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Abstract. A mathematical model of an annular, radial-flow adsorber with the possibility of electroresistive heating
of the adsorbent bed has been postulated. The model consists of a set of coupled nonlinear PDEs, ODEs and algebraic
equations (material and energy balances for the gas and solid in the adsorbent bed and for the gas in the inlet and
in the outlet tube, plus equilibrium relation, criterial equations etc.). The model was solved numerically, using the
method of orthogonal collocation for space discretization. It can be used for simulation of adsorption, desorption
and TSA processes (cyclic adsorption-desorption). The simulation was used for investigation of the influence of the

main process parameters and optimization of the TSA process.
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Introduction

The idea about regeneration of used adsorbents by
direct heating of the adsorbent particles by passing
electric current through them (Joule effect), was first
published in the 1970s (Fabuss and Dubois, 1970). Des-
orption process based on this principle was later named
electrothermal desorption (Petkovska et al., 1991). It
was recognized as a prospective way to perform desorp-
tion steps of TSA cycles. At the same time, fibrous ac-
tivated carbon was recognized as a very convenient ad-
sorbent form for its realization. Electrothermal desorp-
tion has some advantages over conventional methods,
regarding adsorption kinetics and dynamics (Petkovska
and Mitrovic, 1994a, 1994b) and energy efficiency
(Petkovska et al., 1991; Sullivan, 2003). Some in-
dustrial applications of electrothermal desorption have
been reported recently (Bathen, 2002; Subrenat and Le
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Cloirec, 2004). Nevertheless, development of mathe-
matical description of electrothermal desorption hasn’t
been following the development of the process itself,
so far.

A new TSA process with electrothermal desorp-
tion step, based on an assembly of annular, cartridge-
type, fixed-bed adsorbers integrated with a passive con-
denser, has been presented recently (Sullivan, 2003;
Rood et al., 2002; Sullivan et al., 2004). A single
cartridge, schematically shown in Fig. 1, is formed
as a cylindrical roll of activated carbon fiber cloth
(ACFC), spirally coiled around a porous central pipe
used for introducing the gas stream (the stream that
has to be purified, during adsorption, or an inert gas
stream, during desorption). The gas flow through the
adsorber is in the radial direction. During the des-
orption step, electric current is passed through the
activated carbon cloth in the axial direction, caus-
ing heat generation, heating of the adsorbent and
desorption.
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Figure 1. A schematic representation of the annular—radial flow—
ACFC adsorbent bed.

The subject of this paper is mathematical modeling
of a single cartridge adsorber, presented in Fig. 1, with
the aim to derive a mathematical tool for numerical
analysis and optimization of the described system. The
model of a single cartridge, presented here, will be used
as the main element of a more complex one, describ-
ing the complete TSA system described in Sullivan
(2003).

Model Equations

The model was derived based on an assumption of uni-
form adsorbent density throughout the adsorbent bed.
The main other assumptions used were: negligible mass
and heat transfer resistances on the particle (fiber) scale,
negligible gradients in the axial direction, constant and
uniform pressure throughout the adsorption bed and
ideal mixing in the central inlet and in the annular out-
let tube.

The model was postulated for one adsorbing com-
ponent and for constant physical parameters of both
phases.

Mass and Energy Balances

Based on these assumptions, the mathematical model
of the annular radial-flow adsorption bed was obtained
by writing the material and energy balances for a dif-
ferential element of the cartridge volume, (the shaded
cylinder in Fig. 2). By letting the thickness of this el-
ement Arto zero, these balances are obtained as the
following partial differential equations:
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Figure 2. A differential volume element, used for modeling.

— Adsorbate balance for the solid phase within the ad-
sorbent bed:
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— Adsorbate balance for the gas phase within the ad-
sorbent bed:

aC G ac
T % (ka)C —CF
Pear T Grmmeg) or T kX )

= &i<r£> 2)

— Heat balance for the solid phase within the adsorbent
bed:
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— Heat balance for the gas phase within the adsorbent
bed:
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The boundary conditions for Egs. (1)—(4) are:
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Based on the assumption of ideal mixing in the inlet
tube and in the annular space around the adsorption
bed, the mass and heat balances for the gas phase in
these two regions are obtained in the form of ODEs:

— Adsorbate balance for the gas in the inlet tube:

2 dcit
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— Heat balance for the gas in the inlet tube:
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— Adsorbate balance for the gas in the outlet tube:
dc,
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— Heat balance for the gas in the outlet tube:
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The initial conditions for Egs. (1)—(4) and (7)—(10)
were based on the assumption of concentration and
temperature equilibrium throughout the system at the
initial stage:

t <0, relr,nrnl
Tg = TA =Tgit=Tgot=Tgin = Tgo = Ta = Tpv
C=Cyi=Cy=Cin=C"=0(@q)=C, (11)

