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Abstract

Thermal parametric pumping is a cyclic adsorptive process based on cyclic changes in the bed temperature simultaneously with flow
reversal. Simplified models are adequate to describe these cyclic processes with long cycle times. Two simplified models are used here: Model
I is an equilibrium model plus axial dispersion and Model II accounts for intraparticle mass transfer with LDF approximation. Simulations
used parameter values obtained for the system phenol/water/ adsorbent resin Duolite ES861. Model validation is carried out by performing
experiments in a pilot plant with the system phenylalanine/water/polymeric adsorbent SP206 and using published experimental data for
the system phenol/water/adsorbent resin Duolite ES861. A user-friendly package ‘Visual Pumping’ (VP) is developed in Visual Basic for
the simulation of thermal parametric pumping processes with educational and training purposes. ©2000 Elsevier Science S.A. All rights
reserved.

1. Introduction

The parametric pumping process was first described by
Wilhelm et al. [30,31] as a dynamic separation process based
on the differences in the adsorption equilibrium caused by
a cyclic change of a thermodynamic variable (temperature,
pressure, pH) simultaneously with flow reversal. In thermal
parametric pumping, the temperature change can be imposed
through the bed jacket in direct mode or through temperature
change of the fluid stream in recuperative mode [29].

The process to be addressed here is thermal paramet-
ric pumping in the recuperative mode operating in a
semi-continuous way, with feed at the top of the column.
Each operation includes a series of cycles, starting with the
hot cycle in upward flow and then the cold cycle in down-
ward flow. A typical cycle starts with the bed equilibrated
with the feed solution at the cold temperature and the top
reservoir containing the feed solution.

Fig. 1 shows the experimental setup existing at the LSRE
(Laboratory of Separation and Reaction Engineering) and
described in detail elsewhere [9].

Fig. 2 illustrates the semi-continuous mode of the para-
metric pumping operation, when the objective is to concen-
trate the top product. Since the feed solution should not be
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added to the same reservoir where the top product is col-
lected, the top product is collected during the hot half-cycle.
In the cold half-cycle, the feed flows downwards and the bot-
tom product is withdrawn. The end of each half-cycle is set
by the time at which all the solution contained in one reser-
voir is completely transferred to the other reservoir. Temper-
atures are 60◦C at the bottom of the column and 18◦C at the
top of the bed for the phenol/adsorbent resin Duolite ES861
system; for the phenylalanine/adsorbent resin SP206 system,
hot and cold temperatures are 40 and 15◦C, respectively.

The separation potential of thermal parametric pumping
can be assessed by using the parameterb, introduced by Pig-
ford et al. [21] and defined asb = a/(1 + m̄), wherem̄ =
(m(T1) + m(T2))/2 is the average of the capacity factors
at the cold and hot temperatures,T1 and T2, respectively,
a = (m(T1) − m(T2))/2 andm (T ) = ((1− ε)/ε)ρapK (T )

is the capacity parameter for a linear adsorption equilibrium
isotherm with slopeK(T). Table 1 reports values of the sep-
aration parameterb for some systems studied by parametric
pumping.

Various examples of parametric pumping operations at
laboratory scale have been published [5,23,24,25]. Batch,
semi-continuous and continuous modes of operation have
also been addressed [2,3,4].

The modeling of parametric pumping processes has been
dealt with by various researchers. Pigford et al. [21] first
used the equilibrium model to analyze parametric pump-
ing adsorptive processes with linear equilibrium isotherms;
Gregory and Sweed [11] applied that model to various pro-
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Fig. 1. Experimental setup. 1 Glass column; 2 feed reservoir; 3 top
reservoir; 4 bottom reservoir; 5 fraction collector; 6–7 heat exchangers;
8–12 two-way solenoid valves; 13–14 three-way solenoid valves; 15–19
peristaltic pumps; T1–T2 thermocouples; and P1–P3 pressure transducers.

Fig. 2. Semi-continuous operation of parametric pumping.

cess configurations. Equilibrium staged models were used
by Grevillot and Tondeur [12,13,14]. Mass-transfer rate was
included in the works of Sweed and Wilhelm [27] and Gupta
and Sweed [15].

Recently, Ferreira and Rodrigues [8] developed a more
complete model accounting for axial dispersion in the fluid
phase, film mass transfer, intraparticle mass transfer and heat
transfer through the wall. The model also assumed perfectly
mixed reservoirs. The model successfully predicts the be-
havior of thermal parametric processes, such as phenol pu-
rification with polymeric adsorbent Duolite ES861 [9] and
phenylalanine adsorption in polymeric adsorbent SP206 [8].

