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Abstract: A semipreparative column packed with microcrystalline cellulose triacetate

(MCTA) was used to separate ketamine enantiomers by high-performance liquid

chromatography (HPLC). The effect of temperature on the kinetics of mass transfer and

equilibrium constants were evaluated by the moment analysis at 303, 313, and 323 K.

Total porosity, bed porosity, and equilibrium constants were measured by the first

moment. Pore diffusion and axial dispersion coefficients were evaluated by the second

moment. It was observed that band broadening decreased with increasing temperature.

The equilibrium constants were found to be greater than unity and decreasing with increas-

ing temperature. The pore diffusion coefficients increased with increasing temperature and

the main contribution to the band broadening was attributed to low mass transfer kinetics.

The pore diffusion coefficients controlled the mass-transfer process in MCTA column.

These results may be used to the determination of operating conditions and computational

simulation of a chromatographic separation in simulated moving bed unity.
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INTRODUCTION

Preparative liquid chromatography becomes more and more an important

separation process for the isolation and purification of pharmaceuticals,

biomolecules, and other added products. Higher requirements on the

product purity, growing importance of enantioseparations, and improved

availability of highly selective stationary phases promote this trend.

However, chromatographic techniques are expensive and require in an indus-

trial scale a careful optimization of the operating conditions with respect to

production rates, recoveries, and separation costs. The most common

technique used in preparative chromatography is still isocratic batch elution,

however, more sophisticated concepts as recycling, gradient elution, displace-

ment, or the simulated moving bed (SMB) process are increasingly applied to

enhance the productivity and yields. In general, it is not an easy task to design

and optimize these processes and to perform a quantitative comparison

between rivaling concepts (1). Theoretical modeling and simulation can be

used to predict the performance of these systems and to provide a helpful

tool for design of scaled-up units and optimization of their operating con-

ditions. The reliability of simulation has to be built on accurate adsorption

characteristics, including the equilibrium and kinetic model parameters (2).

The behavior of a chromatographic system is governed by three basic

phenomena (3): i) the adsorption thermodynamics, described by equilibrium

isotherms which give the composition in the stationary phase vs. the compo-

sition in the mobile phase when equilibrium is reached, at given temperature;

ii) the column hydrodynamics, i.e., the properties of the flow through the

porous medium; iii) the mass-transfer kinetics. These parameters are very

important in the modeling and simulation of chromatographic processes as

well as for the design of the operating conditions of an SMB unit.

In chromatography, the position of elution peak in chromatography depend

essentially on the thermodynamics of phase equilibrium, especially at high con-

centrations, when the asymmetry of the elution profile is strongly and foremost

influenced by the curvature of the nonlinear equilibrium isotherm (4). At low

concentrations (dilute conditions) usually used in analytical chromatography

the isotherms are linear. In large-scale applications of chromatography more

concentrated solutions are usually separated and non-linear solutions are usually

required. However, linear chromatographic solutions are very useful for the

insight they give on the importance of mass transfer and dispersion (5). Under

dilute conditions a small pulse is dispersed by mass-transfer effects as it

migrates through a column. Axial dispersion and the mass-transfer processes

provide the sources of band broadening in linear chromatography (6).

Microcrystalline cellulose triacetate (MCTA) is one of the first chiral

stationary phases (CSPs) used for preparative chromatographic enantiosepara-

tions (7) (Fig. 1). MCTA is produced by the heterogeneous acetylation of

microcrystalline cellulose (8) and has been widely employed as chiral discri-

minator in liquid chromatography (9). The ability of MCTA for chiral
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recognition originates from the crystalline nature of native cellulose (10).

Despite the large number of chiral separations described by MCTA, the

mechanisms of interaction that control chiral separations are not yet well

understood with several hypotheses being offered. All evidence seems to

point to an inclusion mechanism for enantioselectivity in MCTA by shape-

selective adsorption into chiral cavities in the polymer network (11, 12).

