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a b s t r a c t

Macroporous cellulose beads (MCB) used as anion exchangers were successfully prepared from cellu-
lose solution in ionic liquid by double emulsification followed by cross-linking and modification with
diethylaminoethyl. The pore structure and properties of the MCB were investigated and the results were
compared with homogeneous cellulose beads (HCB). The MCB in size of about 71 �m is characterized
by two sets of pores, i.e., diffusion pores (10–20 nm) and macropores (800–2000 nm), determined by
mercury porosimeter. In addition, the bed permeability and effective porosity for BSA of MCB-packed
column are 58% and 25% higher than those of HCB-packed column, respectively. The adsorption proper-
ties of MCB were evaluated, and compared with HCB and commercial absorbent (Sepharose 6 Fast Flow,
onic liquid
ermeability
ynamic binding capacity
olumn efficiency
ast chromatography

CSFF). It is found that the pore diffusivity of BSA in MCB is over 7.9 times higher than HCB, and 6.7 times
higher than CSFF, respectively. While the equilibrium adsorption capacity (qm) of BSA on MCB is obvi-
ously lower than that on HCB and CSFF, the dynamic binding capacity (DBC) on MCB at 10% breakthrough
reaches 47.7 mg/mL, higher than HCB (40.3 mg/mL) and CSFF (46.2 mg/mL) at flow rate of 360 cm/h. In
addition, the MCB-packed column showed better column efficiency over the HCB packed one. Therefore,
we demonstrated that the MCB possessed more advantages than other ones, like HCB and CSFF, and was

rial f
expected as an ideal mate

. Introduction

Liquid chromatography (LC) is a useful and popular technique
hat can provide a high degree of resolution for a wide range of
ioseparation. As for this technique, the stationary phase is the key
lement that relates significantly to the chromatographic perfor-
ance [1–4]. In this context, growing efforts have been directed to

abricate a novel stationary phase that can satisfy a specific sepa-
ation need.

The particular performance of liquid chromatography is deter-
ined mainly by the structural constitution of stationary phase,

ndicating its size and pore distribution [2,5], because percolation
f the mobile phase through stationary phase is an essential feature
uring the chromatographic process. Hence, modifying the pore
tructure of stationary phases is an efficient way to improve the
hromatography performance. In the subject of structure design

f stationary phase, a kind of bimodal pore adsorbent has been
eveloped and used in fast separation of biological molecules. The
ovel material is characterized by both macropores and diffusive
ores, and can be expected to show superior adsorption proper-

∗ Corresponding author. Tel.: +86 28 85405221; fax: +86 28 85405221.
E-mail address: hangsong@vip.sina.com (H. Song).

021-9673/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.chroma.2009.12.037
or fast chromatography.
© 2009 Elsevier B.V. All rights reserved.

ties during the chromatography process. Firstly, the interconnected
macropores provide more wide channels through the absorbent for
convective flow of the mobile phase, thus effectively increase mass
transfer. Secondly, the diffusive pores, connecting the macropores,
expose more amounts of adsorption sites for a high absorption
capacity of large molecules. These properties are especially suit-
able for purifying biological molecules in a fast chromatography.
Until now, numerous bimodal pore beads made of agarose [3],
polystyrene [6] and methacrylates [7] have been fabricated and
widely used for the separation of biological molecules.

Cellulose is a kind of linear polysaccharide, and widely used
as the chromatographic support for purifying biological molecules
[8,9]. The popularity lies in that cellulose exhibits biocompatibil-
ity to biological molecules, ease modification with usual ligands,
and suitable porosity for high adsorption capacity [8–11]. Despite
many advantages, the synthetic rotes to cellulose-based sup-
ports, especially bimodal pore beads, are less common. The
major obstacle can be ascribed to that cellulose is insoluble in
water and common organic solvent because of its well devel-

oped intermolecular hydrogen bonding [12]. Until now, only a
limited number of solvent systems for dissolving cellulose have
been found, such as N-methylmorpholine N-oxide monohydrate
(NMMO), LiCl/N,N-dimethylacetamide (DMAc), ammonium fluo-
rides/dimethylsulfoxide, as well as molten salt hydrates[12,13].

http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:hangsong@vip.sina.com
dx.doi.org/10.1016/j.chroma.2009.12.037
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owever, these solvents are some environmentally unacceptable.
mong these solvents, only NMMO is used on the industrial scale

or cellulose processing. However, NMMO also possesses some dis-
dvantages, such as thermal instability, side reaction, and high
emperature for the dissolution process [12]. Hence, there is still
strong demand for new solvents for cellulose processing.