Table 1
Separation factor b for several systems

System Tcold (◦C) Thot (◦C) b Reference

Phenol/Duolite ES861 20 60 0.20–0.37 [8,9]
Phenylalanine/SP206 15 40 0.40 [7]
n-Heptane–toluene/silica gel 4 70 0.125 [30]
n-Heptane–toluene/silica gel 15 70 0.083 [30]

Table 2
Dimensionless equations for Model I (equilibrium + axial dispersion)

Mass balance in a volume element of the column
1

Pe
∂2X

∂z∗2 ± ∂X
∂z∗ = (1 + ν) ∂X

∂θ
+ ξm

∂Y
∂θ

Energy balance in the column
1

Peh

∂2T ∗
∂z∗2 ± ∂T ∗

∂z∗ − Nhw(T ∗ − T ∗
amb) = (1 + ξh)

∂T ∗
∂θ

Adsorption equilibrium isotherm

Y ∗ = KL Xp

1+K̄L XP

with K̃L = k0CEexp
( γ

T ∗
)

and γ = −1H
RTref

However, in cyclic processes with long cycle times, i.e.,
(Dpetc/R

2
p) > 0.1, the model can be simplified since intra-

particle mass transfer can be described by the linear driv-
ing force (LDF) approximation. This is not the case in fast
cyclic adsorption/desorption processes [1].

The objectives of this work are:
1. the analysis of thermal parametric pumping processes

by two simplified models: model I based on equilibrium
and axial dispersion, and model II based on linear driv-
ing force (LDF) approximation for intraparticle mass
transfer and axial dispersion;

2. the test of model validity by comparison with ex-
periments in a pilot plant for the system phenylala-
nine/water/polymeric adsorbent SP206 and with exper-
imental results from Ferreira and Rodrigues [9] for the
system phenol/water/adsorbent resin Duolite ES861;
and

3. the development of a user-friendly package of thermal
parametric pumping for educational and training pur-
poses.

2. Modeling of thermal parametric pumping processes

The two simplified models to be developed here are:
Model I, which considers equilibrium between fluid and ad-
sorbent particles and axial dispersion in the fluid phase; and
Model II, which uses the linear driving force (LDF) approx-
imation to describe intraparticle mass transfer and also in-
cludes axial dispersion in the fluid phase. The energy bal-
ance for the system is considered in both models.

Dimensionless equations for Model I (equilibrium plus
axial dispersion) shown in Table 2 are:
1. mass balance in a volume element of the fluid phase;
2. energy balance;
3. kinetic law for intraparticle mass transfer; and
4. adsorption equilibrium isotherm.
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Table 3
Dimensionless equations for Model II (LDF)

Mass balance in a volume element of the column
1

Pe
∂2X

∂z∗2 ± ∂X
∂z∗ = ∂X

∂θ
+ ξm

∂〈Y 〉
∂θ

+ ν
∂〈Xp〉

∂θ

Energy balance in the column
1

Peh

∂2T ∗
∂z∗2 ± ∂T ∗

∂z∗ − Nhw(T ∗ − T ∗
amb) = (1 + ξh)

∂T ∗
∂θ

Mass balance inside particles

ξm
∂〈Y 〉
∂θ

+ ν
∂〈Xp〉

∂θ
= Np

(
X − 〈

Xp
〉)

Adsorption equilibrium isotherm
Y ∗ = KL XP

1+K̃L XP

with K̃L = k0CE exp
( γ

T ∗
)

and γ = −1H
R Tref

In the model equations,X= C/CE is the dimensionless
solute concentration in the bulk fluid phase,Y= q/Q∞ the
dimensionless adsorbed phase concentration,T* = T/Tref the
dimensionless temperature in the bulk fluid phase,z* = z/L
the dimensionless axial coordinate and2 = t/τ the reduced
time variable. In the equilibrium model, the dimensionless
solute concentration in the bulk fluid phase,X, is equal to
the dimensionless solute concentration in the fluid inside the
poresXp = C/CP.

