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Summary 
A novel biporous poly (glycidyl methacrylate-triallyl isocyanurate-divinylbenzene) resin (de- 
noted as Resin C) was prepared by in-situ co-polymerization with both superfine granules of 
sodium sulfate and the solvents toluene and n-heptane as porogenic agents. This material is 
based on a novel porogenic mode of a combination of both solid granules and solvents. The 
properties of Resin C were characterized, and then compared with both Resin A (where only 
solvents as porogen) and Resin B (where only solid granules are used as porogen). The bipor- 
ous resin showed good mechanical performance, high dynamic adsorption capacity and col- 
umn efficiency at high flow-rates. These factors indicate the biporous resin as a promising ad- 
sorbent for high-speed protein separation by chromatography. 

Introduction 

Liquid chromatography is an important 
and powerful technique in the separation 
and purification of biomolecules, espe- 
cially proteins [1, 2]. The stationary phase 
for chromatography is the key element in 
the development of this technology. Great 
advances have occurred related to the de- 
sign and production of high performance 
liquid chromatographic media since 
diethylaminoethyl derivatized cellulose 
was first used for the separation of pro- 
teins by Sober and Peterson [3]. Continu- 
ous research work is being made to find 
better stationary phases to satisfy the 

needs of high performance protein separa- 
tion and purification [4]. 

When designing a chromatographic 
medium it is necessary to meet a compro- 
mise between high capacity, rapid ki- 
netics, and mechanical strength [5]. Con- 
ventional rigid porous supports rely on 
high surface area, and hence high binding 
capacity, provided by an internal pore 
structure of pore size on the order of 10 to 
100 nm [6]. However, mass transfer of so- 
lute molecules occurs through such sta- 
tionery phase beads by diffusion. Diffu- 
sion is as a slow process, especially in the 
case of proteins that present high molecu- 
lar mass and low diffusion coefficient [4]. 

In order to circumvent this obstacle, small 
non-porous beads (1 41xm) had been 
proposed as an alternative. These small 
beads do not have "stagnant mobile phase 
mass transfer and mass transfer is no 
longer a problem [7]. Therefore, much fas- 
ter separation can be easily achieved [8, 9]. 
However, these beads are of limited appli- 
cation in protein separation and purifica- 
tion because of their low binding capaci- 
ties and low column permeability. There- 
fore, perfusion chromatography was de- 
veloped in the early 1990s. This technol- 
ogy employs convective mass transfer into 
the bead interior by creating matrices that 
contain large channels (> 600 nm) con- 
nected to smaller diffusion pores (30 
70nm) [1]. Perfusive beads combine the 
high binding capacity of conventional 
porous supports, with improved mass 
transfer character of non-porous bead. 
This combination gives great advantages 
to this type of stationery phase in protein 
separation and purification [4]. However, 
it is notable that the preparation of perfu- 
sive beads involves a very complicated 
process, including preparing small parti- 
cles using suspension, emulsion, or hybrid 
polymerization techniques and then 
building up particles into matrices of 5 
10 ixm [10]. Recently, the concept of a no- 
vel porogenic way, the cooperation of so- 
lid granule and solvent, was developed in 
our laboratory [11]. This achievement 
provides a new approach to produce high- 
performance biporous chromatographic 
media with a simple procedure, although 
the drawback of low mechanical stability 
of the biporous matrix needed to be over- 
come. 
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In a previous publication, a novel 
macroporous poly(glycidyl methacrylate- 
triallyl isocyanurate-divinylbenzene) an- 
ion-exchanger has been successfully pre- 
pared for protein adsorption in our la- 
boratory [12]. In this present work, a rigid 
biporous chromatographic media with 
the same polymer skeleton and superfine 
granules of sodium sulfate, toluene and n- 
heptane as porogenic agents was prepared 
by in-situ co-polymerization. The use of 
toluene and n-heptane, instead of cyclo- 
hexanol and lauryl alcohol adopted by 
Zhang and Sun [11], as porogenic agents 
was intended to enhance the mechanical 
performance of the medium based on our 
previous research [12]. After anion-ex- 
change groups were introduced by epoxy 
opening reaction with diethylamine, the 
matrix (denoted as Resin C) was used as 
an anion-exchanger. The properties of 
Resin C were characterized and compared 
with those of Resin A (with only solvents 
as porogen) and Resin B (with only solid 
granules as porogen). 