Very recently, various ionic liquids, so called green solvents,
ere encouraged to find to dissolve cellulose as well. In 2002,
ogers and co-workers firstly reported that that cellulose could be
issolved in ionic liquid (1-butyl-3-methylimidazolium chloride,

L), and investigated its dissolution properties [14]. In the following
ears, further studies on IL for dissolving cellulose have been carried
ut, and successfully prepared several cellulose materials, like fiber,
lm, and gel [12,15–17]. Compared with other common solvents,
he IL possesses several advantages, such as lack of any measurable
apor pressure, ease of recycling, high thermal stability, and ease to
perate [12,14]. Given these properties, the advent of novel solvent
ould make it process a bright future for cellulose-based materials.

Inspired by the new progress in cellulose solvent [12,14], in the
resent work, we have attempted to fabricate cellulose beads with
acropores for fast protein chromatography by a method that com-

ined double emulsification procedure and cellulose regeneration
rom ionic liquid. Mechanical strength of the porous cellulose beads
as further enhanced by a cross-linking reaction. Furthermore,
erivatized with diethylaminoethyl groups, the anion macroporous
ellulose beads were prepared, and compared them with homoge-
eous ones and commercial absorbents (Sepharose 6 Fast Flow). For
omparison, the physical and chromatographic properties of the
bsorbents, such as morphology, pore size distribution, flow hydro-
ynamics, adsorption behavior, were investigated and discussed in
etail to reveal the advantages of the macroporous cellulose beads
or fast protein chromatography.

. Experimental

.1. Materials

Microcrystalline cellulose was provided from Shanhe Medicinal
ccessary Material (Anhui, China). 1-Butyl-3-methylimidazolium
hloride (ionic liquid, IL) was purchased from TCI (Shanghai,
hina). Polyethylene glycol sorbitan monostearate (Tween 60)
nd sorbitan trioleate (Span 85) were obtained from Runhua
Guangdong, China). Tris(hydroxymethyl) aminomethane (Tris),
iethylaminoethyl chloride (DEAE-Cl) and bovine serum albumin
BSA) were obtained from Sigma (MO, USA). Commercial Sepharose

Fast Flow (denoted as CSFF) was obtained from GE Biosciences
Uppsala, Sweden). Other regents, including transformer oil, glycol
iglycidyl ether, epichlorohydrin and cyclohexane, were of analyt-

cal grade from local source.

.2. Preparation of cellulose solution using ionic liquid as solvent

The cellulose solution of 7 wt% was manufactured using ionic
iquid, 1-butyl-3-methylimidazolium chloride as dissolving sol-
ent. Briefly, 10 g of anhydrous microcrystalline cellulose was
ubmerged in 133 g of ionic liquid with magnetic stirring and
eated for 13 h at 90 ◦C in oil bath. Finally, a clear, colorless, vis-
ous cellulose solution was obtained and kept for the preparation
f porous cellulose beads.

.3. Preparation of porous cellulose beads
The macroporous cellulose beads were prepared using an
mproved double emulsification method. In the typical proce-
ure, 20 mL of cellulose solution was added into a thermostatted
tirred glass reactor containing 10 mL of cyclohexane and 0.8 mL of
1217 (2010) 1298–1304 1299

