
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 23 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Journal of Liquid Chromatography & Related Technologies
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713597273

Design and Sensitivity Analysis of Simulated Moving Bed
Chromatography to Separate Sugar Alcohols
Ju Weon Leea; Jin-Il Kimb; Chong Ho Leec; Jeung Kun Kimc; Yoon-Mo Koob

a Department of Chemical Engineering, Inha University, Nam-ku, Inchon, Republic of Korea b

Department of Biological Engineering, Inha University, Nam-ku, Inchon, Republic of Korea c Center
for Advanced Bioseparation Technology, Inha University, Inchon, Republic of Korea

To cite this Article Lee, Ju Weon , Kim, Jin-Il , Lee, Chong Ho , Kim, Jeung Kun and Koo, Yoon-Mo(2007) 'Design and
Sensitivity Analysis of Simulated Moving Bed Chromatography to Separate Sugar Alcohols', Journal of Liquid
Chromatography & Related Technologies, 30: 13, 1859 — 1877
To link to this Article: DOI: 10.1080/10826070701386413
URL: http://dx.doi.org/10.1080/10826070701386413

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713597273
http://dx.doi.org/10.1080/10826070701386413
http://www.informaworld.com/terms-and-conditions-of-access.pdf


Design and Sensitivity Analysis of Simulated
Moving Bed Chromatography to Separate

Sugar Alcohols

Ju Weon Lee

Department of Chemical Engineering, Inha University, Nam-ku, Inchon,

Republic of Korea

Jin-Il Kim

Department of Biological Engineering, Inha University, Nam-ku, Inchon,

Republic of Korea

Chong Ho Lee and Jeung Kun Kim

Center for Advanced Bioseparation Technology, Inha University, Inchon,

Republic of Korea

Yoon-Mo Koo

Department of Biological Engineering, Inha University, Nam-ku, Inchon,

Republic of Korea

Abstract: As the advanced unit operation of batch chromatography, the simulated

moving bed (SMB) chromatography is widely used in sugar industries with the ion

exchange resin as the stationary phase. The conventional SMB process is composed

of 4 zones which have different roles. We considered the SMB process to separate

two sugar alcohols, xylitol, and maltitol, which are commercially used as alternative

sweeteners. To decide the optimum operating condition of the SMB process, we

consider the migration velocities of solutes in each zone. The migration velocity of a

solute is dependent on the adsorption isotherm and velocity ratio of the mobile

phase and the simulated stationary phase velocities. The total concentration of a

sugar alcohol mixture in a feed stream and length of the column (10 cm, 15 cm,

20 cm, and 30 cm) were changed to find the optimum column length and operation

Address correspondence to Yoon-Mo Koo, Department of Biological Engineering,

Inha University, 253 Yonghyun-dong, Nam-ku, Inchon 402-751, Republic of Korea.

E-mail: ymkoo@inha.ac.kr

Journal of Liquid Chromatography & Related Technologiesw, 30: 1859–1877, 2007

Copyright # Taylor & Francis Group, LLC

ISSN 1082-6076 print/1520-572X online

DOI: 10.1080/10826070701386413

1859

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
3
4
 
2
3
 
J
a
n
u
a
r
y
 
2
0
1
1



sensitivities of the feed condition. The adsorption behaviors of two sugar alcohols were

the linear isotherms. The isotherm parameters were determined by the single step

frontal analysis. The robust operating condition and optimum column length were

decided by considering the sensitivities of purity and yield of products.

Keywords: Simulated moving bed chromatography, Xylitol, Maltitol, Design,

Sensitivity analysis

INTRODUCTION

Xylitol is a five carbon sugar alcohol that has been recognized as being a

“functional food” because of its significant medical and nutritional appli-

cations, among which are limitation of its dental caries and its use as a

sweetener for diabetics. Xylitol can also be used to prevent some pathologies,

such as insufficiency of glucose-6-phosphate dehydrogenase, acute otitis,

experimental osteoporosis, and cystic fibrosis. Xylitol is widely distributed

in nature, but it is present in plants and fruits only at low concentrations,

making its extraction from natural sources economically unfeasible.

