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ABSTRACT: This paper describes the preparation of the
metallic affinity column by atom transfer radical polymer-
ization of glycidyl methacrylate (GMA) on Wang resin
surface. The metallic ions (Zr4þ, Fe3þ, and Pd2þ) were
introduced after phosphonation of the epoxy group of the
grafted poly(GMA) on Wang resin surface. The successful
results on metallic ion-immobilized polymeric microsphere
stationary phase were confirmed via Fourier transform
infrared, scanning electron microscopy, X-ray photoelec-
tron spectra (XPS), and inductively coupled plasma-atomic
emission spectrometer. The resolution degree of the phos-
phonated casein and dephosphonated casein for Zr4þ,

Fe3þ, and Pd2þ affinity column was examined. The result
shows that the resolution time (min) of the phosphonated
casein was higher than that of the dephosphated casein on
the Zr4þ affinity column by liquid chromatography. How-
ever, the phosphonated casein and dephosphonated casein
were not separated on the Fe3þ affinity column and Pd2þ

affinity column by liquid chromatography. VVC 2009 Wiley
Periodicals, Inc. J Appl Polym Sci 114: 1250–1255, 2009

Key words: Zr4þ; affinity column; atomic transfer radical
polymerization; Wang resin; phosphonated casein;
resolution time

INTRODUCTION

Atom transfer radical polymerization (ATRP) is a
convenient and useful method to synthesize polymer
with well-controlled molecular weight and molecu-
lar weight distribution.1–4 Not only linear homopoly-
mers but also many polymers with interesting
architectures, such as block copolymers,5,6 graft
copolymers,7–9 branched polymers,10,11 and brush
polymers,12 have been synthesized by ATRP. Graft
polymerization using ATRP is a useful method
because various functional groups are easily intro-
duced on the solid matrix with rigid properties. The
rigid property of the packing materials is a very im-
portant factor in the use of high-performance liquid
chromatography (HPLC) column because a packing
material with soft properties cannot be packed in an
HPLC column.

On the other hand, glycidyl methacrylate (GMA)
is one of the monomers which can be easily modi-
fied into various functional groups. After GMA is
polymerized, the epoxy groups of poly(GMA)
can easily be changed to alcohols,13 amines,14

phosphonic acid,15 sulfonic acid,16 etc.17

In our previous paper,18 the poly(MA) was pre-
pared by emulsion polymerization to apply the cos-
metic supporters after coating with vitamin C. The
spherical poly(MA) of various sizes can be obtained
by changing reaction conditions. The vitamin C coat-
ing on the surface of poly(MA) microspheres by
using cyclodextrin as a binder can be achieved to
30 wt % water/methanol mixture. We also prepared
a polymeric microsphere with an epoxy group by
the radiation-induced polymerization of GMA and
diethylene glycol dimethacrylate in reaction condi-
tions with variations in solvents, irradiation dose,
and monomer composition.19 Lipases have been im-
mobilized to the epoxy group of the polymeric
microsphere in experimental conditions with varia-
tions in pH and epoxy group content. The activity of
the lipase-immobilized polymeric microsphere (PM)
was in the range of 148–342 unit/mg min. However,
these polymeric microspheres cannot be used in the
packing materials for the HPLC column because the
polymeric microsphere has soft properties and a
small diameter. Considering the desired properties
for HPLC column packing materials, such as rigid
properties, suitable size for using in packing materi-
als, and having a functional group, we selected
Wang resin as the packing matrix.
On the other hand, phosphonated casein can be

obtained from casein by enzymatic hydrolysis dur-
ing the manufacturing of milk products as well as
during intestinal digestion.20,21 The phosphonated
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casein can be used in the food and drug materials as
a carrying supporter for calcium ions. However, to
our knowledge, there are no published reports on
the isolation of phosphonated casein from casein by
HPLC.

