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a b s t r a c t

A series of matrices named CroCD–TuC are prepared by the reversed-phase suspension crosslinking tech-
nique for expanded bed adsorption. The matrices have regular spherical shape, and follow logarithmic
normal size distribution with the range of 80–320 lm and mean diameter of 143–168 lm. The densifier
of tungsten carbide embedded within the b-cyclodextrin polymer skeleton causes a significant increase of
particle density. The maximum wet density of matrices is 2.09 g cm�3, which shows a potential for the
operation in an expanded bed at high flow rate. The matrices also have suitable water content and pore
properties for the chromatographic separation use. Moreover, the addition of tungsten carbide improves
the rigidity of the matrices, which can tolerate high pressure at high flow rate and show low compress-
ibility in the column. The new matrices can also be ionized in NaOH solution, which may provide some
beneficial information for peculiar usage.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Expanded bed adsorption (EBA), a promising and practical tech-
nique for integrated bioseparation, has been applied to capture
bioactive molecules directly from unclarified suspension liquid
and purify the bio-molecules in high efficiency (Anspach, Curbelo,
Hartmann, Garke, & Deckwer, 1999; Chase, 1994; Hjorth, 1997;
Hubbuch, Thömmes, & Kula, 2005). EBA processes should use spe-
cially designed adsorbents, which expand in the column with up-
ward fluid and perform as a stably classified fluidized bed
(Thömmes, 1997). Therefore, the matrices for expanded bed have
some special requirements, such as regular spherical shape, proper
size and density, size and/or density distribution, which can ensure
the stability of expanded bed and excellent hydrodynamic proper-
ties in the fluid (Pai, Gondkar, & Lali, 2000; Pålsson, Gustavsson, &
Larsson, 2000). Moreover, the EBA matrices should have good
mechanical strength and chemical stability for repeating use, and
they should be modified to fabricate functionalized adsorbents.
Polysaccharides like agarose and cellulose are most commonly
used as the supporting materials for the chromatographic matrices.
These hydrophilic materials with large amounts of hydroxyl
groups can be easily activated by epoxides, allyl bromide, divinyl-
sulfone (DVS) etc. and coupled with the ligands to produce ion-ex-
change, hydrophobic interaction, affinity chromatography
adsorbents for various applications (Zhao, Yao, & Lin, 2009).
ll rights reserved.

2.
Cyclodextrins (CD) are a series of oligosaccharides containing
six, seven, and eight D-glucopyranose units, named as a-, b-, and
c-CD, respectively. A CD molecule has a hydrophobic hollow cavity
which can form inclusion complexes with many guest compounds,
with a requirement that the guests should fit into the cavity, even
if only partially (Harada, 2001; Li & Purdy, 1992). CDs also have
plenty of hydroxyl groups on the outer surface of the molecule that
can be selectively modified with various reagents to form function-
alized derivatives (Khan, Forgo, Stine, & D’Souza, 1998). CD poly-
mer beads are a hydrophilic water-insoluble material having
been used as a supporting matrix in the chromatographic separa-
tions (Wiedenhof, 1969b; Smolková-Keulemansová, 1982). Solms
and Egli (1965) reported the preparation of CD polymers in con-
centrated sodium hydroxide solution with epichlorohydrin. After
drying, comminuting and sieving, the compressible powders in
an amorphous form were obtained for the packed bed separation.
Wiedenhof, Lammers, and van Eck (1969a) prepared CD polymer
microspheres by the reversed-phase suspension crosslinking tech-
nique with o-xylene or methyl isobutyl ketone as the dispersed
phase containing nonionic detergent of Nonidet P-40. The CD poly-
mer beads were packed in the column to separate a mixture of
amino acids (Wiedenhof, 1969b). Generally, the microspheres
show better hydrodynamic properties and mass transfer than the
amorphous granules, and might reduce the operating pressure.
However, it is found that the CD polymer beads prepared above
cannot be used at high flow rate because of the compression and
deformation caused by very high pressure drop (Li & Purdy,
1992; Nussstein, Staudinger, & Kreuzer, 1994). Some efforts have
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Nomenclature

aMB occupied surface area of one MB molecule (m2)
Ceq equilibrium concentration of MB (mg ml�1)
dparticle particle diameter (lm)
dpore mean pore diameter (nm)
Fcompr bed compression factor (dimensionless)
H bed height (cm)
H0 sedimented bed height in quiescent fluid (cm)
k dissociation constant in Langmuir adsorption equation

