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The goal of this work is to demonstrate the stability of reverse flow adsorption pro-
cess for recovery of homogeneous catalysts and to study the influence of catalyst and
adsorbent properties for optimizing the RFA process operation. Data used in simula-
tions were obtained from our previous work. Two models are developed to describe
the reversible adsorption. One which describes the adsorption of the metal containing
species and second model that describes adsorption of the free ligand. It is shown that
stable operation is reached, where leaching of metal is prevented. The RFA process
can be applied for wide ranges of the catalyst’s stability constants [100–1012 (dm3/
mol)2] and it is specially applicable for the recovery of homogeneous catalysts that
have a low metal concentration. Values of the adsorbent (bM ¼ 0.8, a ¼ 1850, PeP ¼
376.4, dp ¼ 100 lm and eb ¼ 0.5) and the column characteristics (Bo ¼ 1.74 3 104

and N ¼ 6.6 3 104) that provide a sharp concentration profile inside the bed are
determined. Simulation of the recovery of Rh catalyst in the BASF hydroformylation
process required a total adsorption bed volume of 6% of reactor volume. � 2008 Ameri-

can Institute of Chemical Engineers AIChE J, 54: 2392–2403, 2008
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Introduction

The reverse flow concept is mainly used in the field of re-
actor engineering, where Boreskov and Matros1,2 were
among the first researchers working on reverse flow reactors.
Since then many scientists contributed to this field.3–5

Besides its use in reactor design, the reverse flow concept
was also used in electrokinetic chromatography6 and nano-
and ultra-filtration.7,8

Reverse flow adsorption (RFA) is a novel concept for the
recovery of homogenous catalysts that combines separation
by adsorption with reverse flow technology.9 In RFA, the
feed (reactants, homogeneous catalyst, and solvent) periodi-

cally changes its direction in the process. The homogeneous

catalyst is separated from the reaction mixture by adsorption

downstream from the reactor (Figure 1). In the subsequent

desorption step the homogenous catalyst is recovered and

recycled to the reactor. This approach should overcome

drawbacks of present recovery methods, such as leaching and

deactivation of the catalyst.10 Leaching can be prevented by

designing the RFA process in a way that all catalyst species

are kept inside the beds. Adsorption process properties can

be either at the reaction conditions or at the conditions more

favorable for constant activity of the catalyst.
Since a homogeneous catalyst is found in different com-

plex forms,11 we propose to recover the catalyst using a two-

step adsorption approach: separately adsorbing the metal con-

taining species from the excess of ligand. The metal contain-

ing catalyst species are adsorbed from the reactor effluent in

the first adsorption bed, whereas the remaining free ligand is
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adsorbed in the second adsorption bed. For this reason four
adsorption beds are needed to adsorb homogenous catalysts
by the two step approach (Figure 1). Dunnewijk, who also
worked on the RFA concept,12 also applied the two-step
adsorption approach. Their focus was on separate adsorption
of the free metal center and the free ligand by neglecting any
interaction between them. Bidispersed polymer type and gel
type adsorbents were selected to recover the free metal and
the free ligand, but this material was prone to swelling and
showed very slow mass transfer.13 Additionally, selected
adsorbents were mostly either very strong or rather weak for
reversible adsorption of the homogeneous catalysts species.14

Dunnewijk12 also developed a model to simulate the RFA
process which consisted of two adsorption columns and a
CIST reactor. He showed stability of the RFA process with
the data obtained from ion-exchange experiments excluding
micropore diffusion. The drawbacks of polymeric adsorbents
directed our research to functionalized silica adsorbents
which have a mesoporous and rigid structure. In our previous
work, we showed promising intermediate adsorbents,15,16

with sufficiently high mass transfer coefficients [Djekić T,
Tripkovic V, van der Ham AGJ, de Haan AB. Intraparticle
diffusion coefficients of CoCl2 in mesoporous functionalized
silica adsorbents. Adsorption. (submitted)].

The objective of this work is to demonstrate stable opera-
tion of the RFA process with the data obtained from func-
tionalized silica adsorbents [Djekić T, Tripkovic V, van der
Ham AGJ, de Haan AB. Intraparticle diffusion coefficients of
CoCl2 in mesoporous functionalized silica adsorbents.
Adsorption. (submitted)].15,16 and to study the influence of
adsorbent and process parameters to improve RFA operation.
Design and study of the reactor is not included since exten-
sive studies on the reverse flow reactors are already carried
out, as mentioned previously.1–5 This article proceeds with
the mathematical models developed to describe reversible
adsorption of the complex species. One model describes the
reversible adsorption of the metal containing species and

other model describes adsorption of the free ligand. The first
model is more complex because it contains competitive
adsorption of different complex forms which are via a chemi-
cal equilibrium interconnected in solution.11 Therefore, sta-
bility of the process is initially shown by monitoring the total
metal concentration (sum of all metal containing species)
profile during continuous adsorption and desorption for 500
cycles. Furthermore, the influences of the adsorbent and pro-
cess parameters are discussed as well as application for dif-
ferent catalyst characteristics such as concentration, stability
constants, or ligand to metal ratio. These effects are studied
with our first model that describes the adsorption of the
metal containing species. Their optimized values are after-
wards applied for the ligand bed. Finally, the application of
the RFA is evaluated for the BASF hydroformylation pro-
cess17 with the evaluation of several adsorption bed designs
to obtain maximal operation time.

Dynamic Models for the Reversible
Adsorption of the Catalyst Species

To simulate the RFA process two models are developed:
one for adsorption of the metal containing species, and the
other for adsorption of the free ligand. Similarities and dif-
ferences between those two models are listed in Table 1.
Both models are written in their dimensionless forms and the
nomenclature is given in the Symbol section.

