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Abstract The objective of this work was to prepare novel magnetic Fe;O,4/poly-
urethane foam (Fe;O4/PUF) composites applied to the carriers of immobilized
microorganisms for toluene-containing wastewater treatment. The morphology and
structure of Fe;0,/PUF composite were characterized by X-ray diffraction, Fourier
transform IR spectroscopy, thermogravimetric analysis, differential scanning calo-
rimetry, scanning electron microscopy, and magnetic property measurement system.
These morphological investigations revealed that Fe;O, nano-particles were well
dispersed into the matrix of PUF with nano-scale diameter particles. TG experi-
ments indicated that the initial thermal weight loss temperatures of composite with
the content of 2.5 wt% and 7.5% Fe;0, were increased by 7 and 16 °C, compared
with pure PUF. The degradation efficiency of toluene with magnetic PUF composite
was much higher than that of pure PUF carrier, and the reason why the immobi-
lization of microbial biomass of microorganisms on the magnetic PUF composite
was much higher than that of the pure PUF. The prepared magnetic Fe;0,/PUF
composite offered excellent thermal stability and medium paramagnetic properties.
And this composite could not only increase the immobilized biomass of the
microorganisms, but also enhance the COD removal efficiency of wastewater.
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Introduction

In the past few decades, immobilized microorganism technology has attracted more
and more interest in the field of wastewater treatment [1]. Many researchers have
focused on the selection of immobilization carriers including ceramics [2, 3], ion-
exchange resins [4], polyurethane (PU) [5, 6], chitosan [7], PVA [8], cellulose
[9, 10], agar [11], alginate [12], and carrageenan [13]. Among these investigated
matrices available for immobilization, polyurethane form (PUF) offers several
advantages, such as high mechanical strength, resistant to attack from organic
solvents and microbes, easy handling, good regeneration ability, and especially very
low cost. Oh et al. [14] prepared one hybrid PUF by adding chitin and inorganic
nutrient into a polyether polyol mixture to increase the absorption and degradation
abilities to oil from surface water. Lupton and Zupancic [15] manufactured a PUF
composite contained granulated activated carbon for the microorganism immobi-
lization and the treatment of phenol-containing wastewater. The experimental
results found that this PUF composite could maintain the pollutant concentration at
a mediate constant level, which would not inhibit the microorganism growth and
thus enhance the degradation efficiency of phenol. From the above-mentioned
summary, we can thus conclude that the PUF or newly synthesized hybrid PUFs are
good carriers for the immobilized microorganisms applied to wastewater treatment.

Recently, Sakai et al. [16] found that, in the process of activated sludge
treatment, the balance of the growth and death of microorganisms could be
controlled by adding magnetic powder into activated sludge, and that the sludge
bulking was also prevented from increasing the processing efficiency of wastewater
treatment. Yavuz et al. [17] also found that the removal efficiency of glucose was
44% higher than that of without applied magnetic field when they investigated the
effect of magnetic fields on the removal efficiency of synthetic wastewater treated
by activated sludge. Rao et al. [18] also found that the magnetic field with a certain
strength could promote the growth of microorganisms and accelerate the degrada-
tion rate of phenol. All of this research demonstrated that weak magnetic fields
could efficiently stimulate the growth of bacteria, shorten the growth cycle, and
increase the activity of microorganisms, which are beneficial to proliferation and
metabolism of microorganisms. However, to our knowledge, no hybrid magnetic
PUF composite has yet been developed for the immobilized carrier of microorgan-
isms applied to wastewater treatment.