Pais et al. (13) reported that adsorption in MCTA is more influenced by

steric effects than by the chemical nature of the interaction between the

chiral species and the stationary phase substituents.

The large band broadening usually observed in chromatographic separations

results in reduced efficiency and limits the use of MCTA for analytical purposes.

This phenomenon was carefully studied with respect to the adsorbed solute

capacity factor and structure, mobile phase flow-rate, adsorbent saturation,

eluent composition, temperature, and pressure (14–16). It was concluded that

in columns packed with MCTA the greatest contribution to the plate height

arises from slow mass transfer in the packed bed. This is attributed to a slow

transport process at narrow adsorption sites: slow diffusion and orientation at

narrow sites, in narrow channels, or in cavity-like structures (15, 16).

Ketamine (Fig. 2) is commercially available as a racemate (S- and R-

ketamine). It is a dissociative anesthetic agent that has been widely used in

clinical practice (17, 18). S-ketamine is four times more potent in analgesia

than R-ketamine (17). In addition, it does not induce the undesirable psycho-

logical reactions, such as vivid dreams and hallucinations in human where

these collateral effects are attributed to R-ketamine (19).

Santos et al. (20) published a paper describing the separation of ketamine

enantiomers in MCTA using a SMB unity. More recently, Silva Jr. et al. (21)

published a paper describing the chromatographic separation parameters of

ketamine in MCTA at 298 K. The kinetic data were obtained by pulse

Figure 1. Chemical structure of MCTA.

Figure 2. Chemical structure of ketamine. The symbol (w) denotes the chiral center.
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experiments under linear conditions and the nonlinear adsorption isotherms

were so determined by frontal analysis experiments. However, any systematic

study regarding the effect of the temperature on the separation of the ketamine

enantiomers in MCTA was not accomplished. Thus, in this study a MCTA

column was used for enantiomeric separation of anesthetic ketamine (free

base). The effect of temperature on chromatographic separation parameters

was evaluated at 303, 313, and 323 K. Moment analysis was used to obtain

the total porosity, bed porosity, equilibrium constants, axial dispersion, and

mass-transfer coefficients.

THEORY

Moment Analysis and Plate Height Equation

The hydrodynamics of a chromatographic column can be described by the

analysis of the residence-time distribution of the eluent. Moment analysis is the

usual tool for the determination of axial dispersion, equilibrium, and mass

transfer parameters from pulse experiments. This technique consists of

analyzing the solute concentration as a function of time at the outlet of a fixed

bed in response to the solute concentration pulse at the entrance of the bed (22, 23).

The first absolute moment m is related to the peak retention time, and

therefore to the strength of binding (i.e., with the equilibrium constant). The

second central moment is related to the band broadening, caused by departures

form equilibrium. When the exiting peak is Gaussian, the second moment

is equal to the variance s2. The first and second moments are expressed as

follows (24, 25):

m ¼

Ð1

0
cðt; z ¼ LÞtdtÐ1

0
cðt; z ¼ LÞdt

ð1Þ

s 2 ¼

Ð1

0
cðt; z ¼ LÞðt � mÞ2dtÐ1

0
cðt; z ¼ LÞdt

ð2Þ

Thus, the first and second moment can be analyzed by Eqs. (3) and (4)

derived from Eqs. (1) and (2) as:

m ¼
L

u
1þ

1� 1

1

� �
K

� �
þ

tp

2
ð3Þ

s2 ¼
2L

u

DL

u2
1þ

1� 1

1

� �
K

� �2

þ
1� 1

1

� �
K

km

( )
þ

t2
p

12
ð4Þ

where

K ¼ 1p þ ð1� 1pÞKp ð5Þ
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In Eqs. (3) and (4), L is the column length, u the superficial velocity of fluid

phase, 1 the bed porosity, 1p the particle porosity, Kp the equilibrium adsorp-

tion constant, tp the injection time, DL the axial dispersion coefficient, and km

is the overall mass-transfer coefficient.