Presently, xylitol is produced by catalytic hydrogenation of D-xylose

contained in acid hydrolyzates from xylan-rich lignocellulosic raw

materials. However, the conversion yield of this process is quite low and

the product recovery requires various expensive operations for separation.[1,2]

The SMB process is a kind of continuous unit operation for the chromato-

graphic separation, based on the batch chromatography. There are commonly

the following four zones to separate two solutes; well retained solute is

desorbed for reuse of adsorbent in zone I, well retained and less retained

solutes are separated with the different migration velocities that depends on

the flow rate ratio of liquid phase and simulated solid phase in zone II and

III, and the less retained solute is removed from the liquid phase by the adsorp-

tion to solid phase in zone IV to recycle the liquid phase to zone I. All zones

have the same solid phase velocity which is simulated by the ports switching

between columns at same time, however, each zone has different liquid phase

velocity which is formed by the recycle flow between zone I and IV, two

inflows in the feed and desorbent ports, and two outflows in the raffinate

and extract ports.[3]

The design of the SMB operating condition is mainly calculated by two

methods, called the Triangle theory[4] and the Standing Wave method.[5]

These two methods, based on the ideal first order partial differential

equation of material balance, excluded the dispersion effect in the bulk

liquid phase and the mass transfer between liquid and solid phase.

Therefore, this mass balance equation cannot present the demanded zone

length. If zone lengths are too short, the D/F factor (the flow rate ratio of

the desorbent and the feed stream) must have a large value to perfectly

separate solutes. A short interval switching time, high consumption of

J. W. Lee et al.1860
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desorbent, and production of diluted products in the raffinate and the extract

stream occurs. To overcome these problems, the second order PDE (partial

differential equation) material balance has to be used to determine the

operating condition of the SMB process. When the SMB process is used to

separate the products produced by some reactions in the up stream process,

and these products are produced under sensitive conditions, it is difficult to

constantly maintain the total and individual concentration of products. In

our previous work, we also considered the variation of the flow rate of the

feed stream.[5] However, the flow rate is easier to control than the concen-

tration or composition of products in the up-stream process.

To design the SMB process to separate sugar alcohols, we considered the

ion exchange resin as the separation resin, and two common sugar alcohols,

xylitol and maltitol is used as solutes. Xylitol and maltitol are alternative

sweeteners and has fewer calories than sugar.[6,7] Xylitol is a five carbon

polyol and maltitol is the sugar alcohol derived from maltose. Therefore, it

is easy to separate xylitol and maltitol by size-exclusion. To decide the

isotherm parameters and kinetic parameters, several frontal analyses were

preformed with different concentrations of sugar alcohols in the batch chrom-

atography and the simulation of batch chromatography was carried out. With

these isotherm parameters and kinetic parameters, the simulation of the SMB

process is carried out with different concentrations and composition of solutes

in the feed stream and different lengths of the column.

In this work, we observed the influence of the feed conditions and the

column length on the purity and the yield of products. The concentrations

of xylitol and maltitol are changed from 0.717 g/dl to 4.304 g/dl and from

2.309 g/dl to 13.852 g/dl, respectively. The column length is changed with

10 cm, 15 cm, 20 cm, and 30 cm.

THEORY

Adsorption Isotherm

The adsorption mechanism of carbohydrates on ion exchange resin is the

combination of three exclusions called size, ion, and ligand exclusion. In

these exclusion mechanisms, the retention times of carbohydrates are not

changed according to the changing of the feed concentration. In this manner,

adsorption isotherms of xylitol and maltitol followed the linear isotherm. It is

the simplest isotherm type. Equation (1) is the formula of the linear isotherm

called Henry’s law. In this isotherm, there is no competitive adsorption.

qi ¼ Hici ð1Þ

where,Hi is the Henry’s constant of I component, qi and ci are the concentration

of I solute in the stationary phase and the mobile phase, respectively.
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Triangle Theory

The triangle theory is based on the design of the true moving bed (TMB)

process. In the TMB material balance equation, the migration velocity of

solutes can be calculated and this velocity depends on the flow rate ratio of

liquid and solid phase. The triangle theory is used to decide the operating

condition of the SMB process with following inequalities that describe the

separation region of each zone.[2]

mi ¼
Qi � 1pQs

1� 1p
� �

Qs

ð2Þ

HA , m1 ð3-1Þ

HB , m2 , m3 , HA ð3-2Þ

�
1p

1� 1p
� � , m4 , HB ð3-3Þ

where, mi is the flow rate ratio of zone I, 1p is the intra-particle void fraction,

Qi and Qs are the volumetric flow rates of the liquid phase in zone I and the

solid phase and, HA and HB are the Henry’s constant of well retained solute

A and less retained solute B, respectively. The m1 and m4 are easily controlled

by changing the flow rates of desorbent, raffinate, and extract streams. The m2

and m3 are related to the switching times of ports and the flow rates of recycle

and feed streams. In the m22m3 plane, we can draw a triangular region called

the separation region.