The notations of the main variables used in Fig. 2
and Eqgs. (1)—~(11) are: C — adsorbate concentration in
the gas phase, g—adsorbate concentration in the solid
phase, C*—adsorbate concentration in the gas phase in
equilibrium with the solid phase, T,—gas temperature,
T,—solid temperature, -—time, r—the radial position
in the cartridge, r; and r,—the inner and the outer di-
ameter of the annular adsorbent bed, r5 the outer diam-
eter of the adsorber, H—the cartridge height, e,—bed
porosity, G—molar flow-rate of the gas inert. The sub-
script in denotes the inlet, o the outlet, it the inlet tube,
ot the outlet tube, a the ambient and p the previous
(initial) state. § Q. is the Joule heat generation term.

Accustomed notations are used for the model param-
eters. E.g.: p for density, c,, for specific heat capacity,
D for dispersion coefficient, & for heat and k,,, for mass
transfer coefficients, a for specific surface area, A Hyqgs
for heat of adsorption, etc. The used subscripts are: b for
bed, g— gas, w - wall, s—solid, v—vapor, /—liquid,
t—thermal, m—mass, 1—corresponding to r = ry,
2—corresponding to r = r;, etc.

The Heat Generation Term

The main term that differentiates the model of elec-
trothermal desorption from the ones describing con-
ventional desorption processes is the heat generation
term § Q.;/dV in the heat balance Eq. (3). This term
represents the rate of Joule heat generation in a unit vol-
ume of the adsorption bed. For constant voltage supply
and axial flow of electric current, this term is defined
in the following way:

8Qel _ UZU(Ts)
v - m (12)
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where, U is the applied voltage, H the axial dimension
of the adsorber and o the specific electric conductivity
of the adsorbent material, which is generally tempera-
ture dependent (for activated carbon, this is generally
an increasing nonlinear function). As the temperature
changes with the radial position in the bed, so do the
specific electric conductivity and the rate of heat gen-
eration. In our analysis we neglected the dependence
of the electric conductivity of the adsorbent material
on loading.

Additional Equations

In order to get a complete mathematical model, it is
necessary to define some additional equations:

— Adsorption isotherm—an equilibrium relation of
the form g = ®(C,T;). In our analysis, we used
the Dubinin-Radushkevich (DR) isotherm equation
which had been proven to describe adsorption of
organic vapors on ACFC reliably (Sullivan, 2003).

— Equations for calculation of transport parameters
such as dispersion coefficients (D!, D and D,,),
heat and mass transfer coefficients in the packed
adsorbent bed (% and k,,,) and heat and mass transfer
coefficients at the bed-gas boundaries (h, 2, ki
and k,,») and at the adsorber wall (k,,). Standard
literature correlations for packed bed were used, as
no specific correlations for ACFC beds are available
in the literature.

Numerical Solution

Our mathematical model was obtained as a set nonlin-
ear PDEs, ODEs and algebraic equations. It was solved
numerically. The PDEs (Egs. (1)—(4)) were first ap-
proximated by sets of ODEs, using the method of or-
thogonal collocations. We used 10 collocation points
(8 internal + 2 boundary points). The resulting set of
ODEs was solved numerically, using Matlab function
odel5s.

The time profiles of the concentrations and tempera-
tures of the gas and solid phases at different collocation
points in the adsorbent bed, as well as the gas concen-
trations and temperatures in the inlet and outlet tubes
were obtained by simulation.

Simulation Results

The presented model was used for simulation
of adsorption, electrothermal desorption and cyclic

adsorption-desorption (TSA process with electrother-
mal desorption). The simulations were performed
for the following system: adsorbent: American
Kynol ACC-5092-20, adsorbate: methyl-ethyl-ketone
(MEK), carrier gas: nitrogen.

The physical parameters for this system can be found
in Sullivan (2003).

The simulations were performed for a laboratory-
scale unit of the following dimensions: H = 30 cm,
rr = 095 cm, »» = 1.5cm, r; = 3.55 cm and
ep =0.72.

In this paper only some simulation results of cyclic
adsorption-desorption are shown.

Simulation of Cyclic Adsorption-Desorption

For simulation of cyclic adsorption-desorption, the pro-
cess parameters (voltage, flow-rate and inlet concentra-
tion) were defined in the following way:

— For the hot period (desorption)
(n(th + 1) <t <n(ty + 7o) + )
U = const, G = G}, = const, Cj, = 0;

— For the cold period (adsorption)
(n(th + 1)+ <t < (n+ D(tp + 7))
U=0,G =G, =const,C;, = const # 0(n =
0,1,2,...).