Experimental 

Materials 

Glycidyl methacrylate (GMA) (99%) was 
purchased from Suzhou Anli Chemical 
Corp. (Jiangsu, China) and used without 
further purification. Triallyl isocyanurate 
(TAIC) was kindly donated by Professor 
X. Q. Guo, Nankai University (Tianjin, 
China). Divinylbenzene (DVB) (45% divi- 
nyl monomer) was purchased from Shang- 
hai Qunli Chemical Factory (Shanghai, 
China) this was extracted with 10% aqu- 
eous sodium hydroxide and distilled water, 
dried over anhydrous magnesium sulfate, 
and then distilled under vacuum. Toluene 
and n-heptane were products of Tianjin 
Chemical Corp. (Tianjin, China). 2,2'- 
Azobis-(isobutyronitrile) (AIBN) was ob- 
tained from Tianjin Dagu Chemical Fac- 
tory (Tianjin, China) and was recrystal- 
lized in ethanol before use. Sodium sulfate 
was purchased from Tianjin Yifa Chemi- 
cal Factory (Tianjin, China). Superfine 
granules of sodium sulfate crystalline was 
prepared by addition of hot ethanol 
(50 ~ to saturated sodium sulfate solu- 
tion at 50 ~ The particle size distribution 
was measured with a Mastersizer 2000 par- 
ticle size analyzer (Malvern Instrument 
Ltd., UK). The result indicted that the par- 
ticle sizes of 90% sodium sulfate crystal- 
lines were between 0.7 1.51xm. All pro- 

teins reported in this study were purchased 
from Sigma (St Louis, MO, USA). Other 
reagents were all of analytical grade and 
used as received. 

Synthesis of Solid Matrices 

In general, the porogenic agents solvents 
(toluene and n-heptane, 1.5:1tool/tool) 
and/or granules of sodium sulfate were 
added to a mixture of monomers (GMA, 
DVB and TAIC, l:O.17:0.17mol/mol/ 
mot), in which the free radical initiator, 
AIBN (2 mol % with respect to mono- 
mers) was dissolved. Various composi- 
tions of the polymerization mixtures for 
preparing Resins A, B and C were 100/67/ 
0, 100/0/40 and 100/67/40 (monomers/sol- 
vent/solid granule, v/v/v), respectively. 
These mixtures were degassed and well 
mixed in an ultrasonicator for 30 min. 
The mixtures were then poured into a 
glass tube (100 • 10mm I.D.) which was 
sealed at one end. The other end of the 
tube was then sealed. The temperature of 
in-situ co-polymerization was linearly 
raised from 45 ~ to 65 ~ within 1 h, held 
at 65 ~ for 3 h, then 75 ~ for 1 h and fi- 
nally 85 ~ for 2 h. This program of tem- 
perature changes was chosen to ensure 
that the co-polymerization did not occur 
too rapidly and to avoid the bubble for- 
mation. This procedure led to the forma- 
tion of a white solid rod within the tube. 
The whole co-polymerization reaction has 
been described by Yu and Sun [12]. Once 
the co-polymerization was completed, the 
polymer rod was pushed out and then 
ground into small particles. The solvent 
porogenic agents, toluene and n-heptane, 
were stripped by extracting the particles 
with ethanol under reflux for at least 24 h 
in a Soxhlet extraction apparatus. The so- 
lid porogenic agent, sodium sulfate, was 
washed from the particles with 30% etha- 
nol solution until no precipitation in the 
supernatant could be detected by the addi- 
tion of BaC12. The particles were then 
dried under vacuum (< 130 Pa) at room 
temperature, and fractionated by sieving 
with 34- and 74-1xm standard test sieves. 