In the previous work of Dunnewijk12 it is shown that
adsorption beds used in the RFA process should be preloaded
with the adsorbing specie to allow broadening of the concen-
tration front during its reversible adsorption and desorption.
This effect is described in our simulations by setting proper
initial conditions (see Section Model for adsorption of metal
containing species). Stability of the process and optimization
of the adsorbent/process parameters are shown by simulating
reversible adsorption of the catalyst species in just one bed.
A change of concentration in the bed is monitored over time
and in axial direction.

Figure 1. Reverse Flow Adsorption concept for the recovery of homogeneous catalysts.
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Model for adsorption of the metal containing species

Stability Constants. In this model it is assumed that the
homogeneous catalyst is a complex compound consisting of
one metal center and two ligands. Dissolved in a solvent a
homogenous catalyst forms different species:

Mþ 2L�!KS1

 ��
MLþ L�!KS2

 ��
ML2: (1)

The ratio of different species at equilibrium is described by
stability constants presented as

jS1 ¼
xMLðv; sÞ

xMðv; sÞ � xLðv; sÞ
(2)

jS2 ¼
xML2
ðv; sÞ

xMLðv; sÞ � xLðv; sÞ
: (3)

Competitive Adsorption Isotherm. In our previous work,13

we have shown that all metal containing species (M, ML, and
ML2) are adsorbing on one active site of the adsorbent and
their adsorption can be described with the competitive Lang-
muir isotherm

CMðz; tÞ ¼
bM � xMðv;sÞ

1þ bM � xMðv;sÞþbML � xMLðv;sÞþbML2
� xML2

ðv;sÞ
(4)

Equivalent equations can be written for ML and ML2.The total
amount of metal adsorbed is described as

CMt
ðv;sÞ ¼ CMðv;sÞþCMLðv;sÞþCML2

ðv;sÞ (5)

Mass Balance for the Liquid Phase in Adsorption Bed. The
dimensionless mass balance for the liquid phase is given for
the total amounts of metal in the system, Mt

FD � 1

et

@xMt
ðv; sÞ
@v

þ @xMt
ðv; sÞ
@s

þ 1� et

et

a
@�CMt

ðv; sÞ
@s

¼ 1

Bo

@2xMt
ðv; sÞ

@v2
ð6Þ

xMt
ðv; sÞ ¼ xMðv; sÞ þ xMLðv; sÞ þ xML2

ðv; sÞ; (7)

and ligand Lt

FD � 1
et

@xLt
ðv; sÞ
@v

þ @xLt
ðv; sÞ
@s

¼ 1

Bo

@2xLt
ðv; sÞ

@v2
(8)

r � xLt
ðv; sÞ ¼ r � xLðv; sÞ þ xMLðv; sÞ þ 2 � xML2

ðv; sÞ (9)

which applies for every time unit and every axial position.
Mass balances for the other complex forms are not necessary
since they are already coupled with the previous Eqs. 2 and
3. FD is a term for flow direction and in a case of adsorption
FD is equal to 1, and in a case of desorption is equal to 21.
In this way reversibility of the process is obtained. r, a, and
Bo are dimensionless parameters found in Eqs. 6–9. r is the
concentration ratio of total initial amount of ligand over total
initial amount of metal

r ¼ ½Lt;0�
½Mt;0�

; (10)

a gives the ratio of the maximum adsorbent capacity and the
initial total metal concentration in the liquid

a ¼ qS � qS

½Mt;0�
(11)

and Bo is the Bodenstein number which gives the ratio con-
vection over axial diffusion:

Bo ¼ u � L
Dax

(12)

Internal Mass Transfer. The internal mass transfer is
described with the linear driving force model.18 The dimen-
sionless form of the internal mass transfer is given as:

@�CMðv; sÞ
@s

¼ 60N

Pep

ðCMðv; sÞ � �CMðv; sÞÞ (13)

for the M specie, and equivalent equation can be written as
well for ML and ML2. N is the number of particles over the
axial direction

N ¼ L

dp

; (14)

and PeP is Peclet number for the particle18

Pep ¼
u � dp

Deff

: (15)

The total loading for all adsorbed species can be written as

�CMt
ðv; sÞ ¼ �CMðv; sÞ þ �CMLðv; sÞ þ �CML2

ðv; sÞ: (16)

External Mass Transfer. In our previous work [Djekić T,
Tripkovic V, van der Ham AGJ, de Haan AB. Intraparticle
diffusion coefficients of CoCl2 in mesoporous functionalized

Table 1. Similarities and Differences Between the Model for
Adsorption of the Metal Containing Species and the Model

for Adsorption of the Free Ligand

Model for Adsorption of
Metal Containing Species

Model for
Adsorption of
Free Ligand

Similarity
Dimensionless
Negligible external mass transfer resistance
Internal mass transfer described by linear

driving force model
Negligible radial concentration gradient
Constant bed porosity (exclusion of

channelling)
Constant velocity across the cross-section
Preloaded columns
Same process parameters
Difference
Stability Constants-Equilibrium is

Infinitely Fast –
Competitive Langmuir Isotherm Langmuir Isotherm

for Single Component
Different adsorbent parameters
Different bed parameters
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silica adsorbents. Adsorption. (submitted)], we have shown
that for a Reynolds number larger than 0.1 the external mass
transfer resistance can be neglected.

