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bstract

The kinetic and equilibrium parameters for the chromatographic separation of racemate n-boc-Rolipram, using cellulose tris(3,5-
imethylphenylcarbamate) supported on silica as the chiral stationary phase and hexane/2-propanol as the mobile phase, were evaluated by

oment analysis basing on equilibrium-dispersive and linear driving force models. The overall mass transfer coefficients and equilibrium constants
ere evaluated for both enantiomers. Others parameters, required to evaluate the bed performance, such as bed voidage and the axial dispersion

oefficient, were also determined. The results show that diffusion dynamic plays an important role on the separation process of the both enantiomers.
hese parameters are very important for the design of continuous preparative chromatography like simulated moving bed (SMB).
2007 Elsevier B.V. All rights reserved.
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. Introduction

Rolipram is a compound with a varied biological activity.
n particular, attention has been drawn to the emetic [1], anti-
nflamatory [2], immunosupressant [3], antidepressive [4,5],
utative antiparkinsonian [6], and neuroprotective [7] effects.
he best characterized biochemical activity of the Rolipram

s the selective inhibition of the cAMP-selective phosphodi-
sterase family known as Type IV (PDE4). Its selectivity for
his subtype of phosphodiesterases is the hallmark of classi-
cation of these enzymes [8]. Phosphodiesterases (PDEs) are
family of enzymes responsible for the hydrolysis of intra-

ellular messengers, cyclic AMP (cAMP) and cyclic GMP

cGMP), causing their inactivation. The cyclic nucleotides
denosine 3′5′ monophosphate (cAMP) and guanosine 3′5′
onophosphate (cGMP) are critical intracellular signaling
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olecules controlling the inflammatory cell function. PDE
is a specific cAMP and is localized in airway smooth

uscles, all inflammatory cells and the vascular endothelium
9].

The biological activity of Rolipram enantiomers is wide
ivergent and the (R)-Rolipram tends to be more potent than
he (S)-Rolipram [10–14]. The structure of the two enantiomers
s shown in Fig. 1.

Racemic drugs separations using chiral stationary phase
CSP) by continuous chromatographic method such as the simu-
ated moving bed (SMB) have grown considerable interest in the
ecent years. In this kind of enantioselective preparative chro-
atography, special attention is given, in particular, to loading

apacity, which is a characteristic of the stationary phase, to
ow-rate, which is limited by the mechanical resistance of the
aterial at pressuring and its granulometry, and to feed concen-

ration, which is often related to the solubility of the solute in the
pplied mobile phase [15]. The advantages of this method are its

igh selectivity, the simple product recovery, the ease of further
urification and the very short product recovery time. For the
ptimization of each separation, some kinetic and equilibrium
arameters are required.

mailto:caroline@gpsa.ufc.br
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Nomenclature

(Bi)m Biot number
c concentration of adsorbate in fluid phase
c0 initial concentration of adsorbate in fluid phase
cF feed concentration of adsorbate
dp particle diameter
Dc micropore diffusivity
DL axial dispersion coefficient
Dm molecular diffusivity
Dp pore diffusivity
H dimensionless equilibrium constant
HETP height equivalent theoretical plate
kf mass transfer coefficient outside of the particle
KL overall mass transfer coefficient
L bed length
N theoretical plate number
q adsorbate concentration in adsorbed phase
q̄ media adsorbate concentration in adsorbed phase
rc crystal radius
Rp particle radius
Sh Sherwood number
t time
toR mean retention time for an unretained compound
u superficial velocity
x, z coordinates

Greek letters
δ(t) Dirac function
ε bed voydage
εP particle voydage
εT global porosity
λ flow geometry-dependent constant
μ first moment of chromatographic response
ν interstitial velocity
σ2 second moment of the chromatographic response
τ tortuosity
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Fig. 1. Enantiomers of Rolipram [14].

The main objective of this study is a determination of kinetic
nd equilibrium parameters of the n-boc-Rolipram (Rolipram
ntermediary form) by the chromatographic method (moment

nalysis) on cellulose tris(3,5-dimethylphenylcarbamate) sup-
orted on silica (Fig. 2), which is used in continuous
hromatographic systems such as SMB.

c
b

q

Fig. 2. Cellulose tris(3,5-dimethylphenylcarbamate).