Simulation

All simulations are done on a personal computer (Pentium 4TM). The equili-

brium dispersion model is used to predict the column internal profiles and

the history profiles of the extract and raffinate stream:

@ci
@t

þ F
@qi
@t

þ u
@ci
@x

¼ Di

@2ci
@x2

ð4Þ

where, F is the phase ratio, ¼ (12 1)/1, u is the interstitial flow rate of mobile

phase, and Di is the axial dispersion coefficient of i solute. To solve this PDE

system, the finite difference method (FDM) is used. In batch simulation and

SMB simulation, the system dead volume is neglected.[1]

EXPERIMENTAL

Analytical Condition

The quantitative analytical method for sugar alcohols is necessary to analyze

the composition of sugar alcohols in a solution, as well as effluent of a column

J. W. Lee et al.1862
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outlet. In this work, the HPLC system with the Polyamine II column (YMC-

Pack) was used. HPLC grade acetonitrile, ethanol, and water (deionized) are

used as a mobile phase. The optimum mobile phase condition for 2 sugar

alcohols (xylitol and maltitol) is ethanol/acetonitrile/water ¼ 20/65/15 (v/
v/v). The flow rate is 1.0 mL/min and this experiment is carried out under

room temperature.

Batch Chromatography

Dowex 1X4 anion exchange resin (Sigma-Aldrich Co., USA, MO, 200-400

mesh) is used to separate the binary sugar alcohol mixture (xylitol and

maltitol). Xylitol and maltitol are purchased from Sigma-Aldrich Co. (USA,

MO). The separation resin is packed into the jacketed glass column

(10 � 300 mm). Deionized water produced by Milli-Q water purification

system (Millipore, USA) is used as the mobile phase, and the flow rate of

the mobile phase is fixed at 1.0 mL/min. The temperature of the column is

maintained on 508C. The feed concentration of xylitol is changed from

0.717 g/dl to 4.304 g/dl and maltitol is changed from 2.309 g/dl to

13.852 g/dl. The off-line elution profiles are observed by the quantitative

analysis of fractionated effluent. The fraction amount of effluent is fixed to

1.0 mL. The frontal analysis method is used to estimate the adsorption

isotherm parameters.

RESULTS AND DISCUSSIONS

Estimation of Isotherm Parameters and Dispersion Coefficients

To estimate the isotherm parameters and dispersion coefficients, the various

feed concentrations of batch chromatography is needed. The 6 points of

feed concentration experiments are carried out. Table 1 describes the feed con-

ditions of batch chromatography for estimation of isotherm parameters and

axial dispersion coefficients. Figure 1 shows the comparison of experimental

isotherm data and the calculated isotherm curves. In this case, xylitol and

maltitol are linear isotherms. The partition coefficients (Henry’s constant) of

xylitol and maltitol are 0.527 and 0.299, respectively, and the axial dispersion

Table 1. The feed conditions of batch chromatography

Run 1 Run 2 Run 3 Run 4 Run 5 Run 6

Xylitol (g/dl) 0.717 1.435 2.151 2.870 3.587 4.304

Maltitol (g/dl) 2.309 4.617 6.927 9.378 11.540 13.852

Feed volume (mL) 10.0 11.5 10 10 20 10
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coefficients are calculated with elution profiles of 6 Runs. Figure 2 shows the

changed axial dispersion coefficients of xylitol and maltitol with various inlet

concentrations. The axial dispersion coefficients of xylitol and maltitol are

similar up to 3.587 g/dl of xylitol and 11.54 g/dl of maltitol. But, the axial dis-

persion coefficients are very steeply increased when the concentrations of

Figure 1. The comparison of experimental isotherm data and calculated isotherm

curve of (a) xylitol and (b) maltitol. Open square is the experimental data and solid

black line is calculated isotherm curves. r2 is the regression coefficient.

J. W. Lee et al.1864
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xylitol and maltitol are over 3.587 g/dl and 11.54 g/dl, respectively. Table 2
shows the axial dispersion coefficients of xylitol and maltitol in various ranges

of concentration. In SMB simulation, according to the feed concentration of

xylitol and maltitol, different axial dispersion coefficients are used. Figure 3

shows the comparison of experimental and simulated elution profiles of 6

Runs (Table 5). In Run 1�Run 5, axial dispersion coefficients of xylitol

and maltitol are fixed as 0.0994 and 0.246 and in Run 6 these values are

changed to 0.347 and 1.156, respectively. Run 1�Run 5 comparisons are in

good agreement. Run 6 comparison, however, has some differences in the

front of the elution band, but the simulated profile is in good agreement

with the experimental data of tailing. Therefore, we used these large values

of axial dispersion coefficients for the Run 6 feed condition.

