels is 249, which is in close agreement
with number of channels of the monolith, 247.

Figure 2. Cross section of the carbon monolith and detail of the central region.
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While the variance of the wall thicknesses intro-
duces range of diffusional time constants, which yield
a broader breakthrough curve, the effect of the chan-
nel size becomes apparent when considering the gas
velocity in the individual channels. The pressure drop
across the monolith is very low, approximately 230 Pa
in the range of flowrates of this study, but to model
the system it is necessary to determine the velocity in
the individual channels, using the relationship between
pressure drop and average velocity for a square channel
(Cornish, 1928).

0.562 h>\ AP
vave = - - - - (9)
16 n

Equation (9) is used to determine iteratively AP
from the known total gas flowrate and fluid viscosity n

h"\ﬂx
Q=Nc-/ Par-vae - H2dh (10)

Rmin

Having determined the average pressure drop, the inlet
gas velocity can be calculated from Eq. (9).

The system of partial differential and algebraic equa-
tions coupled with the probability functions were coded
in gPROMS (PSE, 1999) to obtain a numerical model
for the individual monolith section. The column, con-
sisting of 5 individual sections, was described using
four connecting perfectly mixed sections representative
of the spacers used in the column. Typical simulations
times are approximately 1-2 hours.

The average concentration and adsorbed amount
over all the channels were obtained from

Rmax [ Wmax 2
Sy [ ¢ e h? Poy Py dw dh

Cave = 7 (11)
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4. Result and Discussion

Figure 3 shows representative comparisons of experi-
mental breakthrough curves and predictions based on
the detailed structure model and the equivalent sin-
gle channel approach. The model that includes the de-
tailed structure of the monolith provides an excellent
match to both adsorption and desorption experimen-
tal results at different concentrations. The model based
on the equivalent single channel approach incorrectly
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Figure 3. Results of adsorption and desorption breakthrough sim-
ulations at 25% CO», 298 K and ambient pressure.

predicts higher separation efficiencies for both concen-
trations. This is clearly evident from the predictions of
the breakthrough times for the very sharp adsorption
runs, where the single channel model is not able to re-
produce the distinct broadening of the concentration
front. This is true even for a monolith that appears
to be nearly homogeneous, as can be seen in Fig. 2,
and the performance of this monolith is reduced by
combined effect of the smaller channels near the edge
and the effect of small variations in the wall thick-
nesses coupled to the high solid phase mass transfer
resistance.

The proposed model allows the prediction of pro-
cess performance from kinetic and structural parame-
ters that can be determined independently. Therefore,
the model can provide an insight into ways to improve
the design of monoliths and their packing into columns
in order to optimise process performance.

5. Conclusions

The prediction of the dynamics of carbon dioxide
breakthrough in a carbon monolith has been shown
to require a detailed mathematical model that takes
into account the real structure of the packing mate-
rial. The model has been extended to include non-
linear adsorption, which has been characterised ex-
perimentally using a procedure to determine the ad-
sorption isotherm over a wide range of CO, concen-
trations, which does not require breaking the mono-
lith. Future work will be aimed at extending the
equilibrium results to binary systems and to investi-
gate the dispersion in a monolith under flow reversal
conditions.
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