From the moment analysis of the solution of the general rate model, in the

Lapalce domain, the expression for the height equivalent to a theoretical plate

(HETP) was calculated as follows (25):

HETP ¼
s2

m2
L ¼ 2

DL

u
þ 2u

1

1� 1

� � 1

Kkm

1þ
1

1� 1

� � 1

K

� ��2

ð6Þ

Equation (6) contains two separate parameters of interest, the axial dis-

persion coefficient and overall mass-transfer coefficient. It is evident from

the equation that the contribution of axial dispersion and the various mass-

transfer resistances are linearly additive (26).

Axial Dispersion Coefficient

When a fluid flows through a packed bed, there is a tendency for axial mixing to

occur, contributing to the band broadening and reducing the efficiency of separ-

ation. All the phenomena contributed to axial mixing, except that the mass-

transfer resistance, are lumped into an axial dispersion coefficient. It is usually

assumed that DL is the combined result of two different mechanisms, molecular

diffusion and eddy diffusion. In a packed bed, it is impossible for the mobile

phase to move very far along a straight line without hitting the surface particle.

The channels follow tortuous paths around the particles. As a first approximation,

molecular diffusion and eddy diffusion are additive, and DL is given by

DL ¼ g1Dm þ g2dpu ð7Þ

where Dm is the molecular diffusion, g1 and g2 are geometrical constants, and dp

the particle diameter (25). For enantioseparation of chiral substances whose

physical properties (including diffusion coefficients Dm) are identical, their

axial dispersion coefficients DL are equal (26).

DL can also be expressed as DL ¼ tDmþ lu for convenience, where t is

the tortuosity factor for a packed bed column and l the flow-geometry

dependent constant. In a liquid system, the molecular diffusion of the liquid

is too small to contribute significantly to axial dispersion, even at low

Reynolds numbers (26). Therefore, the molecular diffusion can be neglected

and Eq. (7) can be simplified as:

DL ¼ lu ð8Þ
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Correlations for Mass Transfer Parameters

The overall mass-transfer resistance (1/km) is composed of two separate mass-

transfer mechanisms—the external and the internal resistances to mass

transfer (27):

1

km

¼
dp

6kf

þ
d2

p

601pDp

ð9Þ

where kf is the external film mass transfer coefficient and Dp is the pore

diffusion coefficient. The Wilson-Geankoplis equation can be used to estimate

kf. This equation is valid for liquid system in which 0.0015 , Rep , 55

Sh ;
dpkf

Dm

¼
1:09

1
ðScÞ1=3ðReÞ1=3 ð10Þ

where Sh, Sc and Re are dimensional Sherwood, Schmidt, and Reynolds

numbers, and Dm is the molecular diffusion. The value of Dm can be

estimate by the Wilke-Chang equation

Dm ¼ 7:4 � 10�8 ðfMÞ1=2T

hV0;6
b

ð11Þ

where f denote the association coefficient (it takes account of the molecular

interactions of solute-solvent due to hydrogen binding), M is the

molecular mass, h the viscosity, T the absolute temperature, and Vb is the

molar volume at normal boiling point (6).

EXPERIMENTAL SECTION

Material and Equipments

Racemic and pure enantiomers of Ketamine (free base) were furnished by

Cristália Pharmaceutical Company (Itapira-SP, Brazil). The mobile phase

used in this work was ethanol HPLC-grade (J. T. Baker), in which ketamine

is easily dissolved. MCTA offers versatility and low cost, when compared

to other CSPs, and was purchased from Macherey–Nagel. The adsorbent

particles have 15–25mm of particle diameters. The semi-preparative

stainless steel column (20 � 0.77 cm ID) was packed with adsorbent,

employing methanol as solvent. Before packing, the swelling of MCTA was

carried out by boiling in ethanol for about 30 min. 1,3,5, tri-tert-butylbenzene

(TTBB) was purchased from Aldrich. TTTB and the pure enantiomers (R and S)

were dissolved separately in ethanol. These solutions were previously

degasified in a COLE PARMER 8892 ultrasonic bath.