(mg ml�1)
M molecular weight of MB (g mol�1)
NAV Avogadro’s number (mol�1)
P porosity (dimensionless)
R2 decision coefficient (dimensionless)
RTuC/CD mass ratio of TuC/CD (dimensionless)
S specific surface area (m2 g�1)
Sr shrinkage of the beads (dimensionless)
U superficial flow rate (cm min�1)

Greek letters
DP pressure drop (kPa)
C equilibrium adsorption capacity (mg g�1)
C1 saturated adsorption capacity in Langmuir adsorption

(mg g�1)
qp wet density of the particles (g cm�3)
x water content (dimensionless)
Abbreviations
EBA expanded bed adsorption
CD cyclodextrin
DVS divinylsulfone
MB methylene blue
PVA polyvinyl alcohol
TuC tungsten carbide
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been made to overcome the shortcoming of poor rigidity. The first
method is to prepare co-polymers with other polymers, such as
poly-CD/polyvinyl alcohol (PVA) co-polymeric matrix reported by
Szejtli, Fenyvesi, Zoltan, Zsadon, and Tudos (1980). The second
method is to use CD derivatives, like hydroxyalkyl-CD polymer
beads according to Nussstein et al. (1994), which show preferable
rigidity under the pressure as high as 1 MPa. The third one is to
cover CD polymers onto the rigid granules (e.g. silica (Carbonnier,
Janus, Lekchiri, & Morcellet, 2004; Thuaud, Sebille, Deratani, &
Lelievre, 1991) and zirconia (Kim, Choi, Yoon, & Park, 2006)) to
form organic–inorganic composite beads. The last is considered
as one of the best methods to prepare the rigid CD polymer beads.

CD polymer beads have been applied in expanded bed for
protein refolding by Mannen, Yamaguchi, Honda, Sugimoto, and
Nagamune (2001). With CD as an artificial chaperone, the mono-
meric enzyme a-glucosidase was refolded with a yield of two folds
at a protein concentration higher than five folds, which indicated a
potential application of CD polymer beads as efficient refolding
matrix. However, the operation flow rate was relatively low (ca.
200 cm h�1) because of low density of the beads. Till now, the
applications of CD polymer beads are scarce in the preparative
chromatography due to few CD-based matrices available, specially
for EBA.

In this work, a novel b-CD polymer/tungsten carbide composite
matrix will be developed for the application in EBA. With b-CD
polymer as the skeleton, the tungsten carbide (TuC) powder will
be used as the densifier to prepare a series of high-density CD-
based matrices. The physical properties and mechanical strength
of the matrices prepared will be characterized for the potential
use as the chromatographic matrix.
2. Experimental

2.1. Materials

b-Cyclodextrin (b-CD, DRAMAX�W7 Pharma) was provided by
Maxdragon BioChem. Ltd. (Guangzhou, China). Tungsten carbide
(TuC) with the density of 15.1 g cm�3 and mean particle diameter
of 2–5 lm was obtained from Ganzhou TEJING Tungsten & Molyb-
denum Co., Ltd. (Ganzhou, China). High-speed vacuum pump oil
GS-1 was provided by Beijing SIFANG Special Oil Factory (Beijing,
China). Paraffin liquid was purchased from Hangzhou GAOJING
Fine Chemical Industry Co., Ltd. (Hangzhou, China). Epichlorohy-
drin (�98.5%) was provided by Jiangsu YONGHUA Fine Chemical
Co., Ltd. (Wuxi, China). Tween-80 was obtained from Wenzhou
QINGMING Chemical Co., Ltd. (Wenzhou, China). Methylene blue
(MB) trihydrate was obtained from Shanghai SSS Reagent Co.,
Ltd. (Shanghai, China). Deionized water was purchased from
Hangzhou WAHAHA Group Co., Ltd. (Hangzhou, China). Other
chemicals used are of reagent grade or higher quality.
2.2. Preparation of composite beads

