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ABSTRACT

Porous magnetic microspheres with large particle size (350-450 wm) were prepared with sulfonated
macroporous polydivinylbenzene as a template. The preparation process included ferrous ion exchange
and following oxidation by hydrogen peroxide. The results showed that the weight fraction of mag-
netic nanoparticles exceeded 20 wt% in microspheres after the preparation process was repeated three
times. X-ray diffraction profiles indicated that the crystalline phase of as-formed magnetic nanoparticles
was magnetite (Fe;04). TEM images revealed rod-like magnetite crystal after the first oxidation cycle,
however, the crystal morphologies were transferred into random shape after more oxidation cycles. The
applicability of porous magnetic microspheres for removal of cationic dyes from water was also explored.
The results exhibited that basic fuchsin and methyl violet could be quickly removed from water with
high efficiency. More importantly, the magnetic microspheres could be easily regenerated and repeat-
edly employed for wastewater treatment. Therefore, a novel methodology was provided for fast removal

cationic dyes from wastewater.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Magnetic nanoparticles (MNPs) are currently being inten-
sively investigated because of their extensive applications such
as drug release [1-4], magnetic resonance imaging [5-8], bio-
logical separation [9,10] and water purification [11,12]. Among
them, water purification with magnetic materials is a new
research subject, which was reported by only a few papers.
For example, the work by Yavuz et al. reported successful
removal of arsenic from wastewater using monodisperse super-
paramagnetic nanoparticles [11]. But it is difficult to reuse
superparamagnetic nanoparticles because the interaction between
iron oxides and arsenic is strong and irreversible. Zhao et al.
[12] employed superparamagnetic microspheres with Fe30,4,@SiO,
core and porous SiO, shell as a reusable absorbent to remove
microcystins from eutrophic water, however, silica is suscepti-
ble to be corroded in harsh environment such as strong base
media.

Cationic dyes have wide industrial applications such as dye-
ing of silk, leather, paper, wool and cotton [13]. However, these
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organic dyes in discharged wastewater often compose a great
threat for health of human being and environmental pollution.
Therefore, up to now, various techniques like chemical oxidation
[14], biological treatment [15], coagulation [16,17], and adsorp-
tion [18-24] were explored for removal of cationic dyes. Among
them, physical adsorption is generally recognized as a simple and
efficient technique. In this regard, ion exchange membranes [18],
activated carbon [19], clay [20,21], zeolite [22], and other natural
materials [23,24] have been employed for lowering concentration
of cationic dyes in wastewater. But it is still difficult to purify
wastewater due to some problems in adsorption of cationic dyes by
adsorbents, such as high cost for regeneration [18], low flow rate
[19], and difficult separation of absorbent from wastewater [23].
Hence, attempts to explore novel adsorption materials and treat-
ment process for removal of cationic dyes from wastewater will be
valuable.

Recently, magnetically driven separation has shown a very
positive impact in liquid-phase catalytic field because it makes
the recovery of catalysts from liquid phase quite easy and sim-
ple [24-26]. We think magnetically driven separations could
be also utilized in the field of wastewater treatment for
fast separation of absorbents from water. This process may
be helpful to solve the problem about difficult recovery of
absorbent. Furthermore, considering that wastewater may be
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Fig. 1. Schematic illustration of preparation of porous magnetic microspheres. . : magnetic nanoparticles (MNPs).

Fig. 2. Optical microscope images of PDVB-SOsH (A), PDVB-Mag1 (B), and PDVB-Mag4 (C).

acidic or alkaline, magnetic adsorbents based on polymer mate-
rials may be more suitable for wastewater treatment. With
this in mind, the objective of the present study is to pre-
pare porous magnetic microspheres (PMMs) with macroporous
polydivinylbenzene (PDVB) microspheres as a template, and to
repeatedly use for removal of cationic dyes from wastewater.
To the best of our knowledge, this is the first time to use
PMMs for removal of cationic dyes. Macroporous PDVB micro-
spheres were prepared with toluene as an inert porogen in our
lab [27-29]. For convenient recycling PMMSs, macroporous micro-
spheres with large particle size and narrow size distribution
(350-450 wm) were employed for fabrication of PMMs in the
present study.