Initial and Boundary Conditions. In our simulations half
of the adsorption column is preloaded to allow broadening of
the concentration front during reversible adsorption/desorp-
tion cycles. Therefore, the initial conditions used in the
model for the first half of column that is preloaded with a
catalyst are

For v ¼ 0 . . . 0:5� and s ¼ 0 : xMt
ðv; sÞ ¼ 1

xLt
ðv; sÞ ¼ 1

�CMðv; sÞ ¼ CMðv; sÞ
�CMLðv; sÞ ¼ CMLðv; sÞ
�CML2
ðv; sÞ ¼ CML2

ðv; sÞ:
(17)

Since the second half of the bed is set to be empty, the initial
conditions for this half of the bed are

For v ¼ 0:5 . . . 1 and s ¼ 0 : xMt
ðv; sÞ ¼ 0

xLt
ðv; sÞ ¼ 0

�CMðv; sÞ ¼ 0

�CMLðv; sÞ ¼ 0

�CML2
ðv; sÞ ¼ 0: ð18Þ

By neglecting influence of axial dispersion and due to revers-
ibility of the process boundary conditions of the bed are set
as:

For FD ¼ 1 ðadsorptionÞ : v ¼ 0 : xMt
ðv; sÞ ¼ 1 (19)

v ¼ 1:
@xMt
ðv; sÞ
@v

¼ 0 (20)

@xLt
ðv; sÞ
@v

¼ 0: (21)

For FD ¼ �1 ðdesorptionÞ: v ¼ 0 : xMt
ðv; sÞ ¼ 0 (22)

v ¼ 1:
@xMt
ðv; sÞ
@v

¼ 0 (23)

@xLt
ðv; sÞ
@v

¼ 0: (24)

Model for adsorption of the free ligand

In the second adsorption bed only free ligand is adsorbed.
Therefore the stability constant equations are not needed
here. Equations used in this model are just listed and no
additional explanations are added except that L is the index
for the ligand.

Langmuir Adsorption Isotherm for Single Component.

CLðv; sÞ ¼
bL � xLðv; sÞ

1þ bL � xLðv; sÞ
(25)

Mass Balance for the Liquid Phase in Adsorption Bed.

FD � 1

et

@xLðv; sÞ
@v

þ @xLðv; sÞ
@s

þ 1� et

et

a
@�CLðv; sÞ

@s

¼ 1

Bo

@2xLðv; sÞ
@v2

ð26Þ

Internal Mass Transfer.

@�CLðv; sÞ
@s

¼ 60N

Pep

ðCLðv; sÞ � �CLðv; sÞÞ (27)

Initial and Boundary Conditions. Initial and boundary
conditions are the same as for the metal adsorption column,
except that in this case only the free ligand is adsorbing.

Model implementation

Both models are implemented in the software package
gPROMS by Process System Enterprise. The axial domain is
discretized using central finite difference method of second
order over a uniform grid of 1000 intervals. Numerical
method for discretization of time domain is intrinsically em-
bedded in the gPROMS software.

Results and Discussion

Stability of the metal adsorbing column

Data selected to show the stability of the reversible ad-
sorption and desorption are given in Table 2. The half time
cycle constant is set as well as the ligand/metal ratio and bed
porosities. Catalyst and adsorbent parameters values are in
the range that are obtained from our experimental research
for CoCl2 adsorption on 2-(2-pyridyl)-ethyl functionalized
silica and stability constant measurements [Djekić T, Trip-
kovic V, van der Ham AGJ, de Haan AB. Intraparticle diffu-
sion coefficients of CoCl2 in mesoporous functionalized silica
adsorbents. Adsorption. (submitted)].11,15 Solvent parameters
necessary to estimate Reynolds and Bodestein numbers are
taken for N,N-dimethylformamide. 90 m3 is taken as the re-
actor volume, and the adsorption bed is selected to be 10%
of the reactor volume with the length to diameter ratio of 5.
Therefore length of the column L is set to be 6.6 m and col-
umn diameter of DC ¼ 1.32 m. N is calculated from Eq. 14
where the particle diameter, dp, is set to be 1024 m. Peclet
number is calculated from Eq. 15 where Deff is taken from
our previous research Deff ¼ 1.95 3 10210 m2/s, [Djekić T,
Tripkovic V, van der Ham AGJ, de Haan AB. Intraparticle
diffusion coefficients of CoCl2 in mesoporous functionalized
silica adsorbents. Adsorption. (submitted)]. and the velocity
is recalculated for a given flow of F ¼ 5 3 1023 m3/s and
column diameter, DC. The Bodenstein number is calculated
as18

Bo ¼ 0:2
N

eb

: (28)

In our initial simulations it is shown that for Bodenstein
numbers larger than 1.74 3 104 axial dispersion can be
neglected (Figure 2).
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Reversible adsorption/desorption inside one bed is simu-
lated to show stability of the process as well as the constant
concentration gradient at the entry (z/L ¼ 0) and the exit
(z/L ¼ 1) of the column. Initially, half of the column (z/L ¼
0.05) is preloaded with catalyst species. Then, the flow
through the column is simulated and complex species are
adsorbed for a period of s1/2. Afterwards, the flow direction
is reversed and desorption occurs for an equal period, s1/2.
The first cycle is ended. This process is repeated and moni-
tored for 500 cycles.

The total metal concentration profiles in the liquid phase
are given after adsorption (Figure 3) for a selection of cycles
(1, 100, 200, 300, 400, and 500). The figures show that the
concentration profile broadens over time due to unfavorable
desorption, and limiting uptake rate during the adsorption.
However, the broadening rate of the concentration profile
decreases over time which indicates that stable operation can
be reached. No decrease of the metal concentration is
observed at the entry of the column, as well as no leaching

at the end of the column. Both are essential for application
of the RFA process.