Model parameters for the equilibrium + axial dispersion
model are:
Axial dispersion parameters:

Mass Peclet numberPe = u L
ε Dax

Heat Peclet numberPe = u L
Kæ/ρf Cpf

Capacity parameters:
Mass capacity factor:ξm = 1−ε

ε
ρhfhqe

Ce

Thermal capacity factor:ξh = 1−ε
ε

ρsCps
ρf Cpf

Adsorption equilibrium parameters:

Nonlinearity of the isotherm:KL = k0exp
(

−1H
RT ∗Tref

)

Arrhenius number:γ = −1H
RTref

Geometrical parameter:
Intraparticle pore volume/interparticle void volume ra-
tio: ν = 1−ε

ε
εp

Heat transfer parameter:
Number of wall heat transfer units:Nhw = hweawτ

ρf Cpfε

Model II is a nonisothermal, nonadiabatic model which
takes into account the mass-transfer resistance inside the par-
ticle. The intraparticle mass-transfer rate is described by the
linear driving force (LDF) approximation [10]. The model
contains one more parameter related with intraparticle mass
transfer, i.e.NP = ((1−ε)/ε) KP τ , whereKP = 15Dpe/R

2
p

is the rate constant for intraparticle mass transfer.
Table 3 shows dimensionless equations for Model II (LDF

— linear driving force approximation). Model II contains
one additional equation for the kinetics of mass transfer
inside the adsorbent particle. In addition to the dimensionless
variables already defined in Model I, (equilibrium + axial
dispersion), the average solute concentration in fluid inside
pores〈Xp〉 and in adsorbed phase〈Y〉 have to be included in
Model II.

Table 4
External balances (reservoirs), boundary and initial conditions for LDF
and equilibrium models

External balances (reservoirs):
Hot half-cycle: 〈XBP〉n = 〈XBP〉n−1

< XT P >n= (1−φB)<X(1,θ)>n

1+φT
+ φB+φT

1+φT

Cold half-cycle: 〈XBP〉n = 〈X(0,θ )〉n

Boundary conditions:
Hot half-cycle: z∗ = 0 X(0,θ ) = 〈XBP〉n T∗ = Thf /Tref

z∗ = 1 ∂X(z∗,u)/∂z∗=0 ∂T∗(z∗,u)/∂z∗=0
Cold half-cycle: z* = 0 ∂X(z∗,u)/∂z∗=0 ∂T∗(z∗,u)/∂z∗=0

z∗ = 1 X(1,θ ) = 〈XTP〉n T∗ = Tcf /Tref

Initial conditions u = 0 X(z∗,0) = 1 T∗(z∗,0) =T0/Tref

The adsorption equilibrium is established at each point
of the pore/solid interface between the fluid pore concentra-
tion Xp and the adsorbed phase concentrationY* = Y. The
adsorption equilibrium isotherm considered here is of the
Langmuir type, i.e.q* = Q∞KLCp/{1 +KLCp} or in dimen-
sionless termsY* = K̃LXp/{1 +K̃LXp}, whereK̃L = KLCE.

The external balances (reservoirs), boundary and initial
conditions for equilibrium and LDF models are provided in
Table 4. The boundary conditions are established for each
half-cycle at both extremities of the adsorption column. In
the upward hot half-cycle, the entering condition is deter-
mined by the external balance in the bottom reservoir; sim-
ilarly, in the downward cold half-cycle, the entering condi-
tion results from the external balance in the top reservoir. In
both half-cycles the boundary condition on the exit side of
the column is of Danckwerts type.

3. Numerical solution

The system of PDEs presented is solved by the method
of the lines [22], using orthogonal collocation in finite
elementsocfe for the spatial coordinate. The spatial co-
ordinate is discretized based on the evaluation of the set
of differential equations written in its residual form and
evaluating them in the characteristics roots of a family of
orthogonal Gauss–Legendre polynomials. This method is
implemented in a numerical package calledpdecol by
Sincovec and Madsen [26] and Madsen and Sincovec [19],
introducing B-splines polynomials [6] as base functions
over the spatial integration domain. Thepdecol package
is written in Fortran and has been used successfully in the
simulation of the adsorption/convection process for a slab
particle, cyclic adsorption processes as pressure swing ad-
sorption (PSA), pressure swing adsorptive reactors [17,18]
and more recently in the dynamic simulation of a simu-
lated moving bed adsorber [20].pdecol solves systems of
partial differential equations with the structure∂ EB/∂θ =
Ef (θ, z∗, EB, ∂ EB/∂z∗, ∂2 EB/∂z∗2), where EB is a column vec-