Tween 60 at 100 ◦C. After the mixture was emulsified by stirring
at 2000 rpm for 10 min at 100 ◦C, the oil in water (O/W) emulsion
of cellulose (emulsion I) was formed. Then, the disperse speed of
stirrer was quickly down to 800 rpm and a thermostatted solution
(100 ◦C) containing 80 mL of transformer oil and 3.6 mL of Span 85
was quickly poured into the emulsion I. After continually stirring
for 10 min at 800 rpm, the O/W/O emulsion of cellulose (emulsion
II) was formed. On the other hand, 100 mL of transformer oil con-
taining 4.5 mL of Span 85 was emulsified with 40 mL of 0.2 mol/L
aqueous sodium sulfate (Na2SO4) solution, which served as solid-
ity solvent (emulsion III). Upon mixing the emulsion III with the
emulsion II and lowering the temperature, the cellulose in emul-
sion II was precipitated from the ionic liquid solution through the
regenerated hydrogen bonds between the cellulose fibers, and then
formed the rigid cellulose beads. Subsequently, the rigid macrop-
orous cellulose beads (denoted as MCB) were obtained by removal
of the residual oil and ionic liquid using ethanol and distilled water.
Moreover, homogeneous cellulose beads (denoted as HCB) were
prepared without the preparation of emulsion I, as described in the
above procedure. Before the further application, these beads were
screened out with standard sieves of 200–300 meshes repeatedly
until they showed relatively uniform size distribution by optical
observation.

2.4. Double cross-linking and modification with DEAE-Cl

To enhance the mechanical strength, porous cellulose beads
(MCB and HCB) were double cross-linked with glycol diglycidyl
ether and epichlorohydrin as described by Pernemalm and Carls-
son [18]. Briefly, 10 g of porous cellulose beads were mixed with
10 mL of glycol diglycidyl ether and stirred at 200 rpm for 40 min.
Then, 20 mL of 3.0 mol/L NaOH solution was added and kept for
2.5 h at 40 ◦C. Subsequently, the first cross-linked porous cellulose
beads were washed thoroughly with distilled water. Finally, these
beads were further cross-linked using epichlorohydrin using the
same procedure as described above. The cross-linked beads were
then filtered and repeatedly washed with distilled water before
modification.

The cross-linked MCB, HCB, and CSFF were derivatized with
DEAE-Cl by the method of Shi et al. [19]. In the procedure, 10 mL of
the absorbent was suspended in 20 mL of 2.0 mol/L DEAE-Cl solu-
tion and the mixture was heated to 60 ◦C in an incubator at 160 rpm
for 10 min. Then, 20 mL of 3.5 mol/L NaOH was mixed with the sus-
pension at 60 ◦C. After 1 h, the suspension was cooled down to room
temperature and the formed anion absorbents were washed thor-
oughly by distilled water to neutralize pH. After the modification,
the residual epoxide groups of the beads were reduced by reaction
with 1 mol/L sulfuric acid [5].

2.5. Characterization of porous cellulose beads

The shapes and structures of customized cellulose beads were
recorded by an XL 30 ESEM environmental scan electron micro-
scope (Philips, Eindhoven, The Netherlands). In order to exhibit
the real morphology of samples, the examples of cellulose beads
(MCB and HCB) were transferred to 100% ethanol by first wash-
ing the beads with 20% ethanol and then gradually increasing the
concentration of ethanol (10% increment, from 20% to 100%), and
ethanol-dehydrated samples were carbon dioxide critical point
dried in a model CPD-30 critical point dryer (BalTec, Balzers, Liecht-
enstein) before SEM. The particle size distribution and average size

of wet cellulose beads were determined with a laser particle size
analyzer, Mastersizer 2000 (Malvern Instruments, Malvern, UK).
The intraparticle pore size distribution of the samples was deter-
mined by mercury porosimeter (Quantanchrome Corporation,
USA). The surface areas of three dried absorbents were obtained
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rom N2 adsorption measurement at −196 ◦C with a NOVA 2000
orosimeter (Quantachrome, USA). All chromatographic experi-
ents were performed with Waters HPLC system (Waters, Milford,
A, USA) with a steel column of 100 mm × 4.6 mm i.d., companied
ith a model 600E multi-solvent delivery system, a Rheodyne

725i injector valve (Rheodyne, Cotati, CA, USA) and a 2748 UV
etector.

Hydrated density of wet samples was measured by water
eplacement in a pycnometer at atmosphere temperature [20]. The
ater content of beads was obtained by drying the samples in a

acuum thermostatic oven at 120 ◦C to a constant mass. The total
on exchange capacity of prepared samples was determined by a
itration method [7].

