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M
icron-sized super-paramagnetic polyglycidyl methacrylate (PGMA) particles

with imidazole groups were prepared by a process involving: (1) magnetic

Fe3O4, obtained by chemical coprecipitation of iron (II) and iron (III) salts in

ammonium hydroxide in presence of oleic acid, (2) magnetic micron-sized PGMA

based latex particles, prepared by dispersion polymerization of polyglycidyl methacry-

late in toluene and ethanol in presence of nano Fe3O4, and (3) functional groups of

imidazole, introduced  by chemical modification of the PGMA particles with imidazole.

The resultant magnetic PGMA particles with imidazole groups were characterized by

Fourier transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM),

transmission electron microscope (TEM), vibrating sample magnetometry, and ele-

mental analysis. The existence of imidazole groups and its structure were confirmed

by FTIR. The average diameter of magnetic chelating resin was 5.3 μm and the core-

shell structure was confirmed by TEM. The chelating resin retained super-paramag-

netism. The static adsorptions of Hg2+, Cd2+, Cu2+, Pb2+, Zn2+, Mg2+, and Co2+ were

investigated and the adsorption capacities were calculated. The resin can absorb Cd2+

and Hg2+ and show effective adsorption of Cu2+. The highest capacity value of Cu2+

was obtained to be 3.606 mmol/g.

INTRODUCTION

Magnetic supports (microspheres,

nanospheres, and ferrofluids) have

been attracting much attention in

the past few years. Magnetic sup-

ported-based separations have con-

sequently become increasingly

popular in various fields of

biotechnology and bioseparation

[1-4]. Magnetic separation tech-

niques have several advantages

compared to conventional separa-

tion methods. Due to the magnetic

properties of the particles, they can

be easily and rapidly separated

from the sample. For their power

and efficiency, magnetic separation

is especially useful for large-scale

operations [5]. 
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With the development of modern industries, a

large amount of sewage contains much of heavy

metal, noble metal and transition metal ions are pro-

duced. Much of those metal ions exist in sludge. In

order to protect the environment and materials, recov-

ery of these ions by magnetic supported-based separa-

tions is a good choice. Therefore, magnetite particles,

homogeneously encapsulated in a hydrophobic poly-

mer to keep away water-soluble components from

contacting the magnetite particles, are of considerable

interest.

Surface functional groups are usually introduced

into magnetic polymeric particles by two main means,

that are, copolymerization and chemical modification

of the performed polymer. Chemical modification is

an efficient way to obtain abundant functional groups

on the magnetic particles [6]. 

Many methods have been reported for the prepara-

tion of magnetic particles, which usually include coat-

ing of the magnetite with a polymer by solvent evap-

oration [7,8], chemical metal deposition inside the

matrix [9], emulsion polymerization [10], modified

suspension polymerization [11], dispersion polymer-

ization [12], and Ugelstad’s method of multistep

swelling of template particles and polymerization

[13]. Contrary to other methods, which are either very

complicated or induce broad particles size distribu-

tion, dispersion polymerization has been suggested as

an alternative method to produce micro-size particles

[14]. Its main advantage is its simplicity: a single-step

technique, which under suitable reaction conditions

yields single-sized particles. Only limited work has

been reported for preparation of magnetic polymer

microspheres with uniform size.

There are two principal difficulties in preparing

high capacity magnetic supports for biomedical appli-

cations. First, a significant reduction in particle size

must be achieved to provide the surface area required,

but too small a particle may not carry enough mag-

netite and, in practice, would cease to be magnetic.

Second, an appropriate surface functional groups

should be introduced, with high affinity and enough

density of functional groups for efficient coupling of

ligands.

In order to synthesize a kind of magnetic chelating

resin which has high capacity of magnetic supports

and an appropriate content of surface functional

groups, in this study, dispersion polymerization was

used to synthesize monodispersed super-paramagnet-

ic polyglycidyl methacrylate (PGMA) particles and

imidazole was introduced by chemical modification

to obtain functional groups. The resin is intended to

be used in recovering metals and sewage treatments.

EXPERIMENTAL

Materials

Unless stated otherwise, all the chemicals were pur-

chased from Shanghai Chemical Reagent Co. Ltd.