Influence of catalyst parameters

The first step in designing a RFA process is defining the
catalyst properties such as catalyst concentration, stability
constants, and initial ligand/metal ratio. The catalyst concen-
tration depends on each application. Therefore the range of
catalyst concentrations for which RFA can be applied should
be investigated as well as how the concentration influences
the concentration profile. Also, depending on the type of
metal, ligand, solvent and ligand-metal ratio different distri-
butions of the complex species occurs. Since the complex
species (e.g., M, ML, ML2) have different binding constants
it is important to know the catalyst properties to be able to
design an affinity adsorbent for the recovery of the catalyst
species.

Catalyst properties are specific for each catalytic reaction
and cannot be varied to assist a design of the adsorption col-
umns used in the RFA. Therefore, in the following para-
graphs we will discuss what kind of effects are observed by
altering the above mentioned catalyst properties. These
observations will help to design an affinity adsorbents and
the corresponding adsorption column.

Metal Inlet Concentration. The concentration of the
metal used in homogeneous catalysis depends on its applica-
tion. For example, typical catalyst’s concentrations in hydro-
formylation processes are between 0.1 and 1.5 mmol/l.19

The total metal concentration influences both the distribu-
tion of the complex forms, M, ML, and ML2,11 and the value
of a (Eq. 11). In Figure 4 the total metal concentration pro-
files are given after 500 cycles for three metal feed concen-
trations: base case Mt (Mt ¼ 1 mmol/l), 2 Mt and 0.5 Mt.
The ligand to metal ratio is kept constant (Table 2). Figure 11
shows that at lower concentrations a sharper concentration
front is obtained. Therefore, RFA becomes even more appli-
cable for the recovery of low concentration homogeneous
catalysts.

Table 2. Input Base Case Parameters for the Reversible
Adsorption/Desorption of the Metal Containing Species10,14,16

Parameter Value Ref.

Catalyst Parameters
R 2 –
j1 1 (10)
j2 1 (10)

Adsorbent Parameters
bM 0.8 (14)
bML 0.4 (14)
bML2 0.3 (14)
a 925 (14)
PeP 1882 (16)

Process Parameters
s1/2 5 –
eb 0.4 –
et 0.76 –
N 6.6 3 104 –
Re 0.44 –
Bo 1.74 3 104 –

Figure 2. Influence of the axial dispersion on the total
metal concentration in the liquid phase after
adsorption in the 500th cycles.

Figure 3. The total metal concentration profile in the
liquid phase after the selected number of
cycles (1, 100, 200, 300, 400, and 500) for ad-
sorption.
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Stability Constants. Depending on the type of metal,
ligand or solvent,11 different values of stability constants are
found to describe the ratio of present complex species. In
Figure 5 concentration profiles of the total metal after 500
cycles are given for three values of the stability constants:
base case j1, j2 (Table 2), 103j1, 103j 2, and 106j1, 106j2.
In our previous work,11 we have shown that depending on
the type of catalyst the stability constants can vary with 106.
In Table 3 (columns (a), (c) (d) and (f)), their binding
strengths and the relative amounts of M, ML and ML2 are
given for the selected stability constants. Figure 5 shows that
an increase of the stability constants results in broadening of
the concentration front. This is expected because increasing
the stability constant increases the contribution of the ML2

form, which has the lowest binding strength value.
Therefore the most favorable binding strength that will

lead to the sharpest concentration profile should be selected
for the form which is dominant (Table 3). This is illustrated
in Figure 6. In this case the selected dimensionless stability
constant values are jS1 ¼ 106 and jS2 ¼ 106 where the ML2

specie is dominant (Table 3 column (f)). Two sets of binding
constants are compared: binding constants for the base case
(Table 3 column (a)) and a new set of binding constants
(Table 3 column (b)). In the new set of binding constants we
have increased values of binding constants for all forms. The
concentration front with an increased bML2 value of 0.8
shows now a significantly sharper profile compared with the
concentration profile for the base case. This example also
shows that RFA can be applied for a wide range of the sta-
bility constants providing that the optimal binding constants
are selected.

Ligand to Metal Ratio. Increasing the ligand/metal ratio
will shift the equilibrium between the species in the direction
of ML2 [Eq. 1 and Table 3 column (d) and (e)]. Since the
ML2 contribution is increased, a similar effect on the concen-
tration front of the total metal concentration can be noticed
as for increasing the stability constant values. Figure 7 shows
the total metal concentration profile for two different ligand/
metal ratios: r (see Table 2) and 5r. In both cases the stabil-

ity constant values were 103j1 and 103j2. The concentration
profile is broadened by increasing the ligand/metal ratio,
which is due to the increase of the amount of ML2 contribu-
tions which adsorbs weaker. This again supports that RFA
can be applied for a wide range of catalysts provided that
the binding constant is be selected for the dominant specie
present.

Influence of adsorbent parameters

The concentration profile of adsorbing species in the
adsorption bed mainly depends on the adsorbent properties.
The isotherm shape can either bring self-sharpening (favor-
able isotherm) or self-broadening (unfavorable isotherm) of
the concentration front. External and internal mass transfer
of the adsorbing species create the ‘‘S’’ shape of the concen-
tration profile, and by reducing these effects sharpening of
the concentration profile becomes more pronounced, and at
the same time results in a more efficient utilization of the
column.20 Therefore five characteristics are considered for
improving the design of the affinity adsorbent
� Binding strength of the adsorbent
� Capacity of the adsorbent
� Mass transfer coefficient
� Particle size of the adsorbent
� Bed porosity.
All five characteristics influence the mass transfer rate

inside the particle, while binding strength and adsorbent
capacity also influence the shape of the adsorption isotherm.
The objective of the following text is to show how altering
these four adsorbent characteristics can sharpen the concen-
tration profile inside the bed, and consequently assist in
design of a promising affinity adsorbent for the RFA con-
cept.