The b-CD polymer/TuC composite beads are prepared by the re-
versed-phase suspension crosslinking technique similar to Nuss-
stein et al. (1994). Generally, 20 g b-CD are dissolved in 40 g 25%
(w/w) NaOH solution at 80 �C, and 10 ml epichlorohydrin is added
dropwise within 30 min with stirring. The mixture is kept at 80 �C
with stirring for a further 1 h. After that, TuC powder is added, and
the mixture is dispersed in the mixed-oil containing 2.9 g tween-
80, 120 g paraffin liquid and 170 g pump oil GS-1 in a 500 ml flask
under agitation at 350–400 rpm for 15 min at 60 �C. Subsequently,
10 ml epichlorohydrin is added rapidly and the mixture is agitated
at the same speed for a further 2.5 h at 60 �C. Having been cooled
to room temperature, the beads are filtered off and successively
washed with 500 ml petroleum ether (bp 60–90 �C), 300 ml of
water, and then neutralized with 1 mol L�1 HCl. Finally the beads
are washed with water and screened with standard sieves, and
the b-CD polymer/TuC composite beads with a particle size range
of 80–320 lm are obtained, named CroCD–TuC.
2.3. Measurement of physical properties

The particle size distribution and mean particle diameter (dm)
are determined by laser particle size analyzer MASTERSIZER 2000
(Malvern Instruments, UK). The morphology of beads is observed
with the microscope Nikon ECLIPSE E200 (Nikon Instruments,
Japan).

The main physical properties of CroCD–TuC matrices are mea-
sured as follows. Water content (x) and Shrinkage (Sr) are ob-
tained by dehydration at 110 �C to a constant mass, which are
calculated by the decrease of the mass and volume of the sedi-
mented particles in a 10 ml measuring cylinder, respectively.
Wet density (qp) is determined by water replacement in a 10 ml
gravity bottle. Other physical properties, including porosity (P)
and the mean pore diameter (dpore) of the matrices are measured
with the methods as reported previously (Xia, Lin, & Yao, 2007).
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2.4. Adsorption of MB and calculation of specific surface area

A series of 100 ml conical flask containing 30 ml MB aqueous
solution (0.5–10 mg�ml�1) and 3 g wet matrix are shaken on a ther-
mostat oscillator (Taicang Instruments, China) at 25 �C for 30 h.
After centrifuging, the supernatant is diluted and analyzed by a
spectrophotometer (Ultrospec 3300 pro, Amersham Biosciences,
Sweden) at 660 nm. The concentration of MB in the supernatant
is calculated from the calibration curve, and the adsorption iso-
therm is fitted by Langmuir adsorption equation:

C ¼ C1
Ceq

kþ Ceq
ð1Þ

where C and Ceq are the equilibrium adsorption capacity and MB
concentration in supernatant, respectively. C1 represents the satu-
rated adsorption capacity and k is the dissociation constant. C1 can
be correlated by the data of adsorption isotherm, and thus the spe-
cific surface area (S) can be calculated as

S ¼ aMBNAVC1
1000�M

ð2Þ

where aMB is the occupied surface area of one molecule of MB
assuming as flat adsorption (135 � 10�20 m2 (Kipling & Wilson,
1960)), NAV is Avogadro’s number (6.022 � 1023 mol�1), M is the
molecular weight of MB (373.9 g mol�1, trihydrate).
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2.5. Characterization of mechanical properties

The mechanical strength of the matrices is evaluated by deter-
mining the curve of pressure drop vs. flow rate in a packed-column
(Nussstein et al., 1994). The experiments are conducted with ÄKTA
Explorer 100 chromatographic system (Amersham Biosciences,
Sweden). A XK16/20 column (16 mm diameter, 20 cm length, from
Amersham Biosciences, Sweden) is used in which 20 ml CroCD–
TuC beads are packed. The mobile phase is deionized water, and
the maximum flow rate and pressure are set at 50 ml min�1 and
0.65 MPa, respectively. Proper column vertical alignment is as-
sured in all experiments. The corresponding pressure drop (DP)
and bed height (H) at the setting superficial flow rate (U) are mea-
sured and evaluated.