tor containing the dependent variables. The dependent vari-
ables in the equilibrium model areX andT*, while in the
LDF model, they areX, 〈Xp〉 andT*. The Ef column vector
results from solving the differential equation for the time
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derivative. Once the equations are structured as described
above, they are introduced in a wrapper routine ‘F’, which
is called by pdecol. When ‘F’ subroutine is called, pdecol
provides the values ofX, T* and the first and second spatial
derivatives of these variables and thenEf is computed. The
advance in time is performed using backward difference
formulas, through gearib-type algorithm [16] which is con-
venient for solving stiff ODE systems. This ODE solver is
included in the PDECOL package and exploits the band
structure obtained during the discretization of the system of
equations, when the B-spline polynomials are introduced.
The system of equations is completed with the introduction
of the initial and boundary conditions. The initial condi-
tions are written in the UINIT subroutine, whereX and
T* are defined at each pointz* from 0 to 1, atθ = 0. The
boundary conditions are defined in the subroutine BNDRY,
such that the initial and boundary conditions are consistent
at θ = 0. Pdecol offers a flexible interpolating routine called
values, where computed results after each interval of time
advanced are obtained.

The number of equations,N, to be solved isNPDE*NCPTS
where NPDE is the number of partial derivatives, and
NCPTSthe number of collocation points. The number of
the collocations points isKORD*NINT− NCC*(NINT− 1),
whereNINT is the number of elements,KORD the polyno-
mial degree +1 andNCCthe number of continuity conditions
between adjacent elements to be satisfied by the B-spline ba-
sis. In this work, the recommended values ofKORD= 1and
NCC= 2 were selected, so thatN= 2*NPDE*(NINT+ 1).
For example, selecting 20 elements for the spatial coor-
dinate, the total number of equations to be solved are 84
in the equilibrium model (NPDE= 2), while for the LDF
model (NPDE= 3) 126 equations are solved.

4. Simulation results

In this section, the effect of the dispersive parameters,
mass Peclet number,Pe, and number of intraparticle mass
transfer units,Np, on the separation performance will be
studied. The simulations were based on parameter values
given in Table 5 for the system phenol/water/adsorbent resin
Duolite ES 861 [8].

4.1. Effect of the mass Peclet number on the separation
performance

The effect of mass Peclet number,Pe, on the process per-
formance is shown in Fig. 3 for the equilibrium + axial dis-
persion model (Model I) and in Fig. 4 for the LDF model
(Model II). In both cases, as the axial dispersion increases,
the Peclet number is reduced, and so is the separation per-
formance. For Model I, the results from the limiting equi-
librium model are obtained forPe> 120.

The values of the mass Peclet number were 20, 50 and
120 for both models, and alsoPe= 200 for the LDF model

Table 5
Parameter values used for the simulation of semicontinuous parametric
pumping in recuperative mode: system phenol/water/adsorbent resin Duo-
lite ES861 (from Ref. [8])

Characteristics of the resin: Model parameters:

ρh (kg wet resin/m3wet resin) = 1020Pe= 120
fH = 0.28 kg dry resin/kg wet resin Peh = 100

Rp (×104 m) = 2.35 Bed characteristics:
εP = 0.72 L (m) = 0.75
τP = 2.93 d (m) = 0.09
ξh = 1.3 ε = 0.40

Operating variables: Transport parameters:
Tcf (K) = 293 Dmcc (m2/s) = 8.9× 10−10

Thf (K) = 333 Dmhc (m2/s) = 2.2× 109

Tref (K) = 273 hwe (kJ/m2 K s) = 1.42× 10−2

VU (m3) = 0.0236 Nhwhc= 0.22
Qπ /ω (m3) = 0.0324 Nhwcc= 0.29

φB = 0.27 Equilibrium parameters:
φT = 0.14 Q∞ (kg solute/kg dry resin) = 0.07
thc (min) = 118 k0 (m3 solution/kg solute)

= 3.96× 10−4

tcc (min) = 218 1H (kJ/kmol) =−22751
Qhc (m3/s) = 3.33× 10−6

Qcc (m3/s) = 2.50× 10−6

Qfeed (m3/s) = 1.88× 10−6

QBP(m3/s) = 6.60× 10−7

QTP(m3/s) = 6.40× 10−7

CE = 0.099 kg solute/m3 solution

Fig. 3. Effect of mass Peclet number on the separation by semicontin-
uous, recuperative mode, parametric pumping. Simulations based on the
equilibrium plus axial dispersion model (Model I) for the system phe-
nol/adsorbent resin Duolite ES 861.