Binding Constants. The binding constant value influen-
ces both the shape of the adsorption isotherm and the
mass transfer properties. Increasing the binding strength of
the adsorbent slightly increases the mass transfer and
sharpens the concentration front in the liquid phase. An

Figure 4. Influence of the metal inlet concentration on
the total metal concentration in the liquid
phase after adsorption in the 500th cycles.

Figure 5. Influence of the stability constants on the
total metal concentration in the liquid phase
after adsorption in the 500th cycles.
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increase of the binding strength also sharpens the adsorp-
tion isotherm profile which can cause sharpening of the
wave front during adsorption. On the other hand, desorp-
tion becomes more unfavorable: broadening of the concen-
tration profile during desorption and a decrease of the
mass transfer rate. Therefore the binding strength should
be balanced to find an optimal adsorption/desorption
behavior.

These effects are shown in Figure 8 where we studied
three binding strengths: the base case, (bM ¼ 0.8), increased
binding strength ([4 � bM] ¼ 3.2) and decreased binding
strength ([0.25 � bM] ¼ 0.2). It was decided to change only
the bM value since in the base case the free metal specie is
dominant (more than 99%) due to low values of stability
constants. Compared with base case, bM, increased binding
strength, 4 � bM, causes sharpening of the profile in the lower
concentration range, while broadening in the higher concen-
tration range. For the decreased binding strength, 0.25 � bM,
broadening of the concentration front is noticed for the whole
concentration range. These effects can be explained with a
combination of continuous adsorption and desorption half-
cycles and the presence of a favorable type of adsorption iso-
therm.

It can be concluded that the binding strength between the
adsorbing species and the functionalized groups of the prom-
ising affinity adsorbents should be in the range of bM ¼ 0.8.
This range of bM values gives the sharpest concentration pro-
file in the adsorption bed where continuous adsorption and
desorption are applied.

Adsorbent Capacity. Similar to the binding constant,
varying the adsorbent capacity has also two effects: a change
of the isotherm’s shape and a change of the mass transfer
rate. The sharpening speed of concentration profile due to the
isotherm profile will decrease by increasing the adsorption
capacity. On the other hand, an increase of the adsorption
capacity will lead to a faster mass transfer rate and larger
bed capacity, and consequently self-sharpening of the con-
centration front. In case of the linear driving force model,
the mass transfer rate increase correlates linearly with the
increase in the adsorption capacity. The clear influence of
the adsorption capacity on the mass transfer resistance
decrease is illustrated in Figure 9. The total metal concentra-
tion profiles are shown after 500 cycles for the reference
adsorption capacity (a ¼ 925), and for cases where the
adsorption capacity is doubled (a ¼ 1850) and halved (a ¼
462.5). As it can be seen the wave front is sharpening by
increasing the value of a. This means that sharpening of the
front due to the increase of the mass transfer rate is more
pronounced than broadening due to change in isotherm
shape. In conclusion, the value of a ¼ 1850 gives the sharp-
est concentration profile. It is a realistic value for the maxi-
mum loading that a silica based affinity adsorbent can have.

Effective Diffusion Coefficient. The mass transfer rate
inside the adsorbent particle can be enhanced by increasing
the value of the effective diffusion coefficient by designing
an adsorbent with larger pores (Djekić T, Tripkovic V, van
der Ham AGJ, de Haan AB. Intraparticle diffusion coeffi-
cients of CoCl2 in mesoporous functionalized silica adsorb-

Table 3. Binding Constants [(a) and (b)] and Initial Concentration Distributions [(c)–(f)] of M, ML, and ML2 Forms for
Different Values of Stability Constants and Different Ligand/Metal Ratio

(a) (b) (c) (d) (e) (f)

b1 (r ¼ 2) b2 (r ¼ 2) j1, j2 (r ¼ 2) 103j1, 103j2 (r ¼ 2) 103j1, 103j2 (r ¼ 10) 106j1, 106j2 (r ¼ 2)

xM 0.8 1.6 0.998 0.33 1.33 3 1022 9.4 3 1024

xML 0.4 1.2 2 3 1022 0.33 0.108 3.02 3 1022

xML2 0.3 0.8 4 3 1026 0.33 0.878 0.968

Figure 6. Influence of the binding strengths of M, ML,
and ML2 for jS1 = 106 and jS2 = 106 on the
total metal concentration in the liquid phase
after adsorption in the 500th cycles.

Figure 7. Influence of the ligand/metal ratio on the
total metal concentration in the liquid phase
after adsorption in the 500th cycles.

2398 DOI 10.1002/aic Published on behalf of the AIChE September 2008 Vol. 54, No. 9 AIChE Journal



ents. Adsorption. (submitted). The effective diffusivity in our
dimensionless model is described by the Peclet number for
particles, PeP (Eq. 15). Figure 10 shows the total metal con-
centration profiles for three different PeP numbers: PeP ¼
1882, 5 � PeP ¼ 9410, and 0.2 � PeP ¼ 376.4. As expected a
decrease of PeP numbers (larger effective diffusion coeffi-
cients or a smaller particle diameter) enhances mass transfer.
Since dependence of the concentration change on PeP num-
ber is exponential (Eq. 13), it can explain the nonlinear
change of the concentration profile. Therefore it can be
expected that at small PeP numbers concentration profile will
not change its shape any further.