Therefore, the designing and synthesizing of a novel magnetic PUF carrier which
could adjust the propagation and metabolism of microbial cells should be an
interesting topic in the area of immobilized microorganism. Thus, in this paper, a
novel magnetic nano-particles Fe;O0,/PUF composite was synthesized by using
in situ blend methods from the polymerization of toluene-2,4-diisocyanate (TDI)
and polyether polyol, blending with Fe;0,4 nano-particles. And the composition and
morphology of this prepared composite was characterized by means of various
modern analysis technologies, such as X-ray diffraction (XRD), Fourier transform
IR spectroscopy (FT-IR), thermogravimetric (TG) analysis, differential scanning
calorimetry (DSC), scanning electron microscopy (SEM), and magnetic property
measurement system (MPMS), respectively. Furthermore, the resultant magnetic
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PUF composite was applied to the immobilized carrier of microorganisms for
toluene-containing wastewater treatment.

Experimental section
Materials

Toluene-2,4-diisocyanate (TDI) and polyether polyol were all A.R. grade purchased
from Baiyin Yinguang Chemical (Baiyin, China). Toluene was purchased as
analytic regent from Guangzhou chemical factory. The pure PUF purchased from
Baiyin Yinguang Chemical, was washed three times with deioned water before use
for experiments, and other solvents and reagents used in this work were all
A.R. grade.

Preparation of magnetic Fe;O,4 nanoparticles and Fe;O04/PUF composite

The typical synthesis procedure of Fe;O4 nanoparticles is similar to the method
described in [19]. Twenty grams NaOH was dissolved in 250 mL deionized water
which was deoxygenated by bubbling N, gas for 30 min at 1,000g stirring for
10 min. In another beaker, 0.85 mL of 12.1 N HCI and 25 mL deionized water was
mixed, and then 8.1 g FeCl; and 3.1 g FeCl, were successively dissolved in the
solution under stirring. Then, the resultant solution was added drop-wise into the
above-mentioned NaOH solution under vigorous stirring, and black precipitate was
obtained and harvested by centrifugation, and then washed with deionized water and
ethanol several times, respectively, and finally dried in the air at 80 °C for 2 h.
Then, the harvested Fe;O,4 nanoparticle composite was used for the next step in the
preparation of the magnetic PUF carrier.

The composition and the recipe for preparation of the magnetic PUF composite
are listed in Table 1. The main ingredient of solution A is Polyol-330 (mixed with
blowing agent), while solution B is the mixture of toluene-2,4-diisocyanate (TDI),
Polyol-330 and curing agents. Different mass fraction of prepared Fe;O, powder
was completely soaked into solution B and dispersed by the ultrasonic for further
15 min, and then mixed with solution A by using a mechanical stirrer at 500g for
about 10 s. Finally, the mixture was kept for curing for 2 days at room temperature.

Table 1 Starting mixtures and recipe for preparation of magnetic Fe;0,/PUF composites

Solution A Amount (%) Solution B Amount (%)

Polyol-330 78.4 Polyol-330 65.0-66.5

Surfactant 39 TDI 32.8

Water 9.4 Stannous octoate 0.7-2.2

Triethylamine 2.4 Fe;0,4 percentage (%) 0, 0.5, 1.0, 2.5, 5.0, 7.5, 10.0
Methylene chloride 39

Liquid paraffin 2.0
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Preparation of immobilization microorganism and biodegradation experiment

The pure and magnetic PUF carrier was rinsed with distilled water, then dried and
autoclaved at 120 °C for 20 min before the bacteria was immobilized. Bacillus cereus
S1 used in this experiment was originally obtained from a wastewater treatment
facility of Guangzhou Petrochemical Corporation [20]. The medium was composed
of 0.080 g toluene (COD = 250 mg/L), 21.75 g K,HPO4-H,0O, 33.40 g Na,H-
PO,4-12H,0, 8.50 g KH,PO,, 40 g NH4CI, 22.50 g MgSO,, 36.4 g CaCl,, 0.25 g
FeCl3, 0.04 g MnSO,4-H,0, 0.04 gZnS0O4-H,0, 0.04 g (NH4)sM0,0,4-4H,0Oand 1 L
deionized water. Bacteria was grown on the enrichment-medium (1.0% peptone,
0.5% malt extract and NaCl) at 30 °C with a shaking speed of 120g for 24 h, then were
harvested by centrifuge at 4 °C with a speed of 10,000g for 10 min, and washed three
times with 0.05 mol/L sterile potassium phosphate buffer (pH 7.5). Then, the washed
cells were resuspended in the sterile phosphate buffer, resulting in a 10% cell
suspension [21]. Initial immobilization of Bacillus cereus S1 was carried out in a 250-
mL serum bottle with 50 mL suspended cell and 0.5 g pure PUF and magnetic PUF
carrier. Then the mixture was inoculated and incubated for further 48 h to get the
immobilized microorganism onto pure PUF and magnetic PUF carrier. The bacteria
mass on the carrier and in the suspension can be measured in terms of dry weight
(105 °C for 24 h). The net immobilized biomass can be calculated by subtracting the
weight of carrier from the total weight of immobilized microorganism.