The bed compression factor (Fcompr), another parameter to char-
acterize the mechanical strength of matrix, is calculated as,

Fcompr ¼
H
H0

ð3Þ

where H0 is the height of sedimented bed in quiescent fluid, and H is
the height of sedimented bed in the mobile phase at different flow
rates. The value of Fcompr will be less than 1.0 if the bed has been
compressed.
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Fig. 1. Particle size distribution of composite beads as the function of the mass
percentage of paraffin liquid in the mixture oil.
2.6. Measuring of chemical stability in acid or alkali

3.00 g wet matrix CroCD–TuC 4 is weighed precisely and added
into 100 ml conical flasks containing 30 ml HCl or NaOH solution
(0.01, 0.1, and 1 mol L�1). The flasks are shaken on a thermostat
oscillator (Taicang Instruments, China) at 30 �C for 10 h, 20 h and
30 h, respectively. After washed with 20 ml deionized water twice
and filtered with 3# sintered-sand filter (pore diameter of
15–40 lm), the matrix is weighed precisely and compared with
the initial mass. The relative mass is calculated, and the chemical
stability in acid or alkali is evaluated by mass decrease of the
matrix.
3. Results and discussion

3.1. Preparation of the composite beads

b-CD monomers can be crosslinked with epichlorohydrin in
alkaline solution to form the CD polymer, and the reaction has
been described by Fenyvesi, Szilasi, Zsadon, Szejtli, and Tudos
(1981). Generally, a suitable ratio of b-CD to epichlorohydrin is be-
tween 1:1 and 2:1 (w/w). The concentration of NaOH in the reac-
tion mixture is depended on the amount of crosslinking reagent
added, and preferably ranged from 20% to 30% (w/w) (Nussstein
et al., 1994). The b-CD polymer obtained is bright solution of gold-
en color when the mass percentage of epichlorohydrin is not more
than 20% in the mixture. Whereas higher concentration of epichlo-
rohydrin and NaOH will make the solution cloudy with lots of mi-
cro-solids formed during the reaction process. In our present work,
25% (w/w) NaOH solution is used, and the concentrations of CD and
epichlorohydrin are 28% (w/w) and 16% (w/w), respectively.

It is found that the dispersing medium and the preparation con-
ditions show significant influences on the shape and size distribu-
tion of composite particles prepared. In the present work, several
kinds of oil phases are chosen as dispersing medium, and most
are not so viscous that the beads formed are too large. But the
pump oil GS-1 has much higher viscosity that the beads size is suit-
able at about 120 lm, indicating that increasing the viscosity of the
dispersing medium results in the increase of droplet stability by
decreasing the droplet collision frequency (Dowding & Vincent,
2000). In order to control the viscosity of dispersion medium, the
mixture of pump oil GS-1 and paraffin liquid is used, and the re-
sults are shown in Fig. 1. It is found that the particle size increases
with the increase of paraffin liquid percentage in the mixture. The
proper particle size distribution can be obtained at the optimal
paraffin liquid percentage of 27.8% with the particle size of about
70–400 lm before sieving. The dispersant tween-80 is added into
the dispersing medium to prevent the conglutination of the beads,
and its concentration is optimized as 1.0% by weight based on the
mixed oil. Agitating speed is another important factor on the shape
and size distribution of composite beads and it is found the particle
size diminishes as agitation becomes more violent. Moreover, the
droplets easily agglomerate at high agitation speed and the shape
of particles becomes elliptic, rod-like or other unexpected irregular
shapes. Therefore, the proper agitating speed is chosen as 350–400
rpm for the mean diameter of about 150 lm.