The sharpest concentration profile is reached for the Peclet
particle number PeP ¼ 376.4. This value is also a realistic
value that can be reached by designing a silica based affinity
adsorbent with large and uniform pores of e.g. 90 Å in diam-
eter.

Particle Size. Mass transfer between the liquid and solid
phase can be enhanced by decreasing the particle size of the
adsorbent (see Eqs. 13–16 and Figure 12). Change of the par-
ticle size influences dimensionless numbers, PeP and N.
Influence of PeP change is discussed in previous part (Effec-
tive diffusion coefficient) where it was shown that for
smaller PeP numbers sharper profile can be reached. Figure 11
shows that increasing the N value (increasing column length
or decreasing particle size) a sharper concentration profile is
reached. Figure 12 illustrates the sharpening of the concen-
tration front by decreasing the particle size, where effects of
changing two dimensionless numbers, PeP and N, are com-
bined. As a result it is concluded that the smallest particle di-
ameter should be selected for the best design of an affinity
adsorbent.

The practical problem that arises by decreasing the particle
size is an increase of the pressure drop across the column. In
this work, the pressure drop is estimated by the Ergun equa-
tion for a fixed bed:

DP
L
¼ 150lð1� ebÞ2u

e3
b � d2

p

þ 1:75ð1� ebÞq � u2

e3
b � dp

(29)

Table 4 shows the calculated pressure drop for the base case
(dp ¼ 100 lm) and two cases with different particle sizes
(dp ¼ 50 lm and dp ¼ 200 lm). Particle size tremendously
influences pressure drop. The allowed pressure drop usually
depends on each specific application. For processes that work
under high pressures (higher than 20 bars) it is recommended
to use particle size of dp ¼ 200 lm (N ¼ 3.3 3 104 and
PeP ¼ 3764) as a realistic particle size. For other applica-
tions even larger particle sizes are needed or other bed opti-
mizations, such as a reduction of bed length or an increase
of bed porosity.

Bed Porosity. Porosity of the bed depends on the particle
size and shape. Influence of the concentration profile on bed
porosities is studied for 3 values: 0.3, 0.4, and 0.5, where
particle size is kept constant (dp ¼ 100 lm). It is expected
that by decreasing the bed porosity the concentration profile
is sharpening since the contribution of the solid phase

Figure 8. Influence of the bonding strength on the total
metal concentration profile in the liquid
phase after adsorption in the 500th cycles.

Figure 9. Influence of the adsorbent capacity on the
total metal concentration in the liquid phase
profile after adsorption in the 500th cycles.

Figure 10. Influence of the effective diffusion coeffi-
cient on the total metal concentration in the
liquid phase after adsorption in the 500th
cycles.
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increases (Figure 13). On the other hand, pressure drop
inside the bed increases by decreasing the bed porosity
(Eq. 25). For tested porosities (eb ¼ 0.3, eb ¼ 0.4, and eb ¼
0.5) calculated pressure drop is respectively 53, 16.5, and 5.8
bar. To avoid large pressure drops influences of bed porosity
and particle size have to be combined: smaller bed porosity
asks for larger particle size and vice versa.

Therefore, we recommend to select particle size of dp ¼
200 lm and porosity of eb ¼ 0.5 to decrease pressure drop to
around 1.5 bars.

Silica Adsorbent Design. Conclusions for silica based ad-
sorbent design are given in Table 5. General conclusions and
possible material or system limitations are given for the main
five adsorbent characteristics. Table 5 should be a guideline
for the design of adsorbents which will be applied in the
RFA process. In the second column general conclusions
drawn from the previous simulations are given, while in the
third column material and system limitations are pointed.
Designing an adsorbent for the RFA process, one should fol-

low general conclusions, but in the same time comprise both
material and process limitations.

Design of the ligand column

In the first column, the metal adsorbing bed, a part of the
ligand is always adsorbed through adsorbing ML and ML2

species. In the second column only the free ligand is
adsorbed. Therefore in this bed competitive adsorption of dif-
ferent forms, present in the first bed, is excluded. However,
depending on each application the ligand can be in a large
excess (ligand/metal ratio r can be as high as 10017). Objec-
tive of the following work is to show stability of the ligand
adsorbing column and to study up to which excess of ligand
the RFA process can be applied.

Stability of the Process. Parameters used in simulating
the reversible adsorption and desorption of the free ligand
are given in Table 6. These values are based on the conclu-
sions drawn in the previous part of our study of adsorbent
parameters. Figure 14 confirms that a stable operation is
obtained also for the reversible adsorption and desorption of
the free ligand. As well as in the metal column the broaden-
ing speed of the concentration profile due to unfavorable de-
sorption, and limiting uptake rate decreases over time which
finally results in a stable operation. Additionally, there was
no decrease in the ligand concentration front at the entry of
the column, as well as no leaching at its exit.

Ligand Concentration. In many homogeneous catalytic
reactions the ligand is used in excess,19 and therefore the
ligand concentration can vary depending on each specific
application. In this simulation the maximal ligand concentra-
tion that can be recovered in an adsorption column based on

Figure 12. Influence of the particle diameter on the
total metal concentration in the liquid
phase after adsorption in the 500th cycles.

Table 4. Influence of the Particle Size on the Pressure Drop
Across the Column

dp (lm) 100 50 200

N 6.6 3 104 1.32 3 105 3.3 3 104

PeP 1882 941 3764
DP (bar) 16.5 65 4.1

Figure 13. Influence of the bed porosity on the total
metal concentration in the liquid phase
after adsorption in the 500th cycles.