. Theoretical

.1. The rate model of chromatography

To analyze and interpret data from a chromatographic exper-
ment, a mathematical model is needed. Then, parameters
haracterizing the kinetics and the equilibrium of the sorption
rocess can be experimentally derived by matching the observed
esponse to the model predictions. The axial dispersed plug flow
odel can generally represent the flow of a fluid through a

acked column. The basic continuity equation, derived from a
ass balance on an element of the column, is [16]

DL
∂2c

∂z2 + ∂

∂z
(vc) + ∂c

∂t
+

(
1 − ε

ε

)
∂q̄

∂t
= 0 (1)

If the system is isothermal with negligible pressure drop and
f the concentration of the adsorbable species is small, the fluid
elocity may be considered as constant through the column and,
nder these conditions (Eq. (1)) simplifies to

DL
∂2c

∂z2 + v
∂c

∂z
+ ∂c

∂t
+

(
1 − ε

ε

)
∂q̄

∂t
= 0 (2)

This is the form generally used in models of dynamic
esponse of a chromatographic column.

The term ∂q̄/∂t represents the local mass transfer rate aver-
ged over an adsorbent particle. To obtain the dynamic response
f the system [c = c(z, t)], it is necessary to solve (Eq. (2)) simul-
aneously with the appropriate mass transfer rate expression:

∂q̄

∂t
= f (c, q) (3)

Subject to the initial and boundary conditions imposed on the
ystem. For the pulse perturbation, this is:

(z, 0) = q(z, 0) = 0, c(0, t) = c0δ(t) (4)

In addition the “long column” condition,

|z→∞ = 0 (5)

s usually assumed.
In the application of the chromatographic method to the

easurement of intraparticle diffusivities, we are primarily con-

erned with linear systems so that equilibrium relationship may
e expressed in the form

∗ = Hc (6)
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In practice, linearity can generally be achieved by keeping
he magnitude of the concentration perturbation small.

.2. Moment analysis

The hydrodynamics of a chromatographic column can be
escribed through the analysis of the residence-time distribu-
ion of the eluent, which is classically derived from the response
urve to a Dirac injection. This response curve of the column to
Dirac injection contains information associated with the prop-
rties of the column [17]. These properties, which include the
quilibrium and mass transfer parameters, can be extracted by
everal methods: solution in the time domain, solution in the
aplace domain, solution of the Fourier domain and the method
f moments [18]. Ramachandran and Smith [19] discussed the
erits and limitations of each method. Parameter estimations by

he method of moments have been covered in details previously
20–22].

The expressions for the moments of the chromatographic
esponse in terms of the model parameters may be derived
irectly from the solution of the model equations in Laplace
orm, by application of van der Laan’s theorem [23]. The
oments of the experimental response may be calculated

irectly by integration:

irst moment : μ ≡ t̄ =
∫ ∞

0

ct dt∫ ∞
0 c dt

= − lim
s→∞

∂c̃

∂s

1

c0
(7)

econd moment : σ2 ≡
∫ ∞

0

c(t − μ)2dt∫ ∞
0 c dt

= lim
s→∞

∂2c̃

∂s2

1

co
− μ2

(8)

The expressions for the first and second moments of the
ulse response for a simple LDF model in the linear region are
xpressed by Eqs. (9) and (10), respectively:

= L

v

[
1 +

(
1 − ε

ε

)
H

]
(9)

2 = 2DL

u

{
DL

u2

[
1 +

(
1 − ε

ε

)
H

]2

+
(

1 − ε

ε

)
H

KL

}
(10)

From the moment analysis of the solution on the general rate
odel in the Laplace domain, we can obtain the expression for

he height equivalent to a theoretical plate (HETP) [20], which
quals

ETP = L

N
= σ2

μ2 L (11)

From Eqs. (9) and (10) combined with Eq. (11), we obtain:

ETP = 2DL

u
+ 2u

(
1 − ε

ε

)
H

KL

[
1 +

(
1 − ε

ε

)
H

]−2

(12)

The overall mass transfer resistance (1/KL) includes external

lm, micro and macropores diffusional resistances [16]:

1

KL
= RP

3kf
+ R2

P

15εPDP
+ r2

c

15HDc
(13)

k
t
h
a
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The magnitude of the term that describe external film’s forma-
ion on particle at the mass transfer resistance could be evaluated
y the (Bi)m written according to Sherwood number:

Bi)m = Sh

6

Dm

εPDP
(14)

For Sh ≥ 2 and DP ≤ Dm/τ, the (Bi)m assume its minimum
alue:

Bi)m = τ

3εP
(15)

Under these conditions, the intern concentration gradient is
arger than the extern gradient. Any additional resistance to the

ass transfer will reduce the DP appreciably. Thus, the mass
ransfer resistance inside the particle is more important than that
ne associated with the external film’s formation on the particle
t the mass transfer rate [20].