2. Experimental
2.1. Sulfonation of macroporous PDVB microspheres
Macroporous PDVB microspheres (3.02g) with diameter of

350-450 pm and dichloromethane (75.0 mL) were added into a
250mL three-neck bottle. The solution was cooled to 0°C in an

ice bath, before another 75.0 dichloromethane containing 0.8 mL
chlorosulfuric acid was dropwise added into the stirred solution.
Then, the reaction was performed at room temperature for 24 h
with magnetic stirring. The sulfonated products were filtrated
by a sintered glass funnel, and washed by dichloromethane for
three times. After dried in a vacuum oven, the sulfonated micro-
spheres were washed with deionized water for five times, and
dried in vacuum oven. The sulfonated microspheres were marked
as PDVB-SO3H.

2.2. Preparation of porous magnetic microspheres

PMMs were prepared according to the routes proposed by Ziolo
et al. [25] with some modifications. Sulfonated PDVB microspheres
(2.10g) and FeCl; solution (80.0 mL, 1.0 mol/L) were added into a
250 mL three-neck bottle with condenser, mechanical stirrer and
argon inlet. The solution was stirred in room temperature for
24 h to perform enough ion exchange. The products were sepa-
rated by sintered glass funnel, and were washed with deionized
water for several times until no Fe?* was detected in the eluent
by sodium thiocyanide. After the products were transferred into

Fig. 3. TGA curves (A) and X-ray diffraction patterns (B) of PDVB-Mag1, PDVB-Mag2, PDVB-Mag3, and PDVB-Mag4.
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Fig. 4. TEM images of PDVB-Mag1 (A), PDVB-Mag2 (B), PDVB-Mag3 (C) and PDVB-Mag4 (D and E).

another three-neck reactor, 50.0 mL deionized water and 50.0 mL
NaOH solution (3.5mol/L) were added. Then, the mixture was
heated and stirred at a speed of 200 rpm. After the temperature
of oil bath reached 75°C, hydrogen peroxide solution (20.0 mL,
30vol%) was dropwise added into the mixture. The solution was
kept at 75°C for 2 h. The final products were washed with deion-
ized water until the eluent was neutral. Finally, the brown products
were dried in a vacuum oven at 60°C. In order to improve the
weight fraction of iron oxide, the above process was repeated three
times.

2.3. Characterization

Sulfonation degree of PDVB was determined by acid-base titra-
tion. Firstly, PDVB-SO3H microspheres were ground as fine as
possible in a mortar. Then, a certain amount of ground PDVB-SOsH
powders were suspended in deionized water. The suspended solu-

tion was titrated by NaOH standard solution in the presence of
phenolphthalein as an indicator. Note that when the titration was
approaching the endpoint, the suspension solution was dispersed
by ultrasonic for 1 min to ensure reaching the balance of acid-base
reaction. If suspension solution still keeps red, we think the titration
endpoint has reached.

Nitrogen sorption porosimetry was performed on a micromerit-
ics ASIC-2. The experiments were carried out at the temperature of
liquid nitrogen (77.3K). The samples were first heated in a tube
under vacuum at 70 °C for 12 h to remove adsorbed materials from
the surface. The data were manipulated using the software supplied
to yield the relevant porosity parameters.

Thermogravimetric analysis (TGA) of sulfonated and magnetic
microspheres was performed on a Perkin-Elmer TGA-7. In a flow of
air, the heating rate is 10 °C/min from 20 °C to 700 °C.

X-ray diffraction pattern of PDVB-Mag was determined on a
D/max-rA XRD instrument using a copper X-ray source.