(Model II).The column used was 0.75 m long and the total
cycle time was 5.6 h.

4.2. Effect of the intraparticle mass-transfer coefficient, KP

In the linear driving force approximation, the mass trans-
fer rate is assumed to be proportional to the driving force
given by the difference between the fluid phase concentra-
tion at the particle surface and the average solute concentra-
tion inside pores. The intraparticle mass transfer coefficient
is inversely proportional toRp

2. Smaller particles will, there-



R.R. Davesac et al. / Chemical Engineering Journal 76 (2000) 115–125 119

Fig. 4. Effect of mass Peclet number on the concentration (top and bottom)
vs. cycle number in semicontinuous parametric pumping in recuperative
mode. Simulations based on the LDF model (Model II) for the system
phenol/adsorbent resin Duolite ES 861.

Fig. 5. Effect of particle size on the concentration (top and bottom)
vs. cycle number in semicontinuous parametric pumping in recuperative
mode. Simulations based on LDF model (Model II) for the system phenol/
adsorbent resin Duolite ES 861.

Table 6
Values of Kp and Nhw parameters used in the simulations to study the
effect of particle radius

Rp (×104m) Kphc (min−1) Kpcc (min−1) Nhw hc Nhw cc

1.175 35.24 14.26 0.25 0.33
2.35 8.81 3.56 0.25 0.33
4.70 2.20 0.89 0.25 0.33

fore, lead to better separations as shown in Fig. 5. It can be
seen that, for particles of around 100mm, mass-transfer re-
sistance can be neglected and then results can be predicted
by the equilibrium theory.

In Table 6, the values of parametersKp andNhw which
were kept constant during each half-cycle are shown. The
bed length used in the simulations was 0.85 m.

5. Package description

The graphic user interface (GUI) was developed in Vi-
sual Basic language, version 4.0 which is a fast and reli-
able developing platform in Windows environment [28]. The
user-friendly GUI supported by the Visual Basic facilities
allows a fast learning curve of the new package, making
easy the understanding of the parametric pumping process,
and therefore it is a powerful training and teaching tool.

5.1. Package development

The new package called Visual Pumping (VP) is the re-
sult of linking two main sources. The librarypdecol com-
piled in Fortran language and the main program compiled
in Visual Basic within the GUI is controlled, and the com-
munication between the GUI and thepdecol solver is guar-
anteed. The block diagram of VP is shown in Fig. 6. The
main program is constituted by a main event handler routine,
which intercepts any change over the GUI generated by the
user (as keystrokes, mouse movements, menu selection re-
quests). The main program records the specifications of the
simulating case and then, when the input data is completed,
it is sent topdecol engine. Once the numerical integration
is carried out, the results are shown back in the GUI.

The Main Program is written in Visual Basic and works
as a manager of events. The link between Fortran and Visual
Basic codes is as follows:
1. the program in Visual Basic reads the Initial Data needed

to execute the Fortran program and calls the Fortran
program with user’s options;

2. the Fortran program reads the data generated by the
Visual Basic and calls thepdecol subroutines;

3. during the cycle time chosen,pdecol solves model
equations given by subroutine integration, SubroutineF,
with initial conditions defined in subroutineuinit, and
boundary conditions given by subroutinebndry;

4. Fortran calls the subroutinevalues, which gives the
bed axial position, the solute concentration in pores,
the solute concentration in the bulk fluid , and the bed
temperature at given time intervals;

5. the Fortran program stores the values generated at each
half-cycle;

6. the Visual Basic program reads the temporal archives
generated by the Fortran program; and

7. the Visual Basic draws a graph showing the evolution of
the average solute concentration in the fluid phase in the
top and bottom of the bed, indicates in which half-cycle
the simulation is taking place and displays the graphs
for temperature and concentration profiles.

5.2. Install procedure

The Install procedure of Visual Pumping, version 1.0, is
straightforward, while the user follows the directions after
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Fig. 6. Block diagram.

run the ‘setup.exe’ program. The main frame contains the
options to be made: choice of the model, process objective,
parameter values and data base, with experimental values or
not. The simulatorVisual Pumping 1.0: provides the follow-
ing options:

5.2.1. Select the database for the simulation
Two solutes, phenol or phenylalanine, can be chosen for

the simulation. For each solute there is a data base with
all parameters, which can be seen in the menu ‘Initial Val-
ues’, which has also the numerical parameters to be used in
pdecol.