Glycidyl mathacrylate (GMA), obtained from

Lancaster, was distilled under vacuum. 2,2-

Azobisisobutyronitrile (AIBN), was recrystallized by

ethanol, and polyvinylpyrrolidone (PVP=k-30,

Mw=40,000) were used as initiator and stabilizer,

respectively. All other materials were of analytical

grade and used as received. 

Synthesis of Nano Fe3O4

Magnetite was obtained by chemical coprecipitation

of iron (II) and iron (III) salts in alkaline medium and

stabilized with oleic acid according to ref. 12. Briefly,

concentrated ammonium hydroxide (50 mL) was

slowly added (every 8~10 s a drop) to 50 mL of aque-

ous solution of 24.32 g FeCl3.6H2O and 11.52 g

FeCl2.4H2O, the mixture was heated to 90ºC, and

oleic acid (5 mL) was added. The precipitate was iso-

lated on a magnet and repeatedly washed in water

until the external liquid did not contain any Cl-

(AgNO3 test). The product was dried at 80ºC/13 Pa

yielding 15.7 g solid.

Preparation of Micron-sized Magnetic PGMA

The synthetic route of micron-sized magnetic chelat-

ing resin is shown in Scheme I.

Scheme I. Preparation and chemical modification of mag-

netic PGMA particles.
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Table 1. Preparation of magnetic micron-sized PGMA

parent particles by dispersion polymerization.

The micron-sized magnetic PGMAs were prepared

by modified dispersion polymerization of GMA in the

presence of Fe3O4 in toluene and ethanol medium

[9,12]. The standard recipes are shown in Table 1. The

resulting polymer particles were sedimented by

means of magnet and washed with ethanol and exten-

sively with water. Finally, the particles were dried

under vacuum condition for 48 h at 35ºC, yielding

8.6 g solid.

Chemical Modification of Micron-sized Magnetic

PGMA

Imidazaole was used to react with micron-sized mag-

netic PGMA to introduce functional groups. Two

grams of magnetic PGMA particles were added in a

250 mL flask containing 0.1 g NaOH, 50 mL ethanol

and 50 mL H2O. Imidazole (0.2 g, 0.4 g, 0.6 g, 0.8 g,

and 1.0 g) was added into flask and the resins were

named 1, 2, 3, 4, 5, respectively. The mixture was

stirred at 80ºC for 12 h. Then the mixture was sedi-

mented by means of magnet and the resin was washed

with ethanol to remove the unreacted imidazole. The

particles were thoroughly washed with 0.1 M HCl to

remove uncoated Fe3O4. The particles were washed

extensively with water and dried under vacuum for 48

h at 35ºC.

Characterization

The structure of nano Fe3O4 was characterized by

XRD (D/MX-IIIA, Rigaku Ltd., Japan). The size and

PDI of nano Fe3O4 were detected by DTS (Nano

Series, Japan). The particle size and surface morphol-

ogy of the micron-sized magnetic PGMA were

observed by scanning electron microscopy (SEM)

(JSM-5610LV, Joel Ltd., Japan). The core-shell struc-

ture of resin was proved by TEM (JEM-2100F

STEM/EDS, Joel, Japan). The composition of the

polymer particles were recorded by Fourier transform

infrared spectroscopy (FTIR) (Nexus, Thermo

Nicolet, US), using KBr pellets. The content of Fe3O4

was investigated by thermal analysis. The magnetic

properties of nano Fe3O4 and the magnetic chelating

resin were measured by vibrating sample magnetom-

etry (VSM) (Model 4HF, ADE, US) at room tempera-

ture. The contents of functional groups were exam-

ined by elemental analysis (Vario EL III, German).

The static adsorption on familiar ions in 24 h was also

examined.  

Adsorption Property Test

Hg2+, Cd2+, Cu2+, Pb2+, Zn2+, Mg2+, and Co2+ were

selected to static adsorption and titrated with EDTA.

Hg2+ and Cu2+ were amortized with acetic acid-sodi-

um acetate (pH=5), PAN as indicator. Cd2+, Co2+, and

Pb2+ were amortized with hexamethylene tetraamine

(pH=5), xylenol orange as indicator. Zn2+ was amor-

tized with acetic acid-sodium acetate (pH=5), xylenol

orange as indicator. Mg2+ was amortized with NH4Cl-

NH3H2O (pH=10), acid chrome blue K and naphthol

green B (K-B) as indicator.