Fig. 5. Magnetization curves of PDVB-Mag4 at 300K (A) and 5K (B).
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Transmission electron microscopy (TEM) micrographs were
obtained on a JEOL model 1200EX instrument operated at an accel-
erating voltage at 160 kV. For TEM analysis, PMMs were also ground
as fine as possible, and the powder was dispersed in ethanol.

Optical microscopy photos were taken on a NOVEL XS-2100
microscope instrument.

A SQIUID magnetometer was used for measurement of magne-
tization curves in the fields up to 4000 kA/m at room temperature.

2.4. Removal of basic fuchsin and methyl violet by PMMs

Basic fuchsin (BF) solution (3.25mL, 2.802 x 107> mol/L) and
0.2 g PMMs were added into a glass bottle, which was dispersed by
ultrasonic for 5 min. After separated by a magnet, the solution was
collected and marked as BF-1.Then, 3.25 mL anhydrous ethanol was
added into the bottle containing PMMs, which was sonicated for
5 min to regenerate PMMs. After magnetic separation and removed
the extracted solution, another 3.25 mL BF solution was again added
into the bottle and repeated the above process. The collected BF
solution was labeled as BF-2, BF-3, and BF-4, respectively. Removal
process of methyl violet (MV, 1.328 x 10~° mol/L) was just the same
as that of BF. Concentration of the collected BF and MV solution was
determined by a UV751GW ultraviolet spectrophotometer.

3. Results and discussion
3.1. Preparation of PMMs

PDVB and its sulfonated products (PDVB-SO3H) were character-
ized by infrared spectra (Fig. S1). Peaks at 1176 cm~! correspond
to stretching vibration of S=0 in SOsH [30], which demonstrates
successful sulfonation of PDVB microspheres. The sulfonated
microspheres were ground as fine as possible, before the sul-
fonation degree was determined by titration of standard NaOH
solution. The results showed the concentration of [SO3H] was
2.46 x 10-3 mol/g, or the content of sulfur in PDVB-SOsH was
7.87 wt%. These values are very close to that reported by Winnik
etal. [31].

Sulfonated microspheres were firstly exchanged with ferrous
ion (Fe2*) at room temperature, and followed by oxidation with
hydrogen peroxide under base conditions. As a result, MNPs were
formed and interspersed on the pore wall. Fig. 1 presents the
schematic illustration of the preparation of PMMs. In order to
improve the fraction weight of MNPs, the above process was
repeated three times again, and resultant products were labeled as
PDVB-Mag1, PDVB-Mag2, PDVB-Mag3, and PDVB-Mag4, respec-
tively. It is worth noting that the specific surface area of PDVB
microspheres derived from N, sorption was 701 m2/g, however,
that value of PDVB-Mag4 was reduced to 239m?/g. This fact
demonstrated that MNPs were successfully deposited into the
pores of macroporous templates through oxidation of ferrous
ion.

The optical microscope images of PDVB-SO3H, PDVB-Magl,
and PDVB-Mag4 are shown in Fig. 2. Obviously, PDVB-SOsH
microspheres are of optical transparency to some extent. How-
ever, optical transparency declined progressively after MNPs were
incorporated into the microspheres, and PDVB-Mag4 became com-
pletely opaque. In addition, with increasing the repeated times, the
average particle size of PMMs slightly increased because micro-
sphere’s surface was coated by some MNPs.

3.2. Characterization of PMMs

Thermogravimetric analysis (TGA) curves of PMMs are shown
in Fig. 3A. PDVB-SO3H could be entirely burned out under an air

Fig. 6. Schematic illustration of magnetic separation of basic fuchsin (BF) from
aqueous solution, and regeneration of PMMs.

atmosphere at the temperature of 681 °C. The major decomposi-
tion region of PMMs was 450-500°C, and the weight fraction of
MNPs in PDVB-Mag1 was about 8.8 wt%. The value was improved
with increasing the repeated times. After repeated three times
(PDVB-Mag4), the weight fraction of MNPs exceeded 20 wt%. We
believe that the value could be furthermore improved by more
repeated times. Therefore, controllable preparation of PMMs with
different weight fraction of MNPs can be achieved by this synthetic
route.