The simulations were performed starting with the hot
half-cycle, for a previously saturated adsorbent bed at
room temperature. For that case, the repeating cycling
(quasi-steady state) was reached after a couple of cy-
cles. As in the real process (Sullivan, 2003), the cold
half-period 7, was considerably longer than the hot one
7;,. The flow-rate during adsorption G was also consid-
erably higher than the flow-rate during desorption G,.

The simulation was used for investigation of the in-
fluence of the main process parameters on the efficiency
of the TSA process. As illustration, we show the out-
let gas concentrations and the solid temperatures for
two different values of the voltage U during the hot
half-cycle (Fig. 3), and for three combinations of the
flow-rates during the hot- and cold half-cycle G, and
G, (Fig. 4). In Figs. 3(a) and 4(a) the nondimensional
outlet concentrations (relative to the inlet concentra-
tion during the adsorption half-cycle) are presented.
The temperatures presented in the Figs. 3(b) and 4(b)
correspond to the solid phase at r = r;.

For all cases presented in Figs. 3 and 4, the aver-
age concentrations during the cold and hot half-cycles
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Figure 3. Simulation of cyclic adsorption-desorption for two different values of voltage during the hot half-cycle: (a) relative outlet concen-

tration: (b) solid temperature at r = r5 (t. = 600 s, 7. = 130's, G, = 0.12 mol/s, G. = 0.04 mol/s).
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Figure 4. Simulation of cyclic adsorption-desorption for three combinations of the gas flow-rates during the hot and cold half-cycle: (a) relative

outlet concentration; (b) solid temperature at r = rp (7. = 600 s, 7y, = 1305, U = 14 V).

(Cout)e and (Coyut)p, Were calculated by numerical inte- On the other hand, the following was obtained for

gration, and the separation factors were determined as the 3 cases presented in Fig. 4:
their ratio: o = (Cout)n/{Cout)e-

The following average concentrations and separation = Gc = 0.06 mol/s, Gy = 0.04 mol/s:

factors correspond to the two cases presented in Fig. 3: {Cour)e/ Cin = 0.0647, (Cou)n/ Cin = 6.5833,

o = 101.69;

_U=10V: (Coue/Cin =0.5057, - G. =0.12mol/s, G, = 0.04 mol/s:

(Cout)n/Cin = 7.1592, o« = 14.17;
— U=14V:(Cout)c/Cin = 0.1515,
(Cout)n/ Cin = 12.220, « = 80.64.

a = 80.64;
- G, =0.12mol/s, G, = 0.02 mol/s:

(Cout)e/ Cin = 0.1515, (Cout)n/ Cin = 12.220,

(Cout>c/Cin = 0.2441, (Cout>h/cin = 24.546,

) o =96.47.
These results show that the increase of voltage re-
sults with lower concentrations during the cold-half In the investigated range of parameters the increase
cycle, higher concentrations during the hot half-cycle of G, causes increase of both mean concentrations

and considerably higher separation factor. (during the cold and hot half-cycle) and decrease
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Figure 5. The average concentrations during the hot and cold half-
cycle and the separation factor vs. the ratio 7, /T,

of the separation factor. On the other hand, the in-
crease of G results with decrease of the mean con-
centrations (Coy)e and (Coy)n and the separation
factor.

All parameters varied in Figs. 3 and 4 influence the
hot and cold half-cycle concentrations, as well as the
separation factor, and optimization of the process could
be performed with regard to each of them. Neverthe-
less, another very important factor is the cycling time,
i.e. the duration of the hot and cold half-cycle and their
ratio. In Fig. 5 we show the influence of the ratio t;,/7,
on the hot and cold half-cycle average concentrations
and on the separation factor, for fixed 7;, U, G and
G.. In the investigated range, both (Coy), and (Coue)c
decrease with the increase of t,/7., but the curve for o
has a maximum for t,/t. = 0.217.

Conclusions

A comprehensive mathematical model of a single annu-
lar, cartridge-type, radial flow fixed-bed adsorber with

the possibility of electrothermal desorption has been
presented. The model can be used for optimization
of the main process parameters. Modeling of a com-
plete TSA system, made of an assembly of such ad-
sorbers, integrated with a passive condenser (Sullivan,
2003), will be our next task. The model of a single
adsorber presented here will be used as the basic build-
ing block of this complex model, which will be used
for planning of experiments, optimization of the pro-
cess parameters and system geometry and for process
scale-up.
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