The silica used in this work as support of the cellulose tris(3,5-
imethylphenylcarbamate) is a mesoporous material, thus the
erm referred to the diffusion in micropores was neglected as
ell. Therefore, only the second term of Eq. (13) has a consid-

rable meaning in the calculus of the KL:

1

KL
= R2

P

15εPDP
(16)

.3. Axial dispersion in packed beds

The source of band broadening of a kinetic origin includes
olecular diffusion, eddy diffusion, the mass transfer resis-

ances and the finite rate of kinetics of adsorption–desorption
24]. When we are modelling chromatography, the phenomena
hat contribute to axial mixing are included in a single axial dis-
ersion coefficient. The two main mechanisms contributing to
xial dispersion are molecular diffusion and eddy diffusion. In a
rst order approximation, the two contributions are additive and
L is given by Eq (17):

L = γ1Dm + γ2dPu (17)

here Dm is the molecular diffusivity, dP, the average particle
ize and u is the mobile phase velocity. �1 and �2 are geometrical
onstants, usually around 0.7 and 0.5, respectively [24].

Dispersion under linear conditions is characterized by the
eight equivalent to theoretical plate (HETP) in the equilibrium-
ispersive model. The HETP concept is strictly valid only when
he rate of the mass transfer kinetics is relatively fast and the
rofile of the elution peak is a Gaussian. Therefore, DL can be
alculated by Eq. (12) [16].

. Experimental

.1. Materials and equipment

n-boc-Rolipram enantiomers, in their free-base form, were

indly supplied by the Chemical Institute of UNICAMP. Tri-
ert-butylbenzene (TTBB) was purchased from Aldrich, and
exane and propanol-2, both HPLC grade, from Malinckrodt
nd J.T. Baker, respectively.
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Figs. 4 and 5 show plots of first moment versus L/u and HETP
versus u for R-boc-Rolipram at 25 ◦C (Figs. 4 and 5).

Figs. 6 and 7 show plots of first moment × L/u and of HETP
versus u for S-boc-Rolipram at 25 ◦C (Figs. 6 and 7).
54 C.V. Gonçalves et al. / Chemical En

The experiments were carried out using a single liq-
id chromatographic system. The chromatographic column
0.45 cm × 25 cm) was packed using cellulose tris(3,5-dimethyl-
henylcarbamate) supported on silica as chiral stationary phase.
he experimental set-up consisted of two WATERS HPLC
umps, a WATERS UV-detector set at 270 nm, equipped with
Rheodyne model 9125 sample injector and a data acquisition

ystem.

.2. Chromatographic experiments

TTBB and the two enantiomers of the n-boc-Rolipram were
issolved separately in the mobile phase (hexane/2-propanol
0:10, v/v), which were degassed in an ultrasonic bath.

A typical chromatographic experiment consists in an injec-
ion, in a chromatographic column previously saturated and
tabilized with the mobile phase, a small pulse of adsorbate
20 �L) in a given flow rate and temperature. Several response
eaks were measured at different flow rates of the mobile phase.
or each response peak, the first and the second moment were
alculated. These response peaks gave complete data about the
etermination of the adsorption equilibrium and kinetic param-
ters.

The first moment is plotted versus L/u and HETP versus u.
oth plots should produce a straight line. Henry constant is

ound in agreement with Eq. (9) and HETP is found in agreement
ith Eq. (11).

.3. Determination of the global, particle and bed voydage

The usual definition of the mean residence time in chromatog-
aphy is given by Eq. (18)

oR = εTL

u
(18)

here u and L are the superficial velocity and column length,
espectively, and εT is the global porosity of the bed. In order
o determinate the global porosity of the bed, 1 mg/ml of the
,3,5 TTBB tracer was injected in the column and the εT was
alculated by Eq. (18).

Bed voydage was calculated by the correlation given by
UTHVEN [20] and SUZUKI [21]:

T = 0.45 + 0.55ε (19)

here ε is the bed voydage and εT is global voydage.
The voydage of the particle was calculated by Eq. (20):

P = εT − ε

1 − ε
(20)

.4. Determination of axial dispersion coefficient

In this work, all the effects which contribute to the axial mix-

ng were include in a single effective axial dispersion coefficient
alculated by Eq. (17). In liquid phase, the molecular diffusivity
s too small to contribute significantly on the axial dispersion
oefficient, even at low Reynolds numbers [20]. Therefore, in
ring Journal 133 (2007) 151–156

his work, the molecular diffusivity can be neglected. Eq. (17)
an be written in this way:

L = γ2dPu = λu (21)

Combining Eqs. (12) and (17), we obtain:

ETP = 2λ + 2u

(
1 − ε

ε

)
H

KL

[
1 +

(
1 − ε

ε

)
H

]−2

(22)

here λ is defined according to Eq. (23):

= 2DL

ν
(23)

. Results and discussion

.1. Determination of the bed voydage and axial dispersion
oefficient

Global voidage εT, was found to be 0.56, by Eq. (18); the
ed voydage ε (calculated by Eq. (19)) of chiral column was
.20. Particle voidage, necessary to determinate the diffusivity
calculated by Eq. (20)) was found to be 0.45. The experimental
nd calculated values show a chiral bed well packed resulting in
large number of theoretical plates.