X-ray diffraction was employed for determining crystalline
phase of MNPs. Fig. 3B indicates that the crystalline phase of MNPs
was Fe304, because five diffraction peaks at 26 =30.1°, 35.5°, 43.2°,
57.4°, 62.9° were the characteristic peaks of standard magnetite
(Fe304) crystal [32]. Furthermore, XRD profiles of all samples were
identical, indicating that the MNPs structure remained essentially
unchanged during oxidation of ferrous ions. Obviously, the relative
diffraction intensity of the magnetite peaks became stronger from
PDVB-Mag1 to PDVB-Mag4. We think higher MNPs fraction could
be responsible for that.

Transmission electron microscope (TEM) images showed that
MNPs in PDVB-Mag1 (Fig. 4A) were rod-like. Maybe there are
two factors responsible for that shape. First, the macropores in
PDVB-SOsH provide enough space for Fe304 crystal growth during
the first oxidation, therefore, the crystal grows along a preferred
direction, namely, orientation of pore channel. Second, thermody-
namic theory indicates that heterogeneous nucleation needs lower
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Fig. 7. Mechanism of adsorption BF by PMMs and desorption of BF by anhydrous ethanol.

activation energy than homogeneous nucleation. Consequently,
Fe304 crystal may be nucleated by the pore wall and grown along
the direction in parallel with pore wall. Furthermore, this opin-
ion was indirectly supported by the size of rod-like crystals, which
was 3-7nm in diameter and 15-30nm in length. Pore size dis-
tribution curves derived from N, sorption indicated that there
were seldom pores bigger than 30 nm (Fig. S2). Therefore, if Fe304
crystal grew along the direction perpendicular to the pore wall,
the probability to get crystals with diameter of 30 nm was very
low.

After the second crystal growth, morphologies of the main MNPs
(Fig.4B) were converted into random shape, which is easy to under-
stand. The second crystal growth was performed on the basis of
the rod-like crystals. In comparison with the “rod” end, the “rod”
side had a faster crystal growth speed due to higher surface area,
which resulted in random shape crystals. No rod-like crystals can
be observed after the third (Fig. 4C) and the fourth crystal growth
(Fig. 4D). High magnification image (Fig. 4E) revealed that MNPs
were about 20 nm in diameter, and had a good crystal structure.
However, the main crystals obtained by Winnik et al. [31] were
need-like after the fifth crystal growth. We think different pore
structure of templates may be responsible for different crystal
shapes.

Magnetization curves of PDVB-Mag4 at 300K and 5K are pre-
sented in Fig. 5. The plots at room temperature (Fig. 5A) showed no
hysteresis loop, indicating superparamagnetic property for PMMs.
In contrast, curves at 5 K (Fig. 5B) revealed obvious ferromagnetism

: basic fuchsin, :SOs3~, :MNPs.

with a saturation magnetization of 15.2 emu/g, coercivity of 277 Oe
and remanence of 6.14 emu/g.

3.3. Removal of cationic dyes by PMMs

Basic fuchsin (BF) and methyl violet (MV) (Fig. S3) are widely
used as coloring agents for textile and leather materials. For
removal BF or MV from wastewater, several types of materials were
employed as adsorbents such as cationic exchange membranes
[18], fly ash [33-35], fungal biomass [36], hydrogel [37,38], and per-
lite [38]. However, problems of difficult separation of adsorbents
from wastewater or low accessible flow rate remain to be further
solved. Here, we attempt to explore the applicability of PMMs for
removal of BF and MV from wastewater. High porosity and large
numbers of sulfonic groups interspersed on the pore wall were
beneficial to adsorb BF or MV molecules, while magnetic property
makes convenience to quickly separate adsorbents from wastew-
ater via an external magnetic field. In order to reuse the magnetic
adsorbents, anhydrous ethanol was employed for extracting BF or
MYV from the adsorbents. The schematic illustration of dye removal
and adsorbent regeneration is presented in Fig. 6.