Fig. 2. Photograph of particle appearance under the optical microscope (100�).
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Typically, the yield of composite beads for one batch is about
80% (by volume) at the optimum preparation conditions
mentioned above. The beads prepared are named as CroCD–TuC
1–CroCD–TuC 7 according to the mass ratio TuC/CD of 0, 1.0,
1.75, 2.5, 3.25, 4.0 and 5.0, respectively. The photograph of bead
appearance is showed in Fig. 2. It can be seen that the particles
have regularly spherical shape without conglutinated beads, and
TuC powder is embedded well in the CD crosslinked polymer.

3.2. Size distribution

The particle size distribution of CroCD–TuC 1–CroCD–TuC 7
composite beads is shown in Fig. 3. It can be seen that all the matri-
ces prepared follow good logarithmic normal distribution and are
similar to each other. The mean diameters of varying CroCD–TuC
beads just slightly change within the range of 143–168 lm, indi-
cating that the addition of TuC powder hardly influenced the size
of composite beads.

3.3. Density, water content and shrinkage

As shown in Fig. 4, the wet density of matrix increases almost
linearly from 1.11 to 2.00 g cm�3 as the ratio TuC/CD increases
from 0 to 4.0. The relationship between them is expressed as fol-
lowing equation Eq. (4) with a decision coefficient (R2) above 0.99:
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Fig. 3. Size distribution of CroCD–TuC beads.
qp ¼ 1:113þ 0:217 � RTuC=CD ð4Þ
where RTuC/CD represents the mass ratio of TuC/CD. It means the ma-
trix density can be accurately controlled by the amount of TuC
added in the preparation process. However, it is a failure to calcu-
late the density of CroCD–TuC 7 (2.09 g cm�3), which is much lower
than the calculated value (2.20 g cm�3), due to the leakage of TuC
powder in the bead-forming procedure.

Fig. 4 also shows water content and shrinkage of the CroCD–TuC
matrices. Water content decreases remarkably as increasing the ra-
tio of TuC/CD, but the shrinkage of the matrices just slightly
changes in the range of 0.53–0.61. The reason is that water content
is calculated based on the weight of whole particles, but shrinkage
is calculated on the basis of the sedimented bed volume. When the
ratio of TuC/CD increases, TuC powder gradually occupies the
interspace inside the CD polymer skeleton, resulting in the sharp
increasing on the weight of whole particles. However, the volume
percentage of TuC in the matrix is just ca. 8.5% even at the TuC/CD
ratio of 5.0 (the calculation method refers to Miao, Lin, and Yao
(2005)). That means TuC powder just occupies a small volume of
matrix interspace. Since the interspace volume inside the matrix
just changes slightly, the shrinkage is somewhat independent of
the amount of TuC addition.

3.4. Pore properties

Pore properties including porosity, specific surface area and
mean pore diameter of CroCD–TuC beads are determined and the
results are described in Fig. 5. Generally, the porosity just slightly
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varies in the range of 0.71–0.76, although it decreases gradually as
the ratio of TuC/CD increases. The results demonstrate the effect of
TuC/CD ratio on the porosity is not remarkable.

Specific surface area of CroCD–TuC beads is determined by MB
adsorption in aqueous solution. The planar molecule MB can easily
replace the water molecules adsorbed on the sites of CD skeleton
surface, and then associates with the skeleton by a hydrogen-
bonding interaction between the atoms of N and S in MB and the
hydroxyl groups on the skeleton (Kipling & Wilson, 1960; Kaewpr-
asit, Hequet, Abidi, & Gourlot, 1998). Based on the adsorption iso-
therm of MB at 25 �C (Fig. 6), the experimental data are following
Langmuir isothermal equation, indicating the monolayer adsorp-
tion assumption of MB on the pore surface of the matrices. The sat-
urated adsorption capacity of CroCD–TuC matrices generally
decreases with TuC/CD ratio increases, as a result the specific sur-
face area of the matrices gradually decreases with TuC/CD ratio in-
creases as described in Fig. 5, probably due to the decline of CD
polymer content in the matrices.