The bed permeability (B0) of MCB and HCB was calculated by
he hydrodynamic data from the Darcy’s law (1) [5].

�p

L
= u�

B0
(1)

here �р stands for pressure drop (Pa), L for column length (m), u
or superficial velocity (m/s), � for mobile phase viscosity (Pa s), B0
or hydraulic permeability (m2).

According to the Blake–Kozeny equation (2), the interparticle
orosity (εb) can be obtained from the hydraulic permeability (B0)
nd particle size (dp) [21].

0 = d2
pε3

b

150(1 − εb)2
(2)

The effective porosity (εp) for protein was measured with BSA
rom the following Eq. (3) [22].

p = Ve − Vex − εbVt

(1 − εb)Vt
(3)

here Ve stands for the elution volume of BSA solution under non-
etained condition, Vex and Vt stand for the extra-column volume
nd total volume of column, respectively.

.6. Protein adsorption equilibrium and kinetics

The equilibrium adsorption isotherms of DEAE-MCB, DEAE-HCB,
nd DEAE-CSFF for BSA were conducted by the finite batch adsorp-
ion experiments [22]. Briefly as follows, the absorbents were
quilibrated with 10 mmol/L Tris–HCl buffer (pH 7.6) (Buffer A)
nd drained by a G3 sintered glass filter. Then, 0.1 g of the drained
eads was added to a 10 mL BSA solution in the centrifuge tubes at
arying initial concentrations. The centrifuge tubes were shaken in
n incubator (170 rpm) at 25 ◦C for 24 h at to ensure equilibrium.
inally, the suspension was centrifuged and the BSA concentrations
n supernatant were determined at 280 nm. The adsorbed capacity
q, mg/mL) of BSA was calculated by the following Eq. (4).

= (c0 − c)V�w

W
(4)

here c0 and c (mg/mL) stand for the initial and equilibrated con-
entration of BSA, respectively. V (mL) and W (g) stand for the
olution volume and the weight of wet samples, respectively. �w

g/mL) stands for the hydrated density of samples.
The Langmuir equation (5) was used to fit the experimental data

o determine the isotherm parameters and equilibrium binding
apacities (qm) [5].

= qmc
(5)
Kd + c

here qm and Kd stand for equilibrium binding capacity and disso-
iation constant, respectively.

The adsorption kinetics experiments for protein were carried
ut by the batchwise method [19]. Briefly as follows, 100 mL of
1217 (2010) 1298–1304

0.1 mg/mL BSA solution was mixed with 1.8 g of drained absorbent
in a flask equipped with a magnetic stirrer (150 rpm) at 25 ◦C. Every
5 min, 2 mL of sample was periodically collected to determine BSA
concentration, and then the sample was returned to the flask imme-
diately. This procedure took less than 20 s. By this procedure, the
BSA concentration drop in the bulk solution along with time was
logged. The uptake kinetic data of BSA for the absorbents were
simulated by a pore diffusion model, and then the effective pore
diffusivities of BSA were determined.

The used pore diffusion model, based on the porous structure
of spherical beads, begins with two assumptions. Firstly, the driv-
ing force for intraparticle mass transfer is protein concentration
gradient in the pore phase. Secondly, the protein adsorbed to the
available binding sites in the pore wall remains fixed, that is there
is no surface diffusion. The governing continuity Eq. (6) for the
intraparticle mass transfer by pore diffusion is described as follows
[19].(

εp + dq

dcp

)
∂cp

∂t
= −εpDp

r2

∂

∂r

(
r2 ∂cp

∂r

)
(6)

where Dp stands for the pore diffusivity. And, dq/dcp represents the
slope of adsorption isotherm expressed on a whole particle volume
basis. The initial and boundary conditions are:

t = 0, cp = 0 (6′)

r = 0,
∂cp

∂r
= 0 (6′′)

r = rp, cp = cb (6′′ ′)

In the model, the external mass transfer resistance is neglected,
and the mass transfer of protein from the liquid phase to the solid
phase is expressed as:

dcb

dt
= −3F

rp
εpDp

∂cp

∂r

∣∣∣∣
r=rp

(7)

The initial condition for this equation for this equation is as
follows:

t = 0, cb = cb,0 (7′)

The model was applied to determine the diffusion coefficients
of BSA on MCB, HCB, and CSFF by fitting protein uptake-time curves
obtained from the kinetic adsorption experiments. Meanwhile, the
above pore diffusion model was solved by the orthogonal col-
location method with 20 orthogonal collection points along the
adsorbent radius [23].

