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Reverse flow adsorption (RFA) is a technique with a definite potential to prevent the
leaching of a homogenous catalyst. In this work, we model an RFA-process for a continu-
ous ideally stirred tank reactor with an adsorption bed upstream and another one down-
stream from the reactor. The model parameters concerning adsorption equilibrium and
kinetics are taken from previous experimental studies on CoCl2 adsorption on polymer-
bound trifenylfosfine. We use this model to study the concentration profiles of CoCl2 in
the adsorption beds during consecutive adsorption–desorption cycles. The model calcula-
tions show that the concentration profile eventually reaches a fixed position after a num-
ber of adsorption–desorption cycles, even though internal mass transfer was a limiting
factor. Hence, the transition metal is kept within the system boundaries, which is an
essential requirement for the application of RFA. � 2007 American Institute of Chemical

Engineers AIChE J, 54: 138–142, 2008

Keywords: adsorption–desorption cycles, leaching, reverse flow, RFA-model, transition
metal complex

Introduction

Homogeneous catalysts are not as common in use as hetero-
geneous catalysts because of difficulty of recovery. Usual re-
covery methods for homogeneous catalysts, including distilla-
tion and extraction, have drawbacks such as decomposition,
leaching and/or the need to use additional solvents. To over-
come these drawbacks, we have proposed a novel homogene-
ous catalyst recovery method, which combines an adsorptive
separation with reverse flow technology, i.e. reverse flow
adsorption (RFA).1,2

Reverse flow originally referred to the idea of maintaining
the heat of reaction inside a fixed bed by periodically changing
the flow direction.3 Matros and Bunimovich4 presented an
extensive review of this type of application of the reverse flow
reactor.

From the late eighties on, several authors5–7 suggested using

reverse flow reactors for the catalytic reduction of NOx to con-

tain ammonia inside a reactor. Reverse flow technology for

mass entrapment to nonreactants was suggested by Beckmann

and Keil.8

All references mentioned earlier apply to flow reversal of a
gas phase. Reversible adsorption in the liquid phase, combined
with Reverse flow technology, is a potential method for inte-
grated recovery of homogeneous catalysts. To our knowledge
only one research group, at the KTH in Sweden, has proposed
to apply reverse flow for mass entrapment in the liquid phase.
Björnbom and Hung9–12 performed a theoretical study using
flow reversal to avoid leaching of a transition metal–ligand
from an imperfectly immobilized catalyst. The latter study was
done for nonspecified reactants and products and focused on
the mass transfer limitations of a system in which both reaction
and recovery occurred in a batch reactor, assuming that decom-
plexation of the catalyst would not occur.

In previous work,13,14 we proposed RFA as a method to
recover a homogeneous catalyst from its liquid product solu-
tion by adsorption externally from the reactor. Hence the
homogeneous catalyst system inside the reactor—e.g., the
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equilibrium between the ligands and the transition metal–
remains unaffected. The catalyst leaving the reactor with the
product stream is recovered at process conditions by adsorption
in adsorption beds downstream of the reactor (see Flow A at
the right hand side in Figure 1). In the subsequent step, the
direction of the process flow is reversed (Flow B in Figure 1)
and the adsorption and desorption modes of the beds are inter-
changed.

In that work, we used (PPh3)CoCl2 as a reference transition
metal catalyst and showed experimentally that it adsorbs rever-
sibly on polymer-bound trifenylphosfine (PPh3). The corre-
sponding ligand may require an adsorbent with different prop-
erties. A possible set-up is shown schematically in Figure 1,
where two sets of adsorbent beds are applied. In the down-
stream process, first the metal is adsorbed and subsequently the
ligand; the reactor is fed with the same amount of fresh catalyst
by desorption of both beds upstream. Before the downstream
beds are saturated, the process flow is reversed.

Reversing the flow repeatedly may broaden the concentra-
tion profiles in the adsorption beds to such an extent that even-
tually, leaching of the catalyst may occur. The key factor in
RFA is to contain the catalyst within the system. To find out if
a stable process can be achieved, we developed a model
describing the position of the concentration profiles of just the
transition metal in both adsorption beds during adsorption and
desorption as a function of time. We use this model to study
whether or not the positions of these profiles at the end of sub-
sequent cycles converge to a stable position. The kinetic and
equilibrium data required by the model are deduced from ki-
netic experiments published previously.15

Dynamic Model for Concentration Gradients
in an Adsorption Bed

For the calculation of just the concentration profile at the
end of subsequent adsorption and desorption parts of a cycle,
the use of a simplified dynamic model is appropriate. In that
case, the main assumptions are16: isothermal operation, no
channeling and constant bed porosity e, negligible radial con-
centration gradients, constant velocity across the cross-section,
and reversible adsorption. Furthermore, we neglect the adsorp-
tion of components other than the metal center of the catalyst,
and we use an LDF-based uptake rate equation.17,18 To mini-
mize problems connected to numerical diffusion, we do take
into account axial dispersion.