When the biodegradation experiment of toluene was performed, a certain amount
of toluene and 0.5 g immobilized microorganism loading onto pure PUF or
magnetic PUF were added into 100 mL medium and sealed into a 250-mL serum
bottle, and the degradation of toluene (the initial COD concentration of 250 mg/L)
was carried out at 30 °C in a rotary incubator at 120g. Samples were collected at
regular time intervals for the analysis of chemical oxygen demand (COD) to
determine the removal efficiency of toluene-contained wastewater.

Apparatus and analytical methods

The phase identification and the crystalline size calculations of Fe;O, were taken
by using a Siemens D5000 X-ray diffractometer with Cu K, radiation (1 =
0.15405 nm) in the interval 20 of 20-80° with steps of 0.5°. FT-IR spectra were
recorded on a model 750 Nicolet Magna-IR (USA) spectrometer after the samples
(PUF, Fe3;04/PUF) were first dried by liquid nitrogen, and then mulled with KBr
pellets to get the chips for FT-IR measurement. The differential scanning
calorimeter (DSC) analysis was measured under a N, atmosphere with a model
DSC 10 TA Instruments (USA), at a heated range between —70 and 110 °C with the
heating rate of 10 °C/min, after the samples were treated in a vacuum oven at
100 °C for 24 h and then quickly put into liquid nitrogen until the temperature
reached —70 °C to obtain the amorphous samples. Magnetic hysteresis loops of
Fe;0,4 nano-particles and magnetic foam were measured by a XL-7 model magnetic
property measurement system (MPMS; Quantum Design, USA.). The COD
concentration was determined by the standard method based on the oxidation of
potassium chromate (K,Cr,0O5) and sulfuric acid digestion.
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Results and discussion
XRD pattern and magnetic analysis of Fe;0, particles

The wide-angle XRD patterns of prepared Fe;O, particles are shown in Fig. 1. From
the figure, the XRD peaks at 20 = 30.18, 35.54, 43.16, 53.10, 57.10, and 62.88
degrees corresponding to plane reflection of Fe;0,4 (220), (311), (400), (422), (511)
and (440), respectively, were easily found in the profile. These peaks confirmed the
existence of face-centered cubic Fe;0,4 phase (JCPDS card. No. 19-629), which is in
good agreement with the reported literature [22]. The average calculated value of
crystal lattice parameter extracted from the XRD data, «, was about 0.084 nm, and
the mean crystal size of the resultant nanometer Fe;O4 were calculated as 12 nm
from the broadening of the XRD peaks of Fe;0,4 according to the Scherrer equation.

The magnetic property of prepared nanometer Fe;O, was also confirmed by
MPMS at room temperature. The hysteresis loop reveals that a ferromagnetic
behavior with a saturation magnetization value of 34 emu/g was obtained for the
prepared nanometer Fe;O,4, which further confirmed the existence of Fe;O, particles
[23].

FT-IR analysis

Figure 2 shows the FT-IR results of prepared Fe;O4/PUF composite blending with
different amounts of Fe;O,4 nanoparticles. It can be seen from the IR spectra that all
samples have similar absorption peaks at 3,300 cm™' (hydrogen-bonded N-H
stretching), 1,550