The chromatographic experiments were performed in a HPLC system

(WATERS 125) equipped with a UV detector (WATERS 2487), temperature
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controller, two pumps, and a digital data acquisition system. The signal was

monitored by the UV detector with a wavelength of 254 nm.

Experimental Procedures

All chromatograms were obtained under isocratic conditions with ethanol as a

mobile phase. The hold-up volume was measured and corrected for the dead

volume contribution of the liquid chromatography, by replacing the column

with a zero-volume connector. The experiments were performed at different

mobile phase flow-rates (0.2, 0.4, 0.6, 0.8, and 1.0 mL/min) and temperatures

(303, 313 e, 323 K). Small pulses (20mL) of dilute solutions were injected into

the column after a time interval necessary for the stabilization of the system.

The chromatographic data were analyzed by moment method.

RESULTS AND DISCUSSION

Effect of Temperature on Elution Profiles and Retention Data

Figure 3 shows the elution profile of ketamine enantiomers at 303, 313, and

323 K and flow-rate at 1.0 mL/min. The first peak observed in Fig. 3 can

be attributed to a small impurity of racemic ketamine. As expected result,

the retention times decrease with increasing column temperature. A significant

improvement in the elution profiles was observed while increasing the temp-

erature from 303 to 323 K. For both enantiomers the band widths decrease

Figure 3. Effect of temperature on the retention time in the enantiomeric separation

of ketamine at 303, 313, and 323 K. Experimental conditions: Flow-rate at 1.0 mL/
min; Injection volume 20mL; Wavelength l ¼ 254 nm.
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sharply. However, the more retained enantiomer (R-ketamine) demonstrated

larger band broadening than the less retained enantiomer (S-ketamine).

A similar behavior was reported by Jacobson et al. (9) in the chromatographic

enantioseparation of Tröger’s base on MCTA under linear conditions. The

authors reported that this is due to a combination of a decrease in their

retention times and an increase in the column efficiency with increasing

temperature.

The system presented good performance separation. As shown in Table 1

the selectivity (a) and the capacity factors (k0) decreased with increasing

temperature. However, a values were higher than 2. Okamoto and Kaida

(10) reported that in most separations with polysaccharide phases, complete

separation of enantiomers is attained if selecitivity is larger than 1.2. As

shown in Fig. 4, the changes of a of ketamine enantiomers are nearly the

same with the flow-rate of the mobile phase.

In most cases, selectivity and resolution of the enantiomers decrease with

an increase in temperature. However, a does not adequately describe the

separation of enantiomers, since it does not include information about peak

widths (28). Resolution (RS) is given by the relationship between the

Table 1. Capacity factors (k0) and selectivity (a) of ketamine

enantiomers at 1.0 mL/min

Temperature (K) k 0S-ketamine k 0R-ketamine a

303 0.90 2.18 2.41

313 0.73 1.65 2.23

323 0.60 1.25 2.07

[k 0 ¼ (tR– t0)/t0].

[a ¼ k 0S-ketamine/k 0R-ketamine].

Figure 4. Changes of selectivity with mobile phase flow-rate at (A) 303 K, (W) 313 K,

and (S) 323 K.
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difference of retention time of each enantiomer and the bandwidth (wb) of each

elution peak, according to the following equation:

RS ¼ 2
ðtR;2 � tR;1Þ

ðwb;1 þ wb;2Þ
ð12Þ

Figure 5 shows that the resolution is strongly influenced by the column

temperature. The resolution decreases with an increase in the temperature.