Figure 2. The change of axial dispersion coefficients with various feed concen-

trations. Black square and line is xylitol and black circle and dashed line is maltitol.

The average axial dispersion coefficient values of xylitol and maltitol with 5 points

from smallest feed concentration are 0.0994 and 0.246, respectively.

Table 2. The axial dispersion coefficients of xylitol and maltitol

Xylitol Maltitol

Concentration

range (g/dl)
0�3.587 4.304 0�11.54 13.852

D (cm2/min) 0.0994 0.347 0.246 1.156

D: Axial dispersion coefficient.
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SMB Operating Condition

The triangle theory is used to determine the operating condition of the SMB

process. Figure 4 shows the m2-m3 plane. The triangle region describes the

separation zone and the vertex point is the optimum operating condition for

the SMB operation in terms of minimum consumption of desorbent and

maximum productivity and enrichment. If the operating point is near the

boundary of the separation zone, it is tough to operate SMB practically.

Therefore, 4 points of operating conditions including vertex point (Figure 4)

Figure 3. The comparison of experimental and simulated elution profiles of (a) Run 1,

(b) Run 2, (c) Run 3, (d) Run 4, (e) Run 5, and (f) Run 6. Lines are the simulated elution

profiles and open symbols are the experimental elution profiles. Solid line and square

symbol are for xylitol and dash line and circle symbol are for maltitol.

(continued)
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Figure 3. Continued.
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is suggested. The criterion of the SMB process is ,95% yield and ,95%

purity of xylitol and maltitol. We considered the traditional SMB process, 4

zones and 8 columns. Before determining the operating condition, the

column length must be fixed. Therefore, 4 column lengths (10 cm, 15 cm,

20 cm, and 30 cm) are considered. Table 3 shows the operating conditions

Figure 3. Continued.

Figure 4. The m2-m3 plane of the triangle theory. The triangle region describes the

separation zone. Condition 1 is vertex point and Condition 2, 3, and 4 are moved into

5%, 10%, and 20% of height of the vertex point.
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Table 3. The operating conditions with various column length

Column

length (cm) Conditions

Feed

(mL/min)

Eluent

(mL/min)

Raffinate

(mL/min)

Extract

(mL/min)

Recycle

(mL/min)

Switching

time (min)

Run 1 10 cm Condition 1 0.500 0.500 0.500 0.500 2.449 1.97

Run 2 Condition 2 0.500 0.526 0.513 0.513 2.579 1.87

Run 3 Condition 3 0.500 0.556 0.528 0.528 2.723 1.77

Run 4 Condition 4 0.500 0.625 0.563 0.562 3.057 1.58

Run 5 15 cm Condition 1 0.500 0.500 0.500 0.500 2.447 2.96

Run 6 Condition 2 0.500 0.526 0.513 0.513 2.576 2.81

Run 7 Condition 3 0.500 0.556 0.528 0.528 2.721 2.66

Run 8 Condition 4 0.500 0.625 0.563 0.562 3.064 2.36

Run 9 20 cm Condition 1 0.500 0.500 0.500 0.500 2.449 3.94

Run 10 Condition 2 0.500 0.526 0.513 0.513 2.579 3.74

Run 11 Condition 3 0.500 0.556 0.528 0.528 2.719 3.55

Run 12 Condition 4 0.500 0.625 0.563 0.562 3.062 3.15

Run 13 30 cm Condition 1 0.500 0.500 0.500 0.500 2.449 5.91

Run 14 Condition 2 0.500 0.526 0.513 0.513 2.576 5.62

Run 15 Condition 3 0.500 0.556 0.528 0.528 2.721 5.32

Run 16 Condition 4 0.500 0.625 0.563 0.562 3.060 4.73
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to determine the column length. Figure 5 shows the result of 16 simulations

(Table 3), (a) 10 cm of column length, (b) 15 cm of column length, (c)

20 cm of column length, and (d) 30 cm of column length. We already set

the criterion to,95% of purity and yield of product. Table 4 shows the enrich-

ment of products with various conditions and column lengths. The enrich-

ments are not changed with the column length, only with operating

conditions. Condition 1 (vertex point) has highest enrichments of products,

Figure 5. The result of 16 simulations (Table 3), (a) 10 cm of column length, (b)

15 cm of column length, (c) 20 cm of column length, and (d) 30 cm of column length.

Open square is purity of products, closed circle is yield of products, and solid lines and

dotted lines are for xylitol and maltitol, respectively. The dash line describes the

criterion of SMB design.