In this study, we prepared the metallic affinity col-
umn based on Wang resin microspheres with Zr4þ,
Fe3þ, and Pd2þ ions by using ATRP of glycidyl
methacrate with an epoxy group. The epoxy group
was used to introduce metal ions after phosphona-
tion. The metallic ion-immobilized Wang resin
microsphere stationary phase was characterized by
Fourier transform infrared (FTIR), scanning electron
microscopy (SEM), XPS, and inductively coupled
plasma-atomic emission spectrometer (ICP-AES).
The separation efficiency for the metallic affinity col-
umn prepared by slurry packing was tested for
phosphonated casein and dephosphonated casein.

EXPERIMENTAL

Chemicals

Wang resin (200–400 mesh), 2-bromoisobutyryl bro-
mide, GMA, 2,20-bipyridine (bpy, 99%), phosphorus
oxychloride (99%), zirconyl chloride hydrate
(ZrOCl2, 99.9%), FeCl3, PdCl2, copper (I) bromide

(CuBr) phosphonated casein, and dephosphated
casein separated from bovine milk were purchased
from Sigma-Aldrich. The other chemicals were also
reagent grade.

Scheme 1 Preparation procedure of Zr4þ affinity stationary phase based on Wang resin.

Figure 1 FTIR spectra of Zr4þ affinity stationary phase
based on Wang resin. (a) Wang resin (1), (b) brominated
Wang resin (2), (c) epoxy group-modified Wang resin (3),
and (d) Zr4þ-modified Wang resin (4 in Scheme 1).
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Synthesis of metallic affinity stationary phase
based on Wang resin microspheres

Scheme 1 shows the preparation procedure of the
Zr4þ affinity stationary phase based on Wang resin
with hydroxy groups. The Wang resin with
hydroxyl group (1) was used as packing material
supports. Wang resin introduced Zr4þ ions as fol-
lows: The initiator (2) was obtained by the reaction
of 2-bromoisobutyryl bromide (3.6 mmol) and Wang

resin (5.0 g) in toluene (70 mL) at room temperature
for 3 h under nitrogen atmosphere. Next, the epoxy
group-containing polymer stationary phase (3) was
obtained by ATRP of GMA in the presence of CuBr
(1.67 mmol), 2 compound as initiator, and bpy (3.07
mmol) as ligand at room temperature for 3 h. The
epoxy group of 3 polymeric microspheres was
reacted with POCl3 (600 mg, 1.00 mol) in acetonitrile
(5.00 mL) in the presence of pyridine (0.93 g, 3.00
mol) under nitrogen for 12 h. The white powder was
obtained using filter paper and then dried in a vac-
uum oven at 50�C for 8 h. The powder was again
dispersed in acetonitrile (5.00 mL). Subsequently, the
deionized water (0.60 mL) was added under nitro-
gen at room temperature for 12 h. To immobilize
Zr4þ to the phosphoric acid group, ZrOCl2 (500 mg)
was added under nitrogen at room temperature and
was reacted for 48 h. Finally, the obtained powder
was washed with acetonitrile and dried in a vacuum
oven at 50�C for 8 h. The obtained Zr4þ affinity sta-
tionary phase was suspended in a hexane/2-propa-
nol (90/10) mixture and packed in a stainless steel
column (100 � 2.1 mm I.D.) by a slurry packing
method for use in HPLC.

Instrumentation

The surface morphology of the samples was deter-
mined by using SEM (S-3000N; Hitachi Science Sys-

Figure 2 XPS survey scan spectra of Zr4þ affinity station-
ary phase based on Wang resin. (a) Wang resin (1), (b)
brominated Wang resin (2), (c) epoxy group-modified
Wang resin (3), and (d) Zr4þ-modified Wang resin (4 in
Scheme 1).

Figure 3 SEM images of Zr4þ affinity stationary phase based on Wang resin. (a) Wang resin (1), (b) brominated Wang
resin (2), (c) epoxy group-modified Wang resin (3), and (d) Zr4þ-modified Wang resin (4 in Scheme 1).
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tem, Japan). FTIR spectra were recorded in the range
of 400–4000 cm�1 with a 4 cm�1 resolution from KBr
pellets on a Perkin-Elmer Spectrum 1000 system
(Perkin-Elmer Life and Analytical Sciences). The X-
ray photoelectron spectra of the samples were
obtained using MultiLab ESCA2000 (Thermo Fisher
Scientific). The Zr contents were analyzed by an
ICP-AES (Ultima-C; Jobin-Yvon). Also, the separa-
tion efficiency of the prepared column was deter-
mined by HPLC (1100 Series; Agilent) with a UV
detector.