PDVB-Mag4 (0.2g) was used for removing BF
(2.802 x 10> mol/L) or MV (1.328 x 10> mol/L) from aque-
ous solution and separated with an external magnetic field.
Obviously, the solution of BF or MV turned into colorless or light
color after magnetic separation (Fig. 6C), indicating successful
adsorption and separation. According to the molecular structures

Table 1

Removal efficiency of BF and MV by PMMs for four cycles.2.
Cycle BF-1 BF-2 BF-3 BF-4
Residual BF conc. (x 10~ mol/L)® 0.026 0.069 0.079 0.228
BF removal efficiency (%) 99.1 97.5 97.2 91.8

MV-1 MV-2 MV-3 MV-4

Residual MV conc. (x 10~ mol/L)® 0.096 0.137 0.170 0.182
MV removal efficiency (%) 92.7 89.7 87.2 86.3

a Concentration of original BF and MV solution is 2.802 x 10~ mol/L and 1.328 x 10> mol/L, respectively.

b Residual BF or MV concentration after adsorption and magnetic separation.



Q. Liu et al. / Journal of Hazardous Materials 181 (2010) 586-592 591

(Fig. S3), there is one positively charged group (tertiary ammonium
group) for molecule of BF or MV. Therefore, electrostatic inter-
action between tertiary ammonium groups and sulfonic groups
may be responsible for adsorption of BF by PMMs, as shown in
Fig. 7.

After extracted with anhydrous ethanol, the solution recov-
ered the original color (Fig. 6E), indicating that BF was successfully
extracted from PMMs. The possible explanation is that the electro-
static interaction between tertiary ammonium group and sulfonic
group could be disrupted by organic solvents such as ethanol [18],
as shown in Fig. 7. The process of adsorption, separation and extrac-
tion were repeated three times. After adsorption and magnetic
separation, the collected solution was labeled as BF-1, BF-2, BF-
3, and BF-4, respectively. The concentration of the collected BF
and MV solution was calculated from the standard curves (Fig. S4),
which were obtained by standard BF or MV solution and their UV
absorbency. The data are given in Table 1.

The results indicated that 99.1% BF, and 92.7% MV could be
quickly removed after the first cycle (BF-1 and MV-1). We think
such high removal efficiency should be attributed to numerous
accessible mesopores and sulfonic groups on the pore wall. With
increasing cycles, the concentration of collected BF (BF-2-BF-4)
and MV (MV-2-MV-4) was slightly increased. After the fourth
cycle, more than 90% of BF, and 85% of MV could be effectively
removed from aqueous solution, confirming the reusability and
high separation efficiency of PMMs. We think slow adsorption
kinetics and incomplete desorption of cationic dyes in the last cycle
could be responsible for the declined removal efficiency after every
cycle.

4. Conclusion

In summary, we have demonstrated the preparation of PMMs
with macroporous PDVB as a template. After the 4th crystal growth,
the weight fraction of MNPs has exceeded 20 wt%. Furthermore, the
shape of MNPs was rod-like after the 1st crystal growth, however,
morphologies of MNPs were converted into random shape with
increasing the repeated times. The magnetization curves revealed
superparamagnetic property for PMMs at room temperature, but
ferromagnetism with a saturation magnetization of 15.2 emu/g at
5K. Finally, PMMs as-synthesized were successfully employed as
a reusable absorbent for fast, and convenient removal of cationic
dyes from wastewater with high efficiency. Overall, we believe that
the approach presented herein provide a convenient way to bind
other cationic organic compound or heavy metal ions to magnetic
absorbent and to quickly separate them from wastewater.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.jhazmat.2010.05.053.
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