2.7. Chromatographic experiments

Frontal analysis experiments were carried out in buffer A to
determine the breakthrough behavior of column packed with MCB,
HCB, and CSFF, respectively. Firstly, after equilibration of the packed
column in buffer A, 2 mg/mL BSA in buffer A was pumped into the
column at a defined flow rate and the outlet absorbance of the efflu-
ent at 280 nm was monitored. After adsorption, the packed column
was eluted using buffer A plus 1.0 mol/L NaCl (pH 7.6) (noted as
buffer B). The dynamic binding capacity (DBC) was calculated from
the breakthrough curve using Eq. (8) [5].

q10% = c0u(t10% − t0)
(1 − ε)V

(8)

t

where q10% stands for the DBC of absorbent at 10% breakthrough,
c0 for the feed BSA concentration, u for the volumetric flow rate,
t10% for the time at 10% breakthrough, and t0 for the retention time
under non-retained condition.
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face area (35.5 m2/g for MCB, 34.6 m2/g for HCB), regardless of their
significant difference in pore structure.

To order to clearly elucidate the physical properties of both MCB
and HCB, more parameters were measured and listed in Table 1.

Table 1
Physical properties of HCB, MCB, and CSFF.

Matrix HCB MCB CSFF

dp (size range) (�m) 66 (37–108) 71 (40–112) 84 (50–131)
Surface area (m2/g) 34.6 35.5 52.7
Hydrated density (g/mL) 1.15 1.08 1.03
Fig. 1. SEM images of porous cellulose beads: (A) HCB and (B) MCB.

The column efficiency was expressed as the height of equivalent
o a theoretical plate (HETP). It was measured by elution chro-

atography under the non-retained condition of BSA, and the data
ere analyzed by the moment analysis method to determine the
ETP [5]. Typically, the column was equilibrated with 5 column vol-
mes of buffer B, and 20 �L of 2 mg/mL BSA in buffer B was injected

nto the column and the outlet stream was recorded by UV detector
t 280 nm. The dead volume of the system was measured by inject-
ng acetone solution via the injection loop when chromatographic
olumn was bypassed.

. Results and discussion

.1. Morphology and structure of porous cellulose beads

The porous cellulose beads were fabricated by an improved
mulsification procedure and a double cross-linking reaction, as
escribed in Section 2. Fig. 1 shows the SEM images of macro-
orous cellulose beads (MCB) and homogeneous cellulose beads

HCB), which were treated by critical point drying before SEM. It
an be seen that all these dried beads have perfect spherical shape
ith size of about 45 �m, and there is a significant difference on the

xternal morphology between MCB and HCB. From Fig. 1A, the HCB
isplays a smooth, homogeneous surface. In contrast, from Fig. 2B,
Fig. 2. Pore size distributions of porous cellulose beads: (�) HCB and (�) MCB.

the MCB is highly structured and exhibits a considerable number
of interlaced wide-pores larger than 1 �m. Apparently, these large
pores were originated from the removal of cyclohexane phase in
the ionic liquid-cellulose phase. Similar results have been reports
previously [24]. Furthermore, a similar cellulose adsorbent with
wide-pore size of about 2.3 �m was prepared using CaCO3 gran-
ules as templates, and the wide-pores in adsorbent were reduced
to less than 1 �m after water removal from the observation of SEM
images [25]. By the same token, the macropores would expand in
size when the dried cellulose adsorbents are immerged into water.
Therefore, it is expected that the expanded macropores in MCB are
beneficial in reducing the mass transfer resistance and be favorable
for fast protein purification.