RESULTS AND DISCUSSION

Chromatography based on silica ball supports has
numerous qualities, such as high mechanical stabil-
ity, resistance to swelling, and excellent efficiency.
However, affinity columns based on silica ball can-
not be used in the isolation of phosphonated casein
from casein because the mobile phase (buffer solu-
tion) is not passed on the affinity column based on
the silica ball. To pass the buffer solutions onto the
column, the column supports should have hydro-
phobic properties. Therefore we selected Wang resin
to prepare packing material for liquid chromatogra-
phy for separation of phosphorylated protein. For
introduction of metal ions, the surface modification
was performed by phosphonation of the epoxy
group after ATRP of GMA on Wang resin surface.
Subsequently, we introduced Zr4þ, Fe3þ, and Pd2þ

on the phosphoric acid-modified Wang resin.
Figure 1 shows FTIR spectra of the Wang resin

(1), brominated Wang resin (2), epoxy group-modi-
fied Wang resin (3), and Zr4þ-modified Wang resin
(4). In Figure 1(b), the characteristic absorption peak
at 1730 cm�1 appeared due to >C¼¼O (carbonyl
group) of 2-methylpropanoyl bromide (see 2 in
Scheme 1). After ATRP of GMA, the epoxy group
appeared at 910 cm�1 due to the epoxy group of

poly(GMA) and a characteristic peak at 1730 cm�1

due to the carbonyl group of the poly(GMA). As a
result, the epoxy group was successfully introduced
on the surface of Wang resin by ATRP (see 3 in
Scheme 1). In Figure 1(d), the epoxy group at 930
cm�1 disappeared because of phosphonation of the
epoxy group of the grafted poly(GMA) as described
in Scheme 1. This means that the Zr4þ ion was suc-
cessfully introduced on Wang resin surface.

Figure 4 XPS survey scan spectra of metallic affinity sta-
tionary phase based on Wang resin with Zr4þ (a), Fe3þ (b),
and Pd2þ (c). Content of Zr ¼ 0.24%, Fe ¼ 0.08%, and Pd
¼ 8.00% by ICP-AES.

Figure 5 SEM images of metallic affinity stationary phase
based on Wang resin with Zr4þ (a), Fe3þ (b), and Pd2þ (c).
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Figure 2 reveals the XPS survey scan spectra of
the Zr4þ affinity stationary phase based on Wang
resin microsphere: Wang resin (1), brominated Wang
resin (2), epoxy group-modified Wang resin (3), and
Zr4þ-modified Wang resin (4). In the Wang resin
[Fig. 2(a)], the C 1s peak at 285 eV was high in in-
tensity compared with that of O 1s peak at 532 eV.
There are no large-change XPS results after surface
modification of 2-methylpropanoyl bromide [Fig.
2(b)]. However, after ATRP of GMA [Fig. 2(c)], the
O 1s peak intensity was relatively increased com-
pared with that of C 1s peak. This means that the
poly(GMA) was successfully introduced on the sur-
face of Wang resin. In XPS spectra of Figure 2(c,d),
the copper element used in the initiator appeared
despite washing the polymer. After the complexa-
tion of Zr4þ ion to the phosphoric acid group (see
the structure 4 in Scheme 1), the P 2s peak around
200 eV and Zr 3d peaks around 200 eV appeared as
shown in Figure 2(d). This means that the Zr4þ affin-
ity stationary phase was successfully prepared.