Since the binding energy decreases with an increase in the temperature, the

retention time decreases, the enantiomeric molecules could not interact with

stationary phase and the resolution decrease. It was also found that the

flow-rate of mobile phase affects the resolution. An increase in the flow-rate

causes a decrease in the resolution due to a decrease in the difference

between the retention times of each enantiomer.

Measurement of the Total and Bed Porosities

Three different types of column porosity, which are total porosity (1T),

external porosity or bed porosity (1), and internal porosity or particle

porosity (1p), are related by equation (26):

1T ¼ 1þ ð1� 1Þ1 p ð13Þ

The total porosity was measured by the pulse-response experiments of non-

adsorbed component TTBB to the stationary phase. This component enters the

pore system but does not adsorb on the surface of the stationary phase, the

retention time of such a component is given by the mean residence time (t0R), as:

m ðor t0RÞ ¼
L

u
1T ¼

L

u
½1þ ð1� 1Þ1 p� ð14Þ

Figure 5. Variation of the resolution of ketamine enantiomers with mobile phase

flow-rate at (A) 303 K, (W) 313 K, and (S) 323 K.
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The bed porosity was measured in a similar manner by the pulse experiments of a

nonadsorbed blue dextran, as the procedure described by Silva Jr. et al. (21). This

component is sufficiently large and does not penetrate the pores of MCTA

particles in elution. In this case, the bed porosity can be calculated by the

mean residence as follows:

m ðor t0RÞ ¼
L

u
1 ð15Þ

In this work, the porosities values did not have significant variation with temp-

erature. From the plot of mean retention time vs. the inverse of superficial

velocity (L/u) (not shown), the total porosity measured was 0.66 and bed

porosity measured was 0.39. The value of particle porosity was estimated by

Eq. (13) and found to be 0.45. The literature presents values of total porosity

for columns packed with MCTA and using ethanol as eluent ranging from

0.60 up to 0.71 (6, 7, 9, 15, 29). A total porosity of 0.67 with bed and particle

porosity of 0.40 and 0.45, respectively (using methanol as eluent), were

reported (13). The values of porosities measured in the present work are inside

the range reported in the literature.

Measurement of Equilibrium Adsorption Data

A previous study was performed to obtain the nonlinear adsorption isotherms

of ketamine enantiomers on MCTA (21). Based on that study, we used dilute

solutions in this work to warrant the linearity of the adsorption isotherms.

The linear equilibrium constants for both enantiomers of ketamine were

determined by first moment plots (Fig. 6). All fitted lines were in good

agreement with the experimental points. According to Eq. (3), the equilibrium

constants were determined from the slopes of the straight lines and the results

are presented in the Table 2. Obviously, the change in temperature influences

differently the interaction of the ketamine enantiomers with MCTA. The equi-

librium constants were found to be greater than unity decrease with increasing

temperature. From these results we can concluded that there are strong inter-

actions between both enantiomers and the chiral column. The column has a

grater affinity for R-ketamine than for S-ketamine. This may be explained

by different steric interactions between each enantiomer and the chiral

column.

Standard thermodynamic functions Kp, DG, DH, and DS at infinite

dilution can be determined from the slope of the initial tangent of the

isotherm (linear isotherm) (30). Since the molar Gibbs free energy (DG) of

the adsorption process is related to the equilibrium constant, the entropy

change and the heat of adsorption at constant temperature then

DG ¼ �RT ln Kp ¼ DH � TDS ð16Þ

I. J. da Silva Junior et al.2602
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Figure 6. Plot of the first moment vs. the inverse of superficial velocity of R-ketamine

(W) and S-ketamine (A) at (a) 303 K, (b) 313 K, and (c) 323 K.
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where R is the gas constant, T is the solution temperature, and DS and DH are

the entropy change and heat of adsorption, respectively. Rearranging Eq. (16),

the equilibrium adsorption constant thus varies with the temperature according

to the following equation:

ln Kp ¼
DS

R
�
DH

RT
ð17Þ

When the measurement of thermodynamic parameters showed that DH

and DS have the same negative sign, this means that there is an enantioselec-

tive temperature (Tiso) for these enantiomers. According to Eq. (18), we get the

following relationship at values of a ¼ 1:

Tiso ¼
DH

DS
ð18Þ

At Tiso no separation of enantiomers will occur. At temperatures higher

than Tiso, the enantiomer elution order should be reversed. However, for

most enantiomers, Tiso is much higher than the working temperature range

(31). In this work, a linear dependence of natural logarithms (ln Kp) vs.

inverse of temperature (1/T) was observed for both enantiomers (Fig. 7).

The entropy change and heat of adsorption calculated from the intercept

and the slopes of the straight line in Fig. 7 are presented in Table 2. The

measurement of thermodynamic parameters showed that DH and DS have

the same negative sign and the Tiso was found to be 346 K.

Measurement of the Axial Dispersion Coefficients and

Mass-Transfer Parameters

Combining Eqs. (6), (8), and (9) and rearranging,

HETP ¼ 2lþ 2u
1

1� 1

� � dp

6 kf

þ
d2

p

601pDp

 !
1þ

1

1� 1

� � 1

K

� ��2

ð19Þ

Table 2. Equilibrium adsorption constants (Kp), entropy change

(DS) and heat of adsorption (DH) of ketamine enantiomers

Temperature (K) Kp S-ketamine Kp R-ketamine

303 1.85 4.51

313 1.42 3.28

323 1.13 2.37

DS 263.13 J/mol 273.79 J/mol

DH 220.07 kJ/mol 226.16 kJ/mol

I. J. da Silva Junior et al.2604
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The external mass-transfer coefficient, which is flow-rate dependent, was

obtained from Eq. (10). So, isolating the term related to the external resistance

to the mass transfer on the right-hand side in Eq. (19):

HETPmod ¼ 2lþ 2u
1

1� 1

� � d2
p

601pDp

 !
1þ

1

1� 1

� � 1

K

� ��2

ð20Þ

where

HETPmod ¼ HETP � 2u
1

1� 1

� � dp

6kf

� �
1þ

1

1� 1

� � 1

K

� ��2

ð21Þ

Figures 8–10 show the variation of the column efficiency for each

compound at 303, 313, and 323 K. As expected, the efficiency of the

Figure 7. Temperature dependence of the equilibrium adsorption constant of

R-ketamine (W) and S-ketamine (A).

Figure 8. HETPmod plot for TTBB at (A) 303 K, (W) 313 K, and (S) 323 K.
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column increases with the increase in temperature. For all temperatures, the

more retained enantiomer (R-ketamine) had the lowest efficiency, followed

by the less-retained enantiomer (S-ketamine), and finally TTBB, with the

highest efficiency.

In the HETPmod plot of the non-retained compound TTBB (Fig. 8), which

is considered not adsorbed in the chiral stationary phase, mass-transfer resis-

tance can be neglected and HETPmod is considered to be independent of the

interstitial velocity of mobile phase (u). A straight line with very little

variation with the flow-rate was observed. This means that the axial dispersion

for TTBB is dominant in the chiral column. For both enantiomers of ketamine

the HETPmod plot failed to show a minimum (Figs. 9 and 10). This result

indicates that the effects of axial dispersion and mass-transfer resistance

control the efficiency of the column. The influence of the molecular

Figure 9. HETPmod plot for S-ketamine at (A) 303 K, (W) 313 K, and (S) 323 K.

Figure 10. HETPmod plot for R-ketamine at (A) 303 K, (W) 313 K, and (S) 323 K.
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diffusion on the HETP is significant only for low feed flow-rates. Therefore,

we concluded that it was reasonable to disregard the term that refers to

molecular diffusion for the axial dispersion. The slopes of both lines of

each enantiomer in these plots were relatively high, which means that the

mass-transfer resistance of each enantiomer inside the MCTA particles is

therefore high.