The system selected was phenol/water/adsorbent resin
Duolite ES861 with the objective of bottom product purifi-
cation.

5.2.2. Menu ‘Initial Values’
‘Parameters’ — shows the value of the following parame-
ters

‘Resin and Bed Characteristics’ Variables’
‘Models Parameters’
‘Mathematical Constants; — shows the numerical param-
eters forpdecol.
To change a parameter, the cursor should be directed to

the area with the value of that parameter. After each simu-
lation the initial values of the parameters, even if they were
changed, return to the pre-set values. Therefore, if the user
carries various simulations he has to enter data for the prob-
lem as many times as needed.

5.2.3. Experimental data
Simulation results are compared with experimental data

obtained for each case. In this case, it is convenient to sim-

ulate with data stored in the program.Select this option if
you want to provide your own data. If experimental data are
different from those stored, one should choose the option
for providing experimental data and change parameters in
the model.

5.2.4. Number of cycles
The user can choose the number of cycles to be used in

the simulation. When comparing with experimental data the
program indicates in the screen the number of cycles used
in the experiment.

5.2.5. Model
Defines the models for the simulation. The Menu ‘Mod-

els’ allows the choice of the
Menu ‘Models’:

‘Equilibrium with Axial Dispersion Model Equations’
‘Linear Driving Force with Axial Dispersion Model Equa-
tions’

‘General Equations’ — reservoirs, boundary and initial
conditions.

5.2.6. Process objective
The user can define the objective: purify the bottom prod-

uct or concentrate the top product.

5.2.7. Go
When the user is sure that all data are correctly inserted

to run the program, the user selects the model within the
menu ‘Models’ and then the button ‘Executar’ is available.

Fig. 7 shows the screen in which the process evolution
is displayed, with the graphs of top and bottom product
concentration of phenol vs. time of operation as well as the
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Fig. 7. Screen of the program under execution.

scheme of the equipment. The number of the cycle and type
of half-cycle is also shown. At the end of the simulation,
results data are read as indicated by the bar informing of the
progress of that action. Simulated results with Model II are
compared with experimental data.

5.2.8. Menu ‘Graphics’
It allows the user to construct graphs for cycles 1, 2, 5,

10, 15 or 20, for solute concentration in the liquid phase,
adsorbed phase as well axial temperature profiles at various
times.

Fig. 8 shows graphs for cycle 10 by choosing in the
‘Graphs’ the option ‘cycle 10’. At cyclic steady state, the
axial concentration profiles (in the fluid phase and in the
adsorbed phase) are stabilized inside the column between
two limiting lines at the start and end of a cycle; this is
characteristic of flow reversal systems. Since the thermal
wave travels much faster than the concentration wave, the
bed temperature changes more rapidly than the concen-
tration changes in the bed. The axial temperature profiles
in the hot half-cycle, where the feed enters from the bot-
tom (z* = 0) at 60◦C, are shown at timet = 1; 11; 21 ;
31 ;51; 71; and 101 min (end of the hot half-cycle). The
last four lines are almost superimposed; the bed at 31 min
is at the hot temperature. In the cold half-cycle, the feed
enters at the top of the bed (z* = 1) at 18◦C; temperature
profiles from the right to the left are shown att = 1; 11,
21; 31; 71; 101; 151 and 181 min (end of cold half-cycle)
and again the bed is at the cold temperature after 31 min.
In the simulation values of operating variables for this
run were:VU = 0.03132 m3, Qπ /w= 0.03982 m3, φB = 0.22,
φT = 0.11, Qhc = 4.83× 10−6 m3/s, Qcc = 3.67× 10−6 m3/s,
Qfeed= 1.188× 10−6 m3/s, QBP = 1.31× 10−6 m3/s, QTP =
4.1× 0−6 m3/s andCE = 0.096 kg solute/m3 solution.

5.2.9. Solver parameter
It shows the model parameters used in the simulation.

5.2.10. Time
Indicates the time of simulation.

6. Experimental example and test of the models

The experimental set-up for the study of thermal adsorp-
tive parametric pumping in recuperative mode is shown in
Fig. 1. It contains four main sections: column and ancillary
equipment, reservoirs, sample collection and analysis and
automation section. The column is an Amicon G90× 1000
column of 9-cm diameter. The packing was the adsorbent
resin SP-206 with average diameter of 400 mm (Mitsubishi,
Japan). Peristaltic pumps (Watson–Marlow) were used to cir-
culate the solution downward at 15◦C and upward at 40◦C.