Each type of chelating resin of 100 mg was exact-

ly weighed and put into a 50 mL conical flask with

piston. Then, 25 mL of metallic ion solutions were

added, respectively. The mixture was vibrated (vari-

able-speed reciprocal shaker, Shenzhen, China) at

room temperature for 4 h and layed for 20 h. The

adsorption capacity of the chelating resin was

accounted by determination of the metallic ion con-

centration changes in solution. As formula:

where, q is capacity of the resin (mmol/g); C0 and C

are concentrations of metal ions before and after

absorption, respectively (mol/L); V is volume of solu-

tion (mL); and W is weight of the resin (g).

RESULTS AND DISCUSSION

Characterization of Nano Fe3O4

The structure, size, PDI and magnetic properties of
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Figure 1. XRD of Fe3O4.

produced nano Fe3O4 were examined by DTS, XRD,

VSM and the results are shown in Figures 1-3, respec-

tively.

Comparing Figure 1 with ref. 15, it shows that

30.12º, 35.18º and 62.18º are characteristic diffraction

peaks of Fe3O4. The Fe3O4 has spinel structure.

Taking into account the average diameter with formu-

la [16]:

β = kλ/Dcosθ

where, β is the width of half peak; λ is the wavelength

of X-ray; θ is Bragg diffraction angle; D is average

diameter of Fe3O4; and k is factor of peak form (it

must always be taken as 0.89).

Figure 2. The size and PDI of the nanoparticles of mag-

netite.

Figure 3. Magnetization curve of Fe3O4. 

The average diameter taken into account is 28 nm.

Nanoparticles have an easy tendency to agglomerate.

However, this would lead to earlier difficulties in

preparing high capacity magnetic supports. 

The average size of nano Fe3O4 agglomeration

was 835 d nm and PDI was 0.398 as shown in 

Figure 2. 

It has been clear that, for ultrafine magnetically

ordered particles, there exists a critical size below

which the particles will exhibit super-paramagnetism.

The critical size was estimated to be 25 nm [9]. Super-

paramagnetism, that is, its responsiveness to an

applied magnetic field without permanent magnetiza-

tion, is an especially important property needed for

magnetic separation because it ensures repeated use

of magnetic adsorbents and efficient product elution.

Magnetization curve of the nanoparticles recorded

with VSM is illustrated in Figure 3. No remanence

was observed, indicating the magnetic particles pro-

duced are of super-paramagnetic type. This also con-

firms the nano-size of Fe3O4.  

Characterization of Magnetic Chelating Micro-

beads

Dispersion polymerization is a simple and effective

method for preparing monodispersed spherical parti-

cles in micron-size range in a single step. Figures 4

and 5 are SEM and TEM photographs of magnetic

PGMA, respectively. Figure 6 is SEM micrograph of

magnetic chelating resin. The average size of the

PGMA-Fe3O4 is 5.1 μm and has monosize as shown
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Figure 4. SEM Photograph of PGMA-Fe3O4.

in Figure 4. The Fe3O4 particles were coated very

well with polymer latex as shown in Figure 5, the

spherical parts were magnetite and the gray parts were

polymers coating on the magnetite. As shown in

Figure 6, the average diameter of the magnetic chelat-

ing resin is 5.3 μm. In addition, the epoxy groups in

GMA can be almost completely retained by polymer-

ization in an alcoholic medium [14]. The Fe3O4 con-

tent of the polymer particles was 32.03%, as deter-

mined by thermal analysis-burning in muffle furnace

at 700ºC for 9 h, and calculated by formula:

C = W MFe  O  /W0 MFe  O * 100%
3   4                   2   3

Figure 5. TEM Photograph of PGMA-Fe3O4.

Figure 6. SEM Photograph of magnetic chelating resin.

where C is the content of Fe3O4; W is residue after

burning; and W0 is the weight of PGMA-Fe3O4

before burning.

Imidazole was a suitable type of small molecular

chelating agents [17]. Chemical modification of mag-

netic PGMA particles was carried out by ring-opening

of the epoxy groups with imidazole to yield function-

al groups, as shown in Scheme I. FTIR Spectra of

magnetic PGMA particles (A) and magnetic PGMA-

imidazole (B) are shown in Figure 7. Spectra of

PGMA showed characteristic adsorption bands at

1729 cm-1 (carbonyl groups) and 907, 847 cm-1

(epoxy groups). After modification with imidazole,

the spectra showed almost complete disappearance of

Figure 7. FTIR Spectra of magnetic PGMA and magnetic

PGMA-imidazole.
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the  bands at 908 and 845 cm-1; and the new bands at 

3399, 3150, 2996 cm-1 (imidazole), 1271 cm-1 (-C-N)

found in the spectra of magnetic PGMA-imidazole

indicated that the modification of the magnetic

PGMA with imidazole was successful. The character-

istic adsorption band at 590 cm-1 in (A and B) proved

Figure 8. Magnetization curve of magnetic chelating resins.

the existence of Fe3O4 in the magnetic polymer parti-

cles.