The mass-transfer parameters are shown in Table 3. Pore diffusion and

axial dispersion coefficients were obtained from the slope and intercept of

straight lines in the HETPmod plots, according to Eq. (20). The result shows

that the axial dispersion coefficients were found to be approximately the

same order of magnitude. However, we observe that it decreases with increas-

ing temperature. Jacobson et al. (9) reported that this can be attributed to the

particle size distribution of the packing material, and to its irregularity. Table 3

shows that pore diffusion coefficients for both enantiomers increase with

increase in the temperature. According to the magnitude of external mass-

transfer coefficients, we concluded that the internal resistance to the mass-

transfer controls the mass-transfer process in this chiral column because dp/
6kf ,,, dp

2 / 601pDp, as reported by Miyabe and Guiochon (6) and

Jacobson et al. (9), the main contribution to the band broadening in a

MCTA column is low mass transfer kinetics. In fact, under linear conditions

the elution profiles of racemic ketamine (Fig. 3) presented a large retention

time and a strong band broadening, mainly for the more retained enantiomer.

These phenomena can be attributed to a slow pore diffusion coefficient of

ketamine enantiomers in this CSP. Since an increase in temperature

decreases the retention time, the band broadening is also reduced. This

behavior is attributed to the more favorable kinetics of mass transfer with

increase of the pore diffusion coefficients.

CONCLUSIONS

In this study, the effect of temperature on the kinetic and equilibrium constants

of chromatographic separation of ketamine enantiomers in MCTA was

evaluated by moment analysis. The equilibrium constants decrease with

Table 3. Axial dispersion (DL) and pore diffusion coefficients (Dp) of TTBB and

ketamine enantiomers obtained from the HETPmod plots

Temperature

(K)

DL
. 102 (cm) Dp

. 106 (cm2/min)

TTBB S-ketamine R-ketamine S-ketamine R-ketamine

303 0.89 1.80 1.90 1.10 0.32

313 0.82 1.11 1.64 1.66 0.78

323 0.80 1.06 1.35 3.39 1.48
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temperature rise and the chiral stationary phase exhibits a higher affinity for

the R-ketamine than for S-ketamine. The axial dispersion coefficients

present values of the same order of magnitude. The pore diffusion coefficients

increase with increase in temperature. A larger band broadening was observed.

However, a significant improvement in the elution profiles was obtained with

temperature increase. This phenomenon can be attributed to an increase in the

pore diffusion coefficients. We concluded that the contribution of pore

diffusion to band broadening is more important than axial dispersion,

external film mass transfer and equilibrium adsorption. Based on the

presented results, a better understanding of the mass-transfer processes and

equilibrium behavior of ketamine enantiomers in MCTA were obtained.

The data obtained in the present work may be employed in computational

simulation to predict the separation performance of SMB unity.

NOMENCLATURE

c Detector response in Eqs. (1) and (2)

dp Particle diameter (cm)

DL Axial dispersion coefficient (cm2 . min21)

Dm Molecular diffusivity (cm2 . min21)

HETP Height equivalent theoretical plate (cm)

k0 Capacity factor

km Overall mass-transfer coefficient (min21)

K Equilibrium constant in Eq. (5)

Kp Equilibrium adsorption constant

L Column length (cm)

M Molecular mass (g . gmol21)

Np Theoretical plate number

R Universal gas constant (J . mol21 . K21)

T Temperature (K)

t Time (min)

t0 Injection time (min)

t0R Mean residence time (min)

u Superficial velocity of fluid phase (cm . min21)

Vb Molar volume at boiling temperature (cm3 gmol21)

Greek Symbols

a Selectivity

1 Bed porosity

1T Total column porosity

1p Particle porosity

m First moment (min)
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s2 Second moment (min2)

f Association coefficient

h Viscosity (cP)

t Tortuosity

l Flow-geometry constant
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