Preparation of Anion Exchangers 

The modification of the particles for the 
preparation of anion exchangers is based 
on ring-opening reaction of the epoxide 
groups on the co-polymer as described 
elsewhere [12]. In summary 5.0 g resin was 

mixed with 25 mL diethylamine and 
25 mL dioxane, and the mixture was stir- 
red and heated at 60 ~ for 6.5 h. Any ep- 
oxide groups remaining on the polymer 
were reduced to hydroxyl groups by sus- 
pending in 100 mL of 0.1 M NaBH4 solu- 
tion and shaking it overnight in a shaking 
incubator (140 rpm) at room temperature. 
Finally, the product was thoroughly 
washed with an excess of distilled water 
and ethanol. This was repeated 10 15 
times over a week, and finally dried at 
50 ~ for 24 h until constant weight. 

Characterization of the Particles 

The particle size distribution was mea- 
sured with Mastersizer 2000 particle size 
analyzer. The pore size distribution analy- 
sis was performed on a Micromeritics 
AUTOPORE II 9320 automated mercury 
porosimeter by mercury intrusion porosi- 
metry. Scanning electron microscopy 
(SEM) was carried out on a XL30 ESEM 
scanning microscope (Phillips, Nether- 
lands) to characterize the pore structures 
of the particles in dry state. All samples 
were sputter-coated with gold before ana- 
lysis. The specific surface areas of the dry 
particles were determined by the three- 
point nitrogen adsorption (BET) method, 
with a BET ST-03 instrument. The water 
contents of the resins were determined ac- 
cording to Wu and Brown [13]. 

Static Adsorption Isotherms 

The standard batch adsorption system 
was utilized to determine the static ad- 
sorption isotherms of the anion exchan- 
gers for using bovine serum albumin 
(BSA) as a model protein [14]. Typically, 
0.05 g wet resin was introduced into a test 
tube containing 5 mL BSA solution. The 
initial BSA concentrations were from 0.2 
to 2 .0mg.mL 1. Adsorption was per- 
formed at 25 ~ in a shaking incubator 
(120 rpm) for 24 h. At the end of adsorp- 
tion, solid phase was centrifugally sepa- 
rated and the supernatant was analyzed at 
280 nm for residual protein concentration. 
The equilibrium protein concentration 
and the amount of protein adsorbed onto 
the anion exchangers were calculated by 
mass balance. 
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Figure 1. Scanning electron micrographs of the 
matrices. 

Chromatography 

The volume-weighted mean diameters of 
Resins A, B and C were 60.5, 54.3 and 
54.1 ixm, respectively. These particles were 
packed into chromatographic columns 
(30 • 4.6 mm I.D., 0.5 mL volume) to pro- 
duce Columns A (with Resins A), B (with 
Resin B) and C (with Resin C). An etha- 
nol slurry packing technique was used for 
the column packing. All packed-bed chro- 
matography experiments were carried out 
using a Waters HPLC system consisting 
of a controller, a 600E pump, a manual in- 
jector with an injector loop of 5 ixL (Rheo- 
dyne 7725i, Australia) and a 2478 UV de- 
tector.PC 800 software (Waters, Milford, 
MA, USA.) was used for data acquisition 
and processing was used. The flow beha- 

vior of the columns was determined by 
measuring the back-pressure as a function 
of mobile phase flow velocity with 0.01 M 
Tris-HC1 buffer pH 7.6 (buffer A) as the 
mobile phase. 