Introducing the relative concentration, C 5 c/cR, the relative
average amount adsorbed C ¼ q=qmax, the relative position in
the column, Z 5 z/L, and the nondimensional time s 5 t � u0/L,

the nondimensional plug-flow model for single component
isothermal adsorption in a bed homogeneously packed with
single-porosity adsorbent reads as follows:
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At Reynolds numbers of interest in this work (see Table 1),
the Bodenstein number, Bo, is estimated using the correlation
of Chung and Wen20
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The nondimensional form of the LDF uptake rate at any
C and C becomes18
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The expression equating the LDF-uptake rate in the particles
to mass flux across the stagnant film around the particles is

C�
i � C ¼ Bim

10
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where the mass Biot number Bim � kfdp
Deff

Figure 1. Homogeneous catalyst recycling by a four bed set-up of reverse flow adsorption (feed alternates between A
and B).

Table 1. Parameter Values Used in the Simulations

Parameter

Protein-A on
Porous Glass

(from McCue et al.19)

CoCl2 on
Polymer Bound
(this work) PPh3

e 0.43 0.50
qmax/cR 121 1180
B5 b cR 18.9 5.4
L/dp 2000 3�104
s1/2 5 t1/2 u0/L – 10*
m/Deff 2.13 106 6.93 103

Re5 u0 dp/m 0.07; 0.14 0.22
Bo5 u0 L/Dax 400; 400 6.23 103

Bim 5 kf dp/Deff 2.53 104; 3.23 104 33 105†

*Half cycle time in RFA.
†Chosen sufficiently high to neglect influence of external (film) diffusion.
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The interface values of solid uptake Gi and liquid concentra-
tion Ci at any value of C and C are calculated from a Langmuir
expression

C�
i ¼

B � Ci

1þ B � Ci

(4b)

Our simulation of a complete cycle in RFA comprises the
preloading of two beds of sufficient length to ensure constant
concentration at their exits as shown as shown in Figure 2a.
This method of preloading the adsorption beds assures that the
concentration fronts have ample space to broaden during sub-
sequent cycles while retaining the catalyst. In the first part of a
cycle, the catalyst in bed 1 is desorbed (flow A in Figure 1) and
fed to the reactor while catalyst from the reactor is adsorbed in
bed 2. The final position of the concentration fronts in both
beds at this stage of the cycle is depicted in Figure 2b. These
positions define the initial conditions at flow reversal. The final
position of the fronts at the end of the first cycle is shown in
Figure 2c. The initial conditions of all subsequent cycles are
defined similarly. The boundary conditions of both stages in a
cycle are also defined in Figure 2.

This model for a single adsorption bed (Eqs. 1–4 with initial
and boundary conditions as for bed 2 in Figure 2a) has been
solved in gProms (PSE, London, UK) with central differencing
to calculate the change in the exit concentration as a function
of time. This single bed modification has been verified with
breakthrough data published by McCue et al.19 for Reynolds
numbers of 0.07 and 0.14. The parameters used are defined in
Table 1. The result of this verification is shown in Figure 3.
Comparison of experimental and calculated breakthrough data

indicate that our LDF model describes their experimental data
as well as their best model (pore diffusion).

Two-Bed Single-Component RFA-Model

Dunnewijk et al.15 showed that external mass transfer did
not limit the CoCl2-uptake rate for Reynolds numbers exceed-
ing 0.1, hence in our simulations we use Re 5 0.22 (corre-
sponding to one of the experimental conditions used in this ref-
erence) to neglect the influence of external mass transfer. To
study the change of the concentration fronts during CoCl2 re-
covery a two-bed form of RFA is used, as shown schematically
in Figure 2. The shaded areas indicate the loaded fractions of
the adsorbent beds. From the start of a cycle, a solvent flow (A
in Figure 2a) is continuously fed to adsorption bed 1. CoCl2
desorbs from the saturated part and is fed to the reactor. CoCl2
leaving the reactor is meant to be contained within the system
by adsorption in the unused fraction of adsorption bed 2. After
a half cycle time s1/2, the flow direction is reversed. Now bed 2
is being fed with solvent (B in Figure 2c) and the desorbing
CoCl2 is fed to the reactor while CoCl2 leaving the reactor is
adsorbed in bed 1.