The pore size of cellulose beads is an important index to
evaluate the adsorbents, which strongly related to adsorption per-
formance for protein. Mercury intrusion measurement is a popular
method to obtain the pore size distribution of porous materials,
including polysaccharide materials like agarose and cellulose beads
[25,26]. Before mercury measurement, the cellulose beads were
double cross-linked to enhance the structure stability. Moreover,
the cross-linking treatment was necessary step to fabricate cellu-
lose adsorbent and had no effect on the final pore size of cellulose
beads. Fig. 2 represents the pore size distributions of the MCB and
HCB. It is evident that the similar micropore size distributions (most
range of 10–20 nm), denoted as diffusion pores, are characterized
for both bead types and macropores (most range of 800–2000 nm)
only for the MCB, which agrees well with the pore size estimated
by the SEM image as shown in Fig. 1B. So, both diffusion pores and
macropores in the MCB are identified. For further investigations,
the surface areas were measured for MCB and HCB, as indicated
in Table 1. As seen here, both beads appear to have similar sur-
Water content (%) 61 72 92
εp

a (%) 48 60 55
B0 (×10−12 m2) 3.33 5.26 –
εb 0.36 0.39 –

a Effective porosity for BSA.
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on the protein adsorption, the dynamic adsorption kinetics for the
absorbents (MCB, HCB, and CSFF) were studied by the batchwise
method. The adsorption data were then fitted using the pore dif-
fusion model as described above, and the results are shown in
Fig. 5. As seen here, the simulated results fit well to the experimen-

Table 2
Parameters of dynamic and static adsorption as well as kinetics for HCB, MCB, and
CSFF.

Matrix HCB MCB CSFF

Ion exchange capacity
(�mol/mL)

124.1 99.6 119.7

qm (mg/mL) 85.2 ± 2.6 67.2 ± 2.3 140.3 ± 2.2
ig. 3. Effect of flow rate on back pressure of the column packed with (�) HCB and
©) MCB. Conditions: column 100 mm × 4.6 mm i.d.; mobile phase, distilled water.
he solid lines are calculated from Eq. (1).

t is clear that the volume-weighted mean diameter of wet MCB is
bout 71 �m (size range of 40–112 �m), and is similar to that of HCB
66 �m on average, size range of 37–108 �m), determined by par-
icle size measurement. Given that the dried cellulose beads show
bout 45 �m in mean size from measurement of SEM, the swelling
atio is estimated to be nearly 56% in diameter. The MCB also
xhibits a slightly lower hydrated density and higher water content
han the HCB (Table 1). It is attributed to the partial substitution of
ellulose gel by water in macropores within MCB. Moreover, these
acroporous channels in MCB are readily accessible and amenable

o the penetration of BSA into cellulose gel, so as to cause higher
ffective porosity (60%) of the MCB than that (48%) of the HCB for
SA.

One of the most significant properties of the cellulose beads on
hromatography is their flow hydrodynamics in terms of the rela-
ionship between flow rate and back pressure. It strongly relates to
he mechanical strength and mass transfer during the chromato-
raphic process, which is mainly determined by the pore structure
f the beads.

Fig. 3 shows the back pressure-flow rate curves for the columns
acked with MCB and HCB under the same condition for compar-

son. As seen in Fig. 3, the curves are linear over the entire range
f flow rates. It confirms that these cellulose beads were not com-
ressed even at high flow rate up to over 2000 cm/h, indicating their
xcellent mechanical strength. With the flow rate increasing con-
inually, while the backpressure-flow rate curve for MCB-packed
olumn is still linear along with flow rate, the back pressure for
CB-packed column markedly increases and the linear relationship

s destroyed (data not shown), indicating the HCB was compressed
nd not suitable for chromatography. This result demonstrates that
he MCB has more extensive range of flow rate than the HCB during
he chromatographic process. Moreover, in case of MCB, the column
isplays a lower back pressure compared with the HCB-packed col-
mn at a same flow rate. The lower back pressure of MCB might be
scribed to the introduction of macropores, which provides more
ide channels for transporting mobile phase quickly through the

ellulose gel.
To quantitatively evaluate the role of macropores in the MCB,

he corresponding hydraulic permeability (B0) and the interpar-
icle porosity (εb) for both bead types were calculated from the
ydraulic experiments and summarized in Table 1. It can be seen
hat the values of B and ε for MCB-packed column is 58% and
0 b
.3% higher than that for HCB-packed column, respectively. Accord-

ng to these results, introducing macropores in cellulose beads
ould decrease significantly the mass transfer resistance through
he packed column, and then result in high permeability. With
Fig. 4. Adsorption isotherms of BSA to the anion exchangers: (©) HCB; (�) MCB;
(�) CSFF. The solid lines are calculated from Eq. (5).

high permeability, the MCB would benefit the rapid purification
of biological molecules in a fast chromatography.