The dynamic adsorption capacity was 
determined by frontal analysis. The col- 
umn was equilibrated with 10 15 column 
volumes (CVs) of buffer A. After taking 
the column off-line, the tubing before the 
column was purged with 30 mL of 
2 m g . m L  1 BSA solution. The column 
was then brought on-line and loaded with 
feed until the absorbance of the outlet 
stream has approached that of the inlet 
stream. Then, the column was eluted with 
30 CVs of 1 M NaC1, and re-equilibrated. 
Based on the UV signals, the level of 
breakthrough was determined by normal- 
izing the protein concentration with the 
initial protein concentration. The dy- 
namic capacity was calculated by 

cf ( t lO tO) (1) qlo - V~ 

cF(t50 to) (2) ql0 - VB 

where qx0 and qs0 are the dynamic capaci- 
ties at 10 and 50% breakthrough, respec- 
tively, c is the feed BSA solution concen- 
tration, tl0 and ts0 are the time of 10 and 
50% breakthrough, respectively, to is the 
retention time under non-retained condi- 
tion, F is volumetric flow-rate and VB is 
the bed volume (0.5 mL). 

The column efficiencies were measured 
by elution chromatography. Lysozyme 
and BSA were used as the detectors. In 
these experiments, a 5-1xL pulse of protein 
solution was injected into the column and 
the eluted peak was recorded at the col- 
umn exit. The dead volume of the system 
was measured by injecting 5 IxL of 50 % 
acetone solution via the injection loop. 
The experiments were conducted at flow- 
rates ranging from 72 to 1260 cm. h 1. 

The column efficiency was expressed as 
the height equivalent to a theoretical plate 
(H), which was determined from the fol- 
lowing equation: 

0-2L 
H -- 2 (3) 

#1 

where L is the column length (30 mm), 2 is 
the peak variance and #1 is the first mo- 
ment (mean). From the experimental chro- 

#1 and 0- are calculated from matogram, 2 

jo ~ l~.(l)dl (4) 
#1 - ~0oo c(t)dt  

Figure 2. Pore size distributions of the matrices. 
(a) Incremental intrusion distribution; (b) Cu- 
mulative intrusion distribution. 

and 

0 -2 __ j;oo t2c(t)dt 2 

jo ~ c( Odl ~1 

where t is time and c(t) is elution concen- 
tration of protein at the column exit. 

Results and Discussion 

Characteristics of the Matrices 

The variance in pore structures of Resins 
A, B and C is evident from the SEM photo- 
graphs (Figure 1). It can be seen that Resin 
A has a so-called "spongy" appearance [5], 
which is suggestive of wide, open micro- 
pores. Resin B is composed of a continu- 
ous three-dimensional polymer phase and 
irregular macropores formed by the pre- 
sence of the solid granules. Resin C when 
compared with Resins A and B, shows re- 
gions ofmicropores similar to Resin A and 
of macropores similar to Resin B. More 
detailed pore size analysis is shown in Fig- 
ure 2. Here, the data is plotted as dV/  
d(logD) (Figure 2a) and the cumulative in- 
trusion volume (Figure 2b) against pore 
diameter, where V is the volume of mer- 
cury which has penetrated and D is the 
pore diameter. Obviously, Resin A, with 
solvent as the porogenic agent, and Resin 
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Figure 3. Effect of liquid flow-rate on back- 
pressure of a column packed with 37 74~m 
beads. Conditions: column 30 • 4.6ram I.D.; 
mobile phase 0.01 M Tris-HC1 buffer pH 7.6. 
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Figure 4. Static adsorption isotherms of BSA 
to the anion-exchange resins. 

60 

50 

40 

30 

20 

10 

0 

0 

1 

8 0 . 8  

"~ o= 0.6 

~ ~ 0.4 

-,~ 0.2 
�9 

~ f 

i i I I 

5 10 15 20 25 
Effluent volume (mL) 

0 30 

Figure 5. Breakthrough curves for BSA at 
180cm. h 1. Conditions: column 30 • 4.6mm 
I.D.; mobile phase 0.01 M Tris-HC1 buffer pH 
7.6; feed BSA concentration 2mg. mL 1; UV 
detection at 280 nm. 