The concentration of the catalysts in the reactor is constant.
Thus, the choice of reactor type will not influence the simula-
tion results. For simulation purposes, we fix the concentra-
tions at the reactor side of both adsorption beds during
adsorption:

Z ¼ 1 ðbed 1, adsorptionÞ and
Z ¼ 0 ðbed 2, adsorptionÞ : C ¼ 1 ð5Þ

To calculate the concentration profiles in both metal adsorp-
tion beds, the set of Eqs. 1–5, with initial and boundary
conditions as in Figure 2, has been solved in g-Proms (central
differencing).

Results

The results of our RFA-simulations are summarized in Fig-
ure 4. The initial position of the concentration profile in both
beds is indicated by 0 in Figure 4A. During the first half of a
cycle (flow a in Figure 2), CoCl2 desorbs from bed 1 and is
adsorbed in bed 2. The end positions halfway through a selec-

Figure 2. Concentration fronts: (a) just before, (b) halfway
through, and (c) just after the first cycle as well
as the definition of initial and boundary condi-
tions (shaded area indicates adsorption zone).

[Color figure can be viewed in the online issue, which is avail-
able at www.interscience.wiley.com.]

Figure 3. Single bed model calculations, experimental
breakthrough data fromMcCue et al.19
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tion of cycles are shown in Figure 4A. In the second half of a
cycle (flow B in Figure 2), the catalyst is desorbed from bed 2
and adsorbed in bed 1; the corresponding profiles are shown in
Figure 4B.

During the first cycle, the profile in bed 1 moves from 0 to
the right. Halfway through this cycle, just before reversing the
flow from A to B, it reaches position 1 in Figure 4A1. Simulta-
neously, the profile in bed 2 (Figure 4A2) moves from position
0 to position 1. After flow reversal these profiles move back to
position 1 in Figure 4B. The calculated profiles of the period
halfway through cycle numbers 100, 200, and up to 500 are
also shown in Figure 4A. Their positions at the end of these
cycles are given in Figure 4B. Profiles calculated for cycle
numbers up to 700 could be hardly distinguished from that of
cycle number 500. The profile position of the latter can be con-
sidered the limiting position.

During desorption in bed 1, in the first half cycle, the
favorable isotherm causes the concentration front to broaden.
This broadening is enhanced due to the limiting mass trans-
port from inside the adsorbent particles into the liquid phase.
At the same time, CoCl2 leaving the reactor enters bed 2 and
is adsorbed in the unused part. Here the concentration differ-
ence between the liquid and solid phase is maximal, leading
to the highest possible mass transfer and the concentration
front remains straight.

When reversing the flow direction, CoCl2 leaving the reactor
now comes in contact with a partially preloaded volume of ad-

sorbent in bed 1. Now the favorable isotherm causes the wave
front to sharpen, but not to its full extent, due to a limiting
uptake rate.

At the end of the first cycle, the penetration of the catalyst
extends slightly to the left of its initial position in bed 1, shown
at the left hand side in Figure 4A, but not to an extent that
leaching may occur The model calculations show clearly that
as more cycles have passed, the final position of the concentra-
tion front at the end of each subsequent cycle converges to a
limiting value. This means that the metal catalyst is contained
within the system.

The change of profile positions depicted in Figure 2 assumes
the use of an adsorbent with relatively fast desorption and in-
termediate strength of adsorption. The calculated concentration
profiles for the polymer-bound trifenylphosfine adsorbent in
Figure 4 differ from the general picture presented in Figure 2.
The parameters given in Table 1 correspond with the polymer-
bound PPh3 adsorbent that is shown

13 to adsorb CoCl2 reversi-
bly. This adsorbent is not the optimal one because of its slow
desorption and its relatively strong adsorption; only a part of
the columns is active in the adsorption–desorption cycles.
Therefore, we studied the influence of adsorption strength,
adsorption capacity, and diffusivity by changing the corre-
sponding parameter values, one at a time. As shown in chapter
5 of ref. 14, the catalyst is still contained within the system
boundaries at parameter values of at least a factor of two larger
and smaller.

Figure 4. Concentration fronts halfway through (A1 and A2) and at the end of selected cycles (B1 and B2) 0, initial
position; 1, 100, 200 etc indicate cycle number.

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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Conclusion

Calculation of CoCl2 concentration profiles in polymer-
bound trifenylfosfine adsorbent shows that after repeated
adsorption/desorption cycles these profiles stabilize. Hence,
the metal can be contained within the system, which is an
essential requirement for the application of RFA.
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