3.2. Protein adsorption equilibrium and kinetics

The adsorption equilibrium of BSA on the anion absorbents
was carried out by the finite batch adsorption experiment, being
described in Section 2.6. Fig. 4 presents the results for equilibrium
isotherms on MCB and HCB, and compared them with commer-
cial Sepharose 6 Fast Flow (denoted as CSFF). Least-square fitting
the isotherm data to Eq. (5) gave the equilibrium binding capaci-
ties (qm) and dissociation constants (Kd) (Table 2). The results from
Table 2 showed that the value of qm for MCB reaches 67.2 mg/mL,
21.2% lower than that for HCB. The reduction of equilibrium bind-
ing capacity lies in that the high porosity and large pores of MCB
result in less surface area for adsorption in this case, which in
turn affects the adsorption capacity, as proved previously [5,19].
Meanwhile, compared with HCB, the total ion exchange capacity
of DEAE-MCB decreased about 24.5%, quantitatively in agreement
to the reduction degree for equilibrium binding capacity for BSA.
However, for commercial adsorbent, CSFF appeared to have the
largest equilibrium binding capacity (140.3 mg/mL), although ion
exchange capacity of CSFF was lower than that of HCB. This is, of
course, related to the high available surface area for binding protein
in case of CSFF (Table 1).

The interconnected macroporous channels through the MCB are
expected to play a major role in the protein adsorption by improv-
ing the mass transfer. To further illustrate the effect of macropores
Kd (mg/mL) 0.097 ± 0.014 0.068 ± 0.013 0.1172
Dp (×10−12 m2/s) 2.1 12.7 1.9
DBCa (mg/mL) 40.3 49.7 46.2

a Flow rate is 360 cm/h; the values of DBC on HCB, MCB, and CSFF are calculated
at 10% breakthrough from the breakthrough curves.
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than that of the HCB column in the whole tested flow rates. The
lower HETP values could be attributed to the present of macropores
in MCB, which substantially reduced intraparticle mass transfer
resistance. The similar results were reported in previous litera-
tures [5,25]. Therefore, the macroporous cellulose beads, denoted
ig. 5. Adsorption kinetic of BSA to the anion exchangers: (�) HCB; (©) MCB; (�)
SFF. The solid lines are calculated from Eq. (6).

al data in the whole adsorption process, implying the model can
xplain protein adsorption on these beads satisfactorily. The corre-
ponding effective pore diffusivity (Dp) of three beads types for BSA
ere extracted from the pore diffusion model and summarized in

able 2. Generally, the effective pore diffusivity (Dp) for proteins is
elated to the wide-pore size of adsorbents [25,26]. It can be seen
hat the Dp value of HCB is approaching to that of CSFF, suggests
hat both beads have similar adsorption kinetics for BSA, i.e., diffu-
ional mass transfer. However, in case of MCB, the Dp value reaches
2.7 × 10−12 m2/s, about 7.9 times higher than HCB, and 6.7 times
igher than CSFF, respectively (Table 2). Meanwhile, Wang et al.
eported a similar superporous adsorbent templated by granules.
he new adsorbent showed a larger Dp value (3.91 × 10−12 m2/s)
ver the homogenous ones and proved that the superpores bene-
ted the mass transport for proteins, similar to our result. On the
hole, the adsorption kinetics of protein is mainly controlled by
ore structure through the adsorbent [23]. So, the improvements
f adsorption kinetics can be explained by the fact that the macro-
ores in MCB reduces the diffusion distance for protein transport,
ence faster mass transfer performances.