B, with solid granules as the porogen, both 
contain one family of pores in the range of 
about 10 150 and 150 3000 nm with a 
distinct maximum near 30 and 1500 nm, 
respectively. In contrast, for Resin C, with 
both the solvents and the solid granules as 
the porogen, a typical bimodal distribu- 
tion is identified clearly (Figure 2a). The 
large-size pores correspond to flow- 
through pores (200 3000 nm) that serves 
as the intraparticle flow channels, and the 
small-size pores to a population of small 
diffusive pores (10 150 nm) that contri- 
bute more significantly to the specific area. 
The difference between these three pore 
size distributions can be explained in terms 
of the roles of different porogenic agents. 
The solvent porogenic agents are the main 
contributors to the regions of the micro- 
pores, while the solid granules contribute 
to the regions of the macropores. Thus, si- 
milar to the conventional porous media 
with solvents as porogen, the size of micro- 
pores and macropores in Resin C can be 
designed by adjusting the composition of 
the polymerization mixture [15] and the 
size of solid granules, respectively. Here, 
the pore structure of Resin C appears to be 
more suitable for convective mass transfer 
in contrast to that of our previously pre- 
pared biporous resin [11]. 

When the separation medium is used 
for chromatography, a high binding capa- 
city is essential. The specific surface area 
is one of the main indicators of its binding 
capacity. The specific surface areas of Re- 
sins A, B and C are 44.0, 4.0 and 
35.2m2.g 1, respectively when deter- 
mined by the BET method. The somewhat 
smaller specific surface area of Resin C, 
compared to Resin A, is due to the pre- 
sence ofmacropores [16]. 

Water contents of Resins A, B and C 
are estimated at 57.1, 64.1 and 67.7 (w/ 
w)%, respectively. It is notable that the 
polymer skeleton, procedure of prepara- 
tion, and crosslinking degree of the three 
resins are the same, therefore the most 
likely explanation of the relatively high 
water content of Resin C is the existence 
ofmacropore structure. 

Flow Behavior of Packed Columns 
For a resin to be used in a HPLC, it 
should be rigid and stable when its packed 
column is operated at elevated flow-rates. 
Figure 3 shows the effect of flow-rate on 
back-pressure in a packed column. A line- 
ar dependency of the back-pressure on the 
mobile phase flow-rate is observed up to a 
superficial linear velocity of 1260cm. 
h 1. This reveals that little compression 
or damage of the particles occurred under 
the operation conditions. In our previous 
work [11], the biporous chromatography 
medium could only be operated below 
720 cm. h 1; and at flow rate higher than 
1000cm.h 1, the back-pressure in- 
creased drastically due to breakage of the 
irregular-shape resin. Compared with 
that, the mechanical strength of the bipor- 
ous resin developed here is greatly im- 
proved. This is due to the use of toluene 
and n-heptane as the porogens instead of 
cyclohexanol and lauryl alcohol [11]. It 
can also be seen that at this highest flow- 
rate tested, the back-pressures of Columns 
B and C are lower than that of Column A. 

Adsorption Capacity 
The static BSA adsorption isotherms of 
the three resins are presented in Figure 4. 

The solid lines are calculated from the 
Langmuir equation: 

qmc (6) 
q - - K d + c  

where q (mg.g 1 wet resin) is the ad- 
sorbed BSA density to the adsorbent, qm 
is the adsorption capacity, c (mg. mL 1) 
is the equilibrium concentration of BSA 
in bulk solution, and 1s (mg. mL 1) is 
the dissociation constant, qm and 1s are 
determined by fitting the equilibrium data 
to the Langmuir equation with the non- 
linear Simplex method. The static BSA ca- 
pacities of Resins A, B and C are esti- 
mated are 55.3, 7.4 and 42.8 mg. g 1 wet 
resin, respectively. These correspond well 
with the specific surface areas of the resins 
described above. Using the data of the wet 
density of the Resin C (1.08 g. mL 1) and 
assuming a packed-bed voidage of 0.35 
[17], it is estimated that the capacity of Re- 
sin C is 30.1 mg. mL 1 bed column. This 
value is higher than some commercially 
available biporous anion-exchange media 
for the same model protein [18]. 