Figure 3 shows the SEM images of Wang resin (1),
brominated Wang resin (2), epoxy group-modified
Wang resin (3), and Zr4þ-modified Wang resin (4).
After the surface modification of the 2-methylpropa-
noyl bromide on the surface of Wang resin, the sur-
face morphology of Wang resin was changed from a
smooth surface [Fig. 3(a)] to a rough surface [Fig.
3(b)] due to immobilization of 2-methylpropanoyl
bromide of the Wang resin surface. After the ATRP
of GMA, the surface morphology of Wang resin
appeared like grape skin, as shown in Figure 3(c).
This means the poly(GMA) was successfully intro-
duced on the surface of Wang resin via ATRP. The
surface morphology of the Zr4þ affinity stationary
phase showed a pattern similar to that in Figure
3(c). To prepare various plus charge metallic affinity
stationary phases, we introduced the Fe3þ and Pd2þ

on the surface of the phosphonated Wang resin as
described in Scheme 1.
Figure 4 reveals the XPS survey scan spectra of the

metallic affinity stationary phase based on Wang resin
with Zr4þ, Fe3þ, and Pd2þ. There was no Fe peak in
XPS spectra on the Fe3þ affinity stationary phase [Fig.
4(b)] because of the low Fe content. In determination
results of ICP-AES, the content of the Zr, Fe, and Pd
was 0.24%, 0.08%, and 8.00%, respectively. In Figure
4(c), the Pd 3d peaks around 360 eV appeared. From
these results, the metallic affinity stationary was suc-
cessfully prepared using the ATRP method.
Figure 5 also shows the SEM images of the metallic

affinity stationary phase based on Wang resin with
Zr4þ, Fe3þ, and Pd2þ. In Figure 5(b), the surface mor-
phology of Wang resin shows the grape skin form sim-
ilar to that shown in Figure 5(a). However, the
morphology of the Pd2þ affinity stationary phase in
Figure 5(c) looks like the aggregation form because of
immobilization of large amounts of Pd2þ on the surface
of Wang resin.
To use an affinity column to isolate phosphonated

protein from proteins, the prepared metallic affinity
stationary phase was packed in stainless steel col-
umns. Subsequently, the resolution of phosphonated
casein and dephosphonated casein as the model pro-
tein was performed using HPLC. The resolution con-
ditions were as follows: Column, 100 � 2.1 mm I.D.;
triple-distilled water; flow rate, 0.1 mL/min; room
temperature; detector, UV 254 nm. In the case of
Fe3þ and Pd2þ affinity column, phosphonated casein
and dephosphonated casein were not separated.
However, in the Zr4þ affinity column, phosphonated
casein and dephosphated casein were separated, as
shown in Figure 6(a). In our previous paper,22 the
separation of bovine serum albumin (BSA) and
chicken egg albumin (CEA) on the polymeric sta-
tionary phase with various amines was investigated.

Figure 6 Resolution of phosphorylated casein/dephosphorylated casein (a) and albumin/Hb (b) by use of Zr4þ affinity
column (phosphonate buffer pH ¼ 7.0; flow rate, 0.1 mL/min; detector, UV 254 nm). [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]
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The affinity degree of BSA was higher than that of
CEA for the EDA, HEDA, and DETA columns,
whereas the affinity degree of CEA was higher than
that of BSA for the TETA column. However, hemo-
globin and albumin could not be separated on the
Zr4þ affinity column, as shown in Figure 6(b). In Fig-
ure 6(a), the resolution time (min) of the phospho-
nated casein and dephosphonated casein was at 2.5
and 1.9 min, respectively. This means that the phos-
phonated casein strongly interacted with the Zr4þ

ion of the affinity column.

CONCLUSION

Polymeric stationary phases with Zr4þ, Fe3þ, and
Pd2þ were prepared by ATRP of GMA with an ep-
oxy group onto the Wang resin surface and with
subsequent complexation of metallic ions. The sepa-
ration of phosphonated casein and dephosphonated
casein using polymeric stationary phases with metal-
lic ions was investigated. From the results, the con-
clusions were as follows:

1. Polymeric stationary phases with Zr4þ, Fe3þ,
and Pd2þ were successfully prepared by ATRP
of GMA with epoxy group onto the Wang resin
surface and with subsequent complexation of
metallic ions.

2. The phosphonated casein and dephosphonated
casein was not separated for the Fe3þ affinity
column and the Pd2þ affinity column.

3. Resolution time of the phosphonated casein
was higher than that of dephosphonated casein
on the Zr4þ affinity column.

4. Hemoglobin and albumin were not separated
on Zr4þ affinity column.
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