Magnetization curve of the particles recorded with

VSM is illustrated in Figure 8. No remanence and

coercivity were observed, indicating the magnetic

chelating resins produced are super-paramagnetic and

the single-domain magnetite nanoparticles have

remained in the polymer particles [11]. The saturation

magnetization is found to be 8.10 emu/g, which is

enough for magnetic separation using a conventional

magnet.

Content of Functional Groups

The content of imidazole groups on the resin was

examined by elemental analysis (Vario EL III,

German) as shown in Table 2.

Adsorption Capacities for Metal Ions

The static adsorption of Hg2+, Cd2+, Cu2+, Pb2+,

Zn2+, Mg2+, and Co2+ were investigated and the

adsorption capacities were calculated and shown in

Table 3.

From this table, it shows that the resin has no
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Resin 1 2 3 4 5

N content (wt)

Content (mmol/g)

Theoretical content (mmol/g)

1.264

0.450

1.340

1.930

0.690

2.450

2.272

0.810

3.390

2.311

0.830

4.200

2.439

0.870

4.900

Resin

Iron 1 2 3 4 5

Cu2+

Zn2+

Co2+

Cd2+

Mg2+

Pb2+

Hg2+

1.979

<0.01*

0.033

0.278

<0.01

<0.01

0.180

1.984

<0.01

0.036

0.271

<0.01

<0.01

0.227

2.003

<0.01

0.055

0.374

<0.01

<0.01

0.333

2.813

<0.01

0.060

0.545

<0.01

<0.01

0.491

3.606

<0.01

0.069

0.741

<0.01

<0.01

0.521

Table 2. Content of the element N and the imidazole.

Table 3. Static absorption of the magnetic chelating resins of familiar ion in 24 h (mmol/g).

(*) <0.01 means that the adsorption was a trace that cannot be measured by titration.



absorption on Mg2+, Pb2+, Zn2+, and a little absorp-

tion on Co2+. The resin can absorb Cd2+ and Hg2+

and show good absorption on Cu2+. The highest

capacity of Cu2+ has reached 3.606 mmol/g. Because,

Hg2+ and Cd2+ belong to the soft acid, Cu2+ belongs

to neutral acid and N atoms of imidazole belong to the

neutral base, so that the resin has a good adsorption of

Cu2+ according to Klopman’s theory. Although

Pb2+and Zn2+ are also neutral base, the existence of

OH- as a rigid base, and the difference of their hydra-

tion diameters are all factors which might influence

the result. With the increase in the content of imida-

zole groups, on the whole, the corresponding absorp-

tion increases as well.

Comparing the magnetic chelating resin with (non-

magnetic) conventional resin, the existence of mag-

netite would improve the efficiency of separation and

recycling under the sludge condition because of its

super-paramagnetism. But, the magnetite did not take

part in adsorption.

This would decrease the adsorption capacity of the

magnetic chelating resins with the same ratio of func-

tional groups to the polymers and the same weight

with conventional resins, in spite of the influence of

the diameter of all resins.

CONCLUSION

Dispersion polymerization is a novel and easy method

for preparation of micron-sized magnetic chelating

resins. The magnetic chelating resins were fully char-

acterized with regard to their morphology, composi-

tion and magnetic properties by SEM, FTIR and

VSM. The results showed that the particles had

micron size of 5.3 μm. The produced magnetic chelat-

ing resins had super-paramagnetism and the satura-

tion magnetization is 8.10 emu/g. The high saturation

magnetization ensures that the magnetic chelating

resin could be easily and rapidly separated from the

solution and easily redispersed by gentle shaking. The

resin can absorb Cd2+ and Hg2+ and display good

absorption towards Cu2+. The highest capacity of

Cu2+ was found to be 3.606 mmol/g. Through the

static adsorption, the corresponding absorption

increased on the whole with the increasing of the imi-

dazole content.
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