One of the most important characteris- 
tics of a chromatography column is its dy- 
namic adsorption capacity. Differences in 
the static and dynamic binding capacities 
of an adsorbent is a sensitive measure of 
mass transfer limitations [19, 20]. Frontal 
analysis provides the dynamic adsorption 
data. Figure 5 illustrates BSA break- 
through curves at 180cm.h 1 for Col- 
umns A, B and C. The 10% breakthrough 
adsorption capacity of Columns A and B 
are 8.8 and 4.5mg .mL 1 bed column (or 
12.5 and 6.4mg.g 1 wet resin), respec- 
tively, while for Column C a capacity of 
24.4 mg. mL 1 bed column (or 34.8 mg. 
g 1 wet resin = 37.5mg.mL 1) is ob- 
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Figure 6. Dynamic capacity of BSA on Column 
C at 10 and 50% breakthroughs as a function 
of flow-rate. 

tained. The dynamic capacity of Column 
A decreased considerably when compared 
with the static capacity determined by 

batch experiments that allow saturation 
of  binding sites. This is due to the intrinsi- 
cally low intra-particle diffusive mass 
transfer in Resin A. The dynamic capaci- 
ties of Resins B and C, on the other hand, 
are close to their static capacities respec- 
tively. These prove that in the case of Re- 
sin C, BSA molecule permeates the parti- 
cles by a combinat ion of convective and 
diffusive mass transport due to the pre- 
sence of  the flow-through macropores,  
and thus the rate of mass transfer is accel- 
erated. 

In order to further confirm the conclu- 
sion that the intra-particle mass transfer 
in Resin C is greatly enhanced by convec- 
tion, the dynamic adsorption capacities of  
Resin C were measured at elevated flow- 
rates. The capacities at 10 and 50% break- 
through as a function of  flow-rate are 
shown in Figure 6. The results indicate 
that the dynamic capacity at 10% break- 
through decreases less than 20% when the 
flow-rate increases up to 1 2 6 0 c m . h  1, 

while the capacity at 50% breakthrough is 
approximately unchanged. 

It  has been reported that the dynamic 
capacities (10% breakthrough) of com- 
mercially available polymer-based anion- 
exchange resins, i.e., POROS QE/M, 
Macro-Prep 25Q, Fractogel E M D  T M A E  
650s and Source 30Q at a flow-rate range 
of  144 to 720 cm.  h 1 for BSA are 38, 21, 
28 and 3 8 m g . m L  1, respectively [21]. 

Obviously, the dynamic capacity of  Resin 
C is higher than that of Macro-Prep 25Q 
and Fractogel E M D  T M A E  650s, and 
comparable to that of  POROS QE/M, the 
typical commercial biporous anion-ex- 
change resin, and Source 30Q. 
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Figure 7. Column efficiency detected with (a) 
lysozyme and (b) BSA as a function of mobile 
flow-rate. Conditions: column 30• 
I.D.; injection volume 5 pL; UV detection at 
280 nm. (a) mobile phase 0.01 M Tris-HC1 buf- 
fer pH 7.6; feed lysozyme concentration 
5 mg. mL 1; (b) mobile phase 0.2 M NaC1 in 
0.01 M Tris-HC1 buffer pH 7.6; feed BSA con- 
centration 10mg �9 mL 1. 

Column Efficiency 

The chromatographic efficiency of  the re- 
sins as a function of flow-rate is repre- 
sented in Figure 7a (lysozyme) and Figure 
7b (BSA). Lysozyme was non-retained be- 
cause it is positively charged [22], while 
BSA was weakly retained under the ex- 
perimental condition. It can be seen that 
Columns B and C are of  much greater effi- 
ciency than Column A. Moreover,  the H 
values of Columns B and C are approxi- 
mately unchanged in the range of  mobile 
phase velocities for both the proteins, 
while that of  Column A increases signifi- 
cantly with the flow-rate. 