(continued)
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so Condition 1 is optimum condition. Therefore, without sensitivity analysis,

the optimum column length is 15 cm, and the optimum operating condition is

Condition 1 (Run 5, Table 3).

Sensitivity Analysis

The feed concentrations are considered as the sensitivity analysis. In the light

of the adsorption isotherm, these samples (xylitol and maltitol) are the linear

adsorption isotherm. So, in spite of an increase in the feed concentrations, the

axial dispersion coefficients are increased as feed concentrations are

Figure 5. Continued.
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Table 4. The enrichment of products

Condition 1 Condition 2 Condition 3 Condition 4

Xylitol Maltitol Xylitol Maltitol Xylitol Maltitol Xylitol Maltitol

10 cm 0.948 0.954 0.93 0.939 0.906 0.921 0.859 0.866

15 cm 0.957 0.962 0.94 0.947 0.918 0.926 0.86 0.873

20 cm 0.963 0.967 0.944 0.952 0.923 0.929 0.866 0.874

30 cm 0.969 0.972 0.952 0.957 0.929 0.933 0.872 0.876

Average 0.959 0.964 0.942 0.949 0.919 0.927 0.864 0.872

S.D. 0.009 0.008 0.009 0.008 0.009 0.006 0.006 0.004

J
.
W

.
L
ee

et
a
l.

1
8
7
2

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
3
4
 
2
3
 
J
a
n
u
a
r
y
 
2
0
1
1



Figure 6. The result of sensitivity analysis for three SMB simulations (Table 3),

(a) 15 cm of column length, (b) 20 cm of column length, and (c) 30 cm of column

length. Open square is purity of products, closed circle is yield of products, and

solid lines and dotted lines are for xylitol and maltitol, respectively. The dash line

describes the criterion of SMB design.
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Figure 7. The column internal profiles and history profiles of extract and raffinate

port of Run 14, (a) is the column internal profiles, (b) and (c) are history profiles of

extract and raffinate port, respectively.
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increased. There is a 20% higher range of feed concentration. Figure 6 shows

the result of SMB simulation using the 20% higher feed condition (Run 6,

Table 1). The three conditions (Run 8, Run 11, and Run 14; Table 3) are

selected for reasonable optimum condition. The advantage of Run 8 is

minimum column volume (i.e., minimum resin consumption). The advantages

of Run 14 are maximum enrichments and minimum solvent consumption. Run

11 is the moderate operating condition between Run 8 and Run 14. In our

opinion, Run 14 has more advantages than Run 8. Figure 7 shows the

internal profiles and history profiles of the extract and raffinate port of Run

14. The operating conditions and the results of SMB simulation are listed in

Table 5.

CONCLUSION

The isotherm parameters and axial dispersion coefficients of xylitol and

maltitol are estimated by the frontal analysis method and iterative simulation,

respectively. The isotherm of xylitol and maltitol are linear according to the

anion exchange resin as the stationary phase. The SMB process for separation

of xylitol and maltitol is designed and simulated based on the Triangle theory

and the Equilibrium-Dispersion model. To decide the column length, several

simulations were carried out with several column lengths. When a long

column is used, the optimum operating condition is reached at the vertex

point of the triangle separate region. Current SMB design methods are

based on the ideal models that are not considered about kinetic mass

transfer, such as axial dispersion coefficient and mass transfer coefficient.

As the limitation of SMB design methods, the process must be designed

Table 5. The optimum operating conditions and instrument

requirements

Operating conditions Results

Feed conc. (g/dL) Purity (%)

xylitol 3.587 Xylitol 99.965

maltitol 11.54 Maltitol 99.998

Flow rates (mL/min) Yield (%)

Feed 0.500 Xylitol 97.682

Eluent 0.525 Maltitol 98.150

Raffinate 0.513 Enrichment

Extract 0.513

Recycle 2.576

Switching time (min) 5.62

Xylitol 0.952

Maltitol 0.957
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with an iterative simulation method in some fixed column length. As a result,

the optimum column length to separate xylitol and maltitol with DOWEX 1X4

anion exchange resin is 30 cm and the operating condition is decided with a

5% safety margin in the triangle separation region.

ABBREVIATIONS

A well retained solute

B less retained solute

ci the concentration of I solute in the mobile phase

Di the axial dispersion coefficient of i solute

F the phase ratio, ¼ (12 1)/1
Hi the Henry’s constant of I component

mi the flow rate ratio of zone i

Qi the volumetric flow rate of the liquid phase in zone i

Qs the volumetric flow rate of the solid phase

qi the concentration of I solute in the stationary phase

u the intersticial flow rate of mobile phase

1 the total void fraction

1p the intraparticle void fraction
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