Figure 11. Influence of the N value on the total metal
concentration in the liquid phase after
adsorption in the 500th cycles.
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parameters given in Table 6 is studied. Figure 15 shows
ligand concentration profiles after 500 cycles for different
initial concentrations (2Lt, Lt, 0.5Lt, and 0.25Lt). For all ini-
tial concentrations no leaching of the ligand was detected.
However for 2Lt a decrease in the ligand concentration at the
entry of the column was found. At the low ligand concentra-
tions profile is very sharp, while in the higher region profile
is broadening. Therefore, we preloaded 70% of column and
with this condition ligand with 2Lt concentration could be
kept inside the column, while already at 3Lt decrease in the
ligand concentration at the entry of the column were as well
found (Figure 16). In conclusion, ligand concentrations of
Lt ¼ 4 mmol/l or lower can be recovered by RFA using ad-
sorbent properties given in this simulation. Otherwise, if the
ligand concentration is higher than 3Lt either the column pa-
rameters should be changed (e.g. increasing the preloading
part or column size) or other technique for the recovery of
the free ligand might be needed.

Example: hydroformylation process

The BASF hydroformylation process was selected as a
demo-process to design an adsorption column for the recov-
ery of the metal species. In this process rhodium is used as a
metal centre while PPh3 as a ligand. Reactor volume
(Vreactor), flow rate (F), and concentration of rhodium (CRh)
are taken from Cornils and Hermann17 (Table 7). Adsorbent
parameters are taken from the conclusions drawn in the pre-
vious part of the article. Since stability constants of this cata-
lyst are unknown it is chosen to simulate process where the
catalyst complex is present in only one form, ML3.

Table 8 shows different combinations of maximal opera-
tion times for different volumes of adsorption bed as well as
for different designs (L/Dc ratio). Three bed volumes are
studied: 10% (column (a)), 3% (column (b)) and 1% (column
(f)) of the reactor volume. By increasing the bed volume a
longer maximum operation time is obtained. For the bed vol-
ume of 1.35 m3 after ;51 days, a breakthrough at the entry
of the bed occurs. This time is changed to 1190 days by
increasing the bed volume 10 times. On the other hand,

increasing the bed volume will result in larger investments
both in the equipment and preloading of the adsorbent by
catalyst.

One way to extend the maximal operation time is by keep-
ing the same bed volume and changing the bed design. This
is shown in Table 8 (columns (b) and (c)) where the maxi-
mum operation times are given for constant bed volumes
(4.05 m3) but in the first case the ratio of bed length over
bed diameter is 5 and in the second 10. The maximal operat-
ing time is extended from 254 to 355 days. This has its pen-
alty by increasing the pressure drop in the system from 0.85
to 2.2 bar.

The operation time would also got increased if the process
would be changed by introducing a new, more effective cata-
lyst which has higher TON (less of catalyst concentration is
needed). For the bed volume equal to 3% of the reactor vol-
ume and an initial catalyst concentration of 0.8 mmol/l (col-
umn (b)) the estimated maximal half cycle time, s1/2, max, is
25 and maximal operation time is 254 days. If the initial
metal concentration decreases with 50% (column (d)), the
half cycle time increases to 35 and the maximum operating
time is now 356 days. At the end, an increase in L/Dc and a
decrease in catalyst concentration are applied. The results
show that the maximum operating time is extended to ;507
days (column (e)).

It can be concluded that an adsorption column with a vol-
ume of the 3% of reactor volume is sufficient for fully recov-
ery of the metal containing species in the BASF hydroformu-
lation process. Therefore the total bed volume for two
adsorption beds applied in the RFA should be 6%. The maxi-

Table 5. Overview of the Adsorbent Design

General Conclusions Material/System Limitation

Binding constants (b) � 0.8 m3/mol (b ¼ 0.8) No
Adsorbent capacity (qs) Maximal � 1023 mol/g (a ¼ 1850)
Effective diffusion coefficient (Deff) Maximal � 6 3 10210 m2/s (PeP ¼ 376.4) Deff ¼ 1

surfacearea
Particle size (dp) Minimal Allowable pressure drop
Bed porosity (eb) Minimal Allowable pressure drop

Table 6. Input Base Case Parameters for the Reversible
Adsorption/Desorption of the Free Ligand

Parameter Value

Adsorbent Parameters
bL 1.6
a 1850
PeP 376.4

Process Parameters
s1/2 5
eb 0.4
N 6.6 3 104

Bo 1.74 3 104

Figure 14. The ligand concentration profile in the liquid
phase for the selected number of cycles (1,
100, 200, 300, 400, and 500) after adsorption.
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mum operating time can be increased by increasing the L/Dc

ratio and by introducing more efficient catalysts.