As seen in Fig. 5, the addition of TuC in the matrix may cause a
decrease of the pore diameter. However, most of matrices have the
mean pore diameter of 65–80 nm, when the TuC/CD ratio is higher
than 1.0.

3.5. Mechanical strength

Fig. 7 is the results of pressure drop vs. flow rate in a packed
bed. Here DP/H is used in order to eliminate the influence of differ-
ent sedimented bed height. It is obvious that the pressure drop of
the packed bed shows continuous rise with increasing flow rate up
to 22 cm min�1. It shows a mainly decreasing tendency of pressure
drop at the same flow rate with the increase of TuC/CD ratio, but no
remarkable changes from CroCD–TuC 2 to 7. An abnormally high
pressure drop is found for CroCD–TuC 1 compared with other
matrices tested. CroCD–TuC 1 is produced without TuC added,
and it shows notable compressibility, as revealed in Fig. 7, the plot
of bed compression factor (Fcompr) vs. flow rate. As flow rate in-
creases to 16 cm min�1, Fcompr reduces to 0.8 for CroCD–TuC 1
and 0.91 for CroCD–TuC 2, but it shows just slight decrease on
Fcompr for CroCD–TuC 3 to 7. The results indicate that adding proper
amount of TuC can greatly improve the rigidity of the matrices.

3.6. Chemical stability in acid or alkali

As mentioned in Section 2.6, the chemical stability of matrix
CroCD–TuC 4 in acid or alkali is evaluated by mass decrease of
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Fig. 6. Adsorption isotherm of CroCD–TuC beads adsorbing MB in aqueous solution.
the matrices. Fig. 8 reveals the relative mass change in HCl and
NaOH solutions of different concentration. It is found that the mass
of matrix in HCl nearly remains unchanged even after 30 h at 30 �C.
Moreover, there is no evidence that TuC powder leaks out from the
beads, indicating the matrices are stable in HCl in this condition.
However, there is a surprising mass increase for the matrix soaked
in NaOH solutions. It is considered that the hydroxyl groups at the
C2-position are the most acidic (pKa = 12.2 (Li & Purdy, 1992)) of
the three types (C6-, C2-, and C3-position) of hydroxyl groups pres-
ent in CDs, thus they will be deprotonated in strong basic condi-
tions as a result (Khan, Forgo, Stine, & D’Souza, 1998; Rong &
D’Souza, 1990). The increased mass of matrix derives from the ion-
ization of CD skeleton and the formation of sodium salts in the so-
lid phase. Also described in Fig. 8, larger amount of sodium salts
formed as the NaOH concentration increases, and the maximum
increment can reach ca. 15% (w/w) for CroCD–TuC 4 in 1 mol L�1

NaOH solution, which can be explained by the inhibition of
hydrolysis of ionized CD in concentrated NaOH solution. The
ionized CD-based matrix will probably provide amazing applica-
tions in ion-exchange adsorption.

4. Conclusions

New series of b-CD polymer/TuC composite matrices, CroCD–
TuC, are prepared by reversed-phase suspension crosslinking
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technique. The preparation process is investigated and optimized,
and CroCD–TuC matrices are obtained with regular spherical shape
and a proper diameter of 80–320 lm. With the control of TuC addi-
tion, CroCD–TuC matrices with varying density are prepared. The
main physical properties are characterized and evaluated in detail.
The size distribution of the matrices follows the logarithmic nor-
mal distribution, and the mean diameter slightly changes within
the range of 143–168 lm. The matrices have maximum wet den-
sity of 2.09 g cm�3, which is beneficial for the operation in ex-
panded bed at high flow rate. The matrices also have suitable
water content and pore properties for the use as the chromato-
graphic medium. It is found that the rigidity of the matrices can
be greatly improved by the addition of TuC, which means the
CroCD–TuC composite matrices can tolerate high pressure and
high flow rate in the column. Furthermore, the matrices can be ion-
ized in NaOH solution, which may behave as an ion-exchange resin
and show amazing applications. More beneficial information for
developing the EBA adsorbents will be proposed, and the expan-
sion and hydrodynamic properties in expanded bed will be studied
in detail in the coming work.
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