The elution chromatograms of both 
proteins obtained at 3 6 0 c m . h  1 are 

shown in Figure 8a (lysozyme) and Figure 
8b (BSA). It is clear that the tailing of  the 
elution peak for Column A is much more 
significant than those of Columns B and 
C. Extra-column contributions to band- 
broading are negligible since the injection 
size and the volume of the extra-column 
tubing and fittings are much smaller than 
the width of the observed peaks. There- 

12 
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Figure 8. Chromatograms of (a) lysozyme and 
(b) BSA. Experiments were performed at 
360cm �9 h 1. Other conditions were the same 
as in Figure 7. 

fore, these can be well explained in terms 
of the pore structures of the resins. Mass 
transfer in Resin A is a diffusion-limited 
case, so there is higher diffusive resistance 
in Resin A and its column efficiency de- 
creases with increasing the mobile phase 
flow-rate [23]. Conversely, accelerated 

mass transfer resulting from the presence 
of  flow-through pores in Resin C (a diffu- 
sion-convection case) substantially re- 
duces the negative effect of  micropore dif- 
fusion on the plate height. Therefore col- 
umn efficiency is nearly the same with that 
of  Resin B with only macropores (Figure 
7) and the tailing of  elution peak for Col- 
umn C is not  so significant as Column A. 
The macropores allow the mass transport 
of  protein molecules into the interior part 
of  the particle by convective flow, leading 
to high column efficiency at elevated flow- 
rates [2, 24]. 

It has been reported that the column 
plate heights for lysozyme of columns 
packed with 21.8 pm POROS 20SP and 
26.6 pm SP POROS 20 OH beads at non- 
retained conditions was 0.87 and 1.20 mm 
respectively at 1222 cm. h 1 [16]. The re- 
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sults presented here indicate that the col- 
umn efficiency of Resin C is comparable 
to those of the commercially available bi- 
porous polymeric media that have smaller 
particle size. 

Conclusions 

An ideal medium for protein separation is 
biporous materials with high specific sur- 
face area, large pores required for high ca- 
pacity, low flow resistance and good me- 
chanical strength. We have developed a 
novel porogenic mode, i.e., and combina- 
tion of solid granules and solvents, which 
simplifies the preparation of biporous 
media into a simple in situ co-polymeriza- 
tion. A biporous co-polymer of GMA, 
DVB and TAIC was produced using gran- 
ules of sodium sulfate and toluene and n- 
heptane as porogenic agents, and was then 
employed as an anion exchanger after 
functionalized with diethylamine. Results 
from SEM and mercury intrusion porosi- 
metry measurements reveal that the ma- 
trix contains regions ofmicropores with a 
maximum at approximately 30 nm and re- 
gions of macropores with a distinct maxi- 
mum near 1500 nm. In contrast to the re- 
sins using only solvents or solid granules 
as porogenic agent, the biporous medium 
simultaneously possessed a high specific 
surface area of 35.2m2.g 1 and a high 
water content of 67.7%. The column 
packed with this biporous medium 
showed a low back-pressure at mobile 
phase flow velocity up to 1260cm. h 1, 
indicating its good mechanical perfor- 

mance. Because of the presence of flow- 
through pores, the dynamic adsorption 
capacity was as high as 34.8 mg. g 1 wet 
resin, close to its static capacity. In addi- 
tion, the column packed with this material 
exhibited high column efficiency as de- 
tected with lysozyme and BSA as model 
proteins. These results highlight that the 
flow-through pores in the biporous resin 
substantially increase the mass transfer 
rate of the large molecules and minimize 
the negative effects of diffusion. Thus, it is 
considered that the biporous resin is a 
promising adsorbent for high-speed pro- 
tein separation. 
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