The axial dispersion coefficient was calculated by Eq. (23)
rom linear coefficient obtained by the plot of HETP versus the
uperficial velocity shown in Fig. 3 (Fig. 3). The value was found
o be 0.02ν on the chiral bed, i.e., small axial dispersion coeffi-
ient. Both results, porosities and axial dispersion, demonstrate
ood performance of the method used to pack the bed.

.2. Determination of the kinetic and equilibrium
arameters
Fig. 3. HETP vs. u of the TTBB on the chiral column.
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Fig. 4. First moment vs. L/u of R-boc-Rolipram.

Henry constants of the R and S-boc-Rolipram were calculated
y Eq. (9) from the angular coefficient of the plot shown in
igs. 4 and 6.

The HETP to each enantiomer (R and S) was found by Eq.
11). From the angular coefficient obtained by the plot of HETP
ersus u (Figs. 5 and 7), it was possible to calculate, according

o Eq. (12), the mass transfer coefficient.

The plots of HETP versus the superficial velocity for the
wo enantiomers in Figs. 5 and 7 show that HETP increases
pproximately linearly with the velocity (the pairs of datas that

Fig. 5. HETP vs. u of R-boc-Rolipram.

s
w

able 1
inetic and equilibrium parameters of the enantiomers

Number of theoretical
plates, N

Axial
dispersion, DL

E
co

-boc-Rolipram 1134 0.02ν 4
-boc-Rolipram 903 0.02ν 5
Fig. 6. First moment vs. L/u of S-boc-Rolipram.

ppear almost in line and parallel to the x-axis can be attributed
ainly to experimental errors).
The diffusivity of the two enantiomers was calculated accord-

ng to Eq. (16). Measurements carried out by light-scattering of
he chiral stationary phase provided an average particle size of
1.67 �m. The equilibrium and kinetic parameters measured are
hown in Table 1.
Although the equilibrium constant of R-boc-Rolipram was
maller than S-boc-Rolipram, which means a small interaction
ith the synthesized CSP, its diffusivity, calculated from KL,

Fig. 7. HETP vs. u of S-boc-Rolipram.

quilibrium
nstant, H

Mass transfer
coefficient, KL (s−1)

Pore diffusivity, DP

(cm s−2)

.21 1.14 5.68 × 10−7

.50 0.79 5.16 × 10−8
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[
[22] S. Yamamoto, K. Nakanishi, R. Matsuno, Ion-Exchange Chromatography
56 C.V. Gonçalves et al. / Chemical En

as larger than S-boc-Rolipram. This fact influences the number
f necessary theoretical plates to separate the enantiomers of
he racemic mixture; i.e., R-boc-Rolipram diffuses more quickly
hrough the pores of the stationary phase, resulting in numerous
nteractions with synthesized CSP.

A suggested hypothesis to explain this phenomenon was that
he spatial arrangement of R-boc-Rolipram would be positive to
ts diffusion inside the pores of the adsorbent and, at the same
ime, its adsorption on the synthesized CSP would be poor. The
ame hypothesis would be also valid for the S-boc-Rolipram,
.e., its spatial arrangement would not contribute positively to
he diffusion inside the pores of the adsorbents, but it would
avour its adsorption on the synthesized CSP.

Based on this hypothesis, we hope that R-boc-Rolipram will
e better separated on this CSP than S-boc-Rolipram.

. Conclusions

In this study, the overall mass transfer coefficient, diffusiv-
ties, axial dispersion coefficient, equilibrium constants of the
wo enantiomers and bed voidage of the column packed with
ellulose tris(3,5-dimethylphenylcarbamate) supported on sil-
ca chiral stationary phase (CSP) for the separation of racemic
-boc-Rolipram were determined by moment analysis. The CSP
hows a greater affinity for the R enantiomer of n-boc-Rolipram
han for S enantiomer. The equilibrium and kinetic parameters of
he n-boc-Rolipram enantiomers support an adsorption dynam-
cs which favors the R-boc-Rolipram separation. Although, both
he enantiomers shows a good affinity for the synthesized CSP,
he diffusive process of enantiomers through the pores of cel-
ulose tris(3,5-dimethylphenylcarbamate) supported in silica is
rucial for the dynamics of the mass transfer.
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