The 0.001 M solution of phenylalanine was prepared by
dissolving the solid in a 0.01 M phosphate buffer (KH2PO4
with pH 6.5 adjusted with NaOH).

The column with length of 0.85 m was equilibrated at the
cold temperature with the feed solution and the cycle started
with the hot half-cycle by flowing the solution upward at
40◦C. The top product is collected and the aminoacid con-
centration analyzed by UV spectrometry at 275.2 nm. Then
the cold half-cycle starts with feed at the top and collection
of the bottom product. The cyclic steady state is reached af-
ter 1000 min, but after five cycles we are very close to the
cyclic regime.

Experimental results are shown in Fig. 9 for the top and
bottom concentrations as functions of time. The predictions
of equilibrium + axial dispersion model (Model I. . . ) and
LDF model (Model II ) are also shown. The parameters
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Fig. 8. Screen with graphs for cycle 10.

Fig. 9. Experimental results and model predictions: (—) LDF model; equilibrium + axial dispersion model) for the system phenylalanine/water/adsorbent
resin SP-206.

used in the experiment are reported in Table 7. It can be seen
that Model II predictions are in good agreement with exper-
imental results; therefore, the linear driving force approxi-
mation used in Model II is adequate to describe intraparticle
mass transfer in cyclic processes with long cycle times.

The validity of LDF model (Model II) was also
tested by using experimental data for the system phe-

nol/water/adsorbent resin Duolite ES861 reported by Fer-
reira and Rodrigues [9] and shown in Fig. 10. Those authors
used a more complete model in which diffusion equa-
tion was included to describe intraparticle mass transfer
(model represented by the dotted line in Fig. 10). How-
ever, the simplified LDF model presented in this work
is sufficiently good in predicting the performance of the
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Fig. 10. Experimental results and model predictions (—) LDF model; (...) complete model of Ferreira and Rodrigues [9] for the system phe-
nol/water/adsorbent resin Duolite ES861.

Table 7
Parameter values used in the simulation of semicontinuous parametric
pumping in recuperative mode : system phenylalanine/water/adsorbent
resin SP-206 (D́ıez et al. [7])

Characteristics of the resin: Model parameters:

ρh(kg wet resin /m3wet resin) = 1190 Pe= 120
fH = 0.50 kg dry resin/kg wet resin Peh = 80

Rp (×104 m) = 2.00 Bed characteristics:
εP = 0.6069 L (m) = 0.85
τP = 2.00 d (m) = 0.09
ξh = 1.205 ε = 0.40

Operating variables: Transport parameters:
Tcoldfeed (K) = 288 Dmcc (m2/s) = 5.8× 10−10

Thotfeed(K) = 313 Dmhc (m2/s) = 1.1× 10−9

Tamb (K) = 288 Dpecc (m2/s) = 1.76× 10−10

Tref (K) = 273 Dpehc (m2/s) = 3.34× 10−10

VU (m3) = 0.009675 hwe (kJ/m2 K s) = 1.42× 10−2

Qp/v (m3) = 0.01106 Kphc (min−1) = 7.51
φB = 0.147 Kpcc (min−1) = 3.96
φT = 0.089 Nhwhc= 0.218
thc (min) = 43 Nhwcc= 0.310

tcc (min) = 70 Equilibrium parameters:
Qhc × 106(m3/s) = 3.75 Q∞ (kg solute/kg dry resin) =

0.066
Qcc × 106(m3/s) = 2.65 k0 (m3 solution/kg solute) =

3.96× 10−4

Qfeed× 107 (m3/s) = 5.42 1H (kJ/kmol) =−14698
QBP × 107 (m3/s) = 3.33
QTP × 107 (m3/s) = 3.33
CE = 0.1652 kg solute/m3 solution

parametric pumping unit as shown by the full line in
Fig. 10.

7. Conclusions

A user-friendly package written in Visual Basic was de-
veloped for the simulation of parametric pumping adsorptive
processes as a tool for educational and training purposes.

Two models were implemented in the package: Model I is
the equilibrium + axial dispersion model; Model II is a linear
driving force (LDF) model with axial dispersion, which is
a convenient tool for the analysis of cyclic processes with
long cycle times, such as parametric pumping.