.3. Breakthrough behavior and dynamic binding capacity

Breakthrough experiment is another chromatographic tech-
ique for obtaining the pore-transport characteristics of the formed
eads. The approach is more practical because of the more real
eflection for the protein chromatographic process. Fig. 6 shows
series of breakthrough curves of BSA on MCB, HCB and CSFF at

60 cm/h of flow rate, respectively. The dynamic binding capac-
ties (DBC) were calculated from Eq. (8) with the breakthrough
urves, listed in Table 2. It is obvious that the breakthrough curve of
CB-packed column is very steeper in comparison with other two

ead-packed columns. Moreover, the results from Table 2 show
hat the DBC of BSA on the absorbents is 49.7 mg/mL for MCB,
0.3 mg/mL for HCB, and 46.2 mg/mL for CSFF, respectively. The
igh DBC value on MCB indicates that more adsorption sites are
vailable for absorbing protein in less time by introducing macro-
ores in cellulose beads.

Fig. 7 shows the plots of DBC/qm (dynamic-to-equilibrium
inding capacity ratio) versus flow rate to MCB, HCB and CSFF,
espectively. It can be observed from Fig. 7 that the DBC/q value
m

s in the order of MCB > CSFF > HCB in the whole range of flow rate.
eyond that, the ratios of DBC/qm on HCB and CSFF decline along
ith an increase of flow rate due to the slow protein diffusion into

he absorbents. In contrast, for the example of MCB, the DBC/qm
Fig. 6. Breakthrough curves of BSA for the anion exchangers: (- - -) HCB; (—) MCB;
(· · ·) CSFF.

value changes less than that of other absorbents (HCB and CSFF)
in the tested flow rate. It suggests that the MCB can keep a high
DBC even at an elevated flow rate. The comparison of MCB, HCB,
and CSFF further confirms that the macropores in MCB weaken the
mass transfer resistance, leading to more proteins available even
at high flow rate. Hence, the value of DBC/qm on MCB is higher and
independent of flow rate. Taking into account the physical and chro-
matographic performances of the absorbent, MCB is considered to
be promising for use in fast protein chromatography.

3.4. Column efficiency

Fig. 8 showed the relationship between column efficiency,
described by HETP, and flow rate determined under the non-
retained condition of BSA on the two beads types. At the lowest
flow rate tested, i.e. 180 cm/h, the HETP of the HCB column is about
2.12 mm, 2.4 times larger than that of the MCB column (0.89 mm).
With increasing flow rate, the HETP of the HCB column increases
sharply, following a typical behavior expressed by the van Deemter
equation. It indicates that the mass transfer resistance is signifi-
cant in HCB. For the MCB column, however, the HETP increases less
Fig. 7. Effect of flow rate on the DBC/qm for the anion exchangers: (�) HCB; (�) MCB;
(©) CSFF. The DBC of the exchangers are calculated at 10% breakthrough from Eq.
(8).
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ig. 8. Column efficiency detected with BSA as a function of flow rate: (�) HCB; (©)
CB.

s MCB, is considered to be promising for use in fast protein chro-
atography.

. Conclusions

A novel route to prepare macroporous cellulose beads (MCB)
as been successfully developed by a double emulsification pro-
ess of cellulose solution in ionic liquid. The bimodal pore structure
nd corresponding properties were determined by means of dif-
erent techniques including SEM, pore size distribution, particle
ize distribution, water contend measurement, flow hydrodynam-
cs, adsorption kinetics, static and dynamic adsorption, as well as
olumn efficiency. It is demonstrated that the generated cellulose
eads possess two sets of pores, i.e., diffusion pores featured for all
ellulose beads and macropores only for MCB. It is encouraging to

ee that introducing macropores in cellulose beads could enhance
ffectively bed permeability, improve significantly effective pore
iffusivity and dynamic binding capacity for protein, and column
fficiency. Beyond that, the absorbent of MCB also possesses some
dvantages, like permeability, dynamic binding capacity for pro-

[

[
[

1217 (2010) 1298–1304

tein, over commercial adsorbent (Sepharose 6 Flow fast, SCFF). All
of the properties indicate the example of MCB is an ideal stationary
phase for purifying biological molecules in fast chromatography. In
addition, compared with other approaches to fabricate porous cel-
lulose beads, the present strategy provides a novel readily, green
procedure for the fabrication of cellulose-based beads.
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