Conclusions

Silica adsorbent design and modeling of the reversible
adsorption/desoprtion process for the recovery of homogene-
ous catalysts are studied in this work. The following major
conclusions are drawn:
� Stable operation for 500 cycles can be reached for the

reversible adsorption/desorption process where no leaching
of the catalyst species is noticed;
� Silica based adsorbent which will provide a sharpening

of the concentration profile inside the bed should have bind-
ing constant of around 0.8 m3/mol (b ¼ 0.8), adsorbent
capacity of 1023 mol/g (a ¼ 1850), effective diffusion coeffi-
cient in range of 6 3 10210 m2/s (PeP ¼ 376.4), and mini-

mal particle size and bed porosity with limitation of tolerable
pressure drop.
� For Bodenstein numbers larger than 1.74�3 104 axial

dispersion can be neglected inside the bed;
� The RFA process can be applied for wide ranges of the

stability constants and becomes even more applicable for the
recovery of homogeneous catalysts that have a lower metal
concentration;
� Simulation of the recovery of Rh catalyst in the BASF

hydroformylation process required total adsorption bed vol-
ume of 6% of reactor volume.
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Notation

bL 5 adsorption binding strength for component L [m3/mol]
bM5 adsorption binding strength for component M [m3/mol]
bML5 adsorption binding strength for component ML [m3/mol]
bML25 adsorption binding strength for component ML2 [m3 /mol]
Bo5bodenstein number ð¼ u � dp=DaxÞ [-]

Ccatalyst5 concentration of the catalyst [mol/m3]
CRh5 rhodium concentration [mol/m3]
Dax 5 axial dispersion coefficient [m2/s]
Dc5 column diameter [m]
Deff5 effective diffusion coefficient [m2/s]
dP5particle diameter [m]
F5flow [m3/s]

FD5flow direction [-]
i5 index for L, M, ML and ML2 [-]

Ks15 stability constant for the first complexation step [m3/mol]
Ks25 stability constant for the second complexation step [m3/mol]
L5 length of the column [m]

[Lt,0]5 initial total concentration of the free ligand [mol/m3]
[M]5 concentration of the free metal [mol/m3]

[ML]5 concentration of the ML complex [mol/m3]

Figure 16. Influence of the ligand inlet concentration
on ligand concentration in the liquid phase
after adsorption in the 500th cycles with a
70% preloaded column.

Table 7. BASF Hydroformylation Data
18

and Parameters Selected

Vreactor (m3) 135
F (m3/s) 2.3 3 1023

CRh (mol/m3) 0.8
bM 0.8
A 1850
eb 0.4

Table 8. Maximal Operation Time for Metal
Adsorbing Column

(a) (b) (c) (d) (e) (f)

Vreactor (m3) 135 135 135 135 135 135
Vbed (%Vreactor) 10 3 3 3 3 1

Ccatalyst (mmol/l) 0.8 0.8 0.8 0.4 0.4 0.8
L/Dc 5 5 10 5 10 5
No cycles 500 500 500 500 500 500
s1/2, max 35 25 35 35 50 15
ttotal,max (days) 1190 254 355 356 507 50.8

DP (bar) 0.54 0.85 2.2 0.85 2.2 1.27

Figure 15. Influence of the ligand inlet concentration
on ligand concentration in the liquid phase
after adsorption in the 500th cycles.
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[ML2]5 concentration of the ML2 complex [mol/m3]
[Mt]5 total concentration of all metal containing forms [mol/m3]

[Mt,0]5 initial total concentration of all metal containing forms [mol/
m3]

N5number of particle over the axial distance ð¼ L=dpÞ [-]
DP5pressure drop [bar]
PeP5Peclet number for particle ð¼ ½u � dp�=Deff

�
[-]

qi 5 loading of free ligand, free metal, ML and ML2 on the adsorb-
ent at the interface [mol/kg]

qi 5 averaged loading of free ligand, free metal, ML and ML2 on
the adsorbent [mol/kg]

qS 5maximum loading on the adsorbent [mol/kg]
r5 ratio between total ligand and total metal concentration
ð¼ ½Lt;0�=½Mt;0�Þ [-]

t1=2 5half cycle time [s]
ttotal;max 5maximal total operation time [days]

u5 superficial velocity ð¼ ½F � 4�=½D2
C � p�Þ [m/s]

xL 5 dimensionless concentration of the free ligand ð¼ ½L�=½Lt;0� ¼
½L�=½Mt;0� � rÞ [-]

xM 5dimensionless concentration of the free metal ð¼ ½M�=½Mt;0�Þ [-]
xML 5 dimensionless concentration of the ML complex ð¼ ½ML�=

½Mt;0�Þ [-]
xML2 5 dimensionless concentration of the ML2 complex ð¼ ½ML2�=

½Mt;0�Þ [-]
xt 5 dimensionless concentration of the total concentration of all

metal containing forms ð¼ ½Mt�=½Mt;0�Þ [-]
Vbed 5bed volume [m3]

Vreactor 5 reactor volume [m3]
z5 axial distance [m]

bL 5 dimensionless adsorption binding constant for L (¼ bL � [Lt,0])
[-]

bM 5 dimensionless adsorption binding constant for M (¼ bM �
[Mt,0]) [-]

bML 5 dimensionless adsorption binding constant for ML (¼ bML �
[Mt,0]) [-]

bML2 5 dimensionless adsorption binding constant for ML2 (¼ bML2
�

[Mt,0]) [-]
Gi 5 dimensionless loading of free ligand, free metal, ML and ML2

on the adsorbent at the particle interface ð¼ qi=qSÞ [-]
Gi 5 dimensionless averaged loading of free ligand, free metal, ML

and ML2 on the adsorbent ð¼ qi=qSÞ [-]
eb 5porosity of the bed [-]
et 5 total porosity [-]
j1 5dimensionless stability constant, Ks1, (¼ KS1 � r � [Mt,0]) [-]
j2 5dimensionless stability constant, Ks2, (¼ KS2 � r � [Lt,0]) [-]
l5viscosity [Pa s]
qS 5density of the adsorbent [kg/m3]

s1=2 5dimensionless time ð¼ ½t � usup�=LÞ [-]
s1=2;max 5dimensionless maximal half cycle time [-]

v5dimensionless axial distance ð¼ z=LÞ [-]
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