Simulated results from this simplified Model II are simi-
lar to those obtained with more sophisticated models involv-
ing PDE for intraparticle diffusion and require much lower
computing time. The LDF model was validated experimen-
tally in the pilot plant existing at the LSRE, University of
Porto, for the system phenylalanine/water/polymeric adsor-
bent SP206 and using results from Ferreira and Rodrigues
(1995b) for the system phenol/water/Duolite ES861.

8. Nomenclature

aw specific area of wall (4/d) (m−1)
A column section area (m2)
C solute concentration in the fluid phase (Kg/m3)
CE feed solute concentration (Kg/m3)
〈CP〉 average solute concentration in the pores (Kg

solute/m3 fluid in the pores)
CP solute concentration in the pores (Kg solute/m3

fluid in the pores)
Cpf heat capacity of the fluid (kJ/Kg K)
CPS solute concentration in the pores at particle surface

(Kg solute/m3 fluid in the pores)
Cs heat capacity of the adsorbent (kJ/Kg K)
d column diameter (m)
Dax axial dispersion coefficient (m2/s)
Dm molecular diffusion coefficient (m2/s)
Dpe pore effective diffusivity (m2/s)
dp particle diameter (m)
fH humidity factor for the adsorbent (kg dry resin/kg

wet resin)
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hwe wall heat transfer coefficient (kJ/(m2sK)
1H heat of adsorption (kJ/kmol)
K(T) slope of linear isotherm
Kae axial thermal conductivity (kJ/msK)
Kl parameter of the Langmuir isotherm

(m3solution/Kg solute)
K̃l Langmuir parameter (=KlCE)
KP linear driving force constant (s−1)
k0 parameter of the modified Langmuir isotherm (m3

solution/Kg solute)
l bed height (m)
m(T) mass capacity parameter
n number of cycles
Np number of mass transfer units for pore diffusion
Nhw number of wall heat transfer units
Pe mass Peclet number
Peh thermal Peclet number
q adsorbed solute concentration (Kg solute/Kg dry

resin)
q∗ adsorbed solute concentration in equilibrium with

the concentration of solute in the fluid phase (Kg
solute adsorbed/Kg dry resin)

〈q〉 average adsorbed solute concentration (Kg ad-
sorbed solute/Kg dry resin)

q′
E adsorbed solute concentration in equilibrium with

the feed concentration (Kg adsorbed solute/m3 wet
resin)

Q flow rate (m3/s)
Q∞ maximum adsorbent capacity (Kg solute/Kg dry

resin)
Q(π /ω) reservoir displacement volume (m3)
r radial coordinate (m)
R ideal gas constant (kJ/(kmol K)
Rp particle radius (m)
t time (s)
tc cycle time (s)
tcc cold half-cycle time (s)
thc hot half-cycle time (s)
tST stoichiometric time (s)
T temperature (K)
Tamb ambient temperature (K)
Tcc cold temperature (K)
Thc hot temperature (K)
Tref reference temperature (K)
T∗ normalized temperature
u superficial velocity (m/s)
ucn concentration wave velocity (m/s)
ui interstitial velocity (m/s)
uth thermal wave velocity (m/s)
VU volume percolated in upward flow (m3)
X normalized fluid phase concentration
XP normalized fluid concentration in the pores
Y normalized adsorbed phase concentration (=q/Q∞)
z spatial coordinate (m)
z* normalized axial coordinate

8.1. Greek letters

ξm mass capacity parameter
ξh thermal capacity parameter
ε bed porosity
εP intraparticle porosity
φB fraction of theQ(π /ω) withdrawn as bottom prod-

uct
φT fraction of theQ(π /ω)withdrawn as top product
ρf density of the fluid (Kg solution /m3 solution)
ρh wet density of the adsorbent (Kg wet resin/m3 wet

resin)
ρs density of the adsorbent (Kg dry resin/m3 dry

resin) (ρs = ρh fH)
θ time normalized by the space time
θ∗ time normalized by the stoichiometric time
τ space time (s)
τP tortuosity factor
ν intraparticle pore volume/interparticle void volume

ratio
ω frequency of temperature change (s−1)
(π /ω) duration of half cycle (s)

8.2. Subscripts

E entrance
BP bottom product
TP top product
cc cold half-cycle
hc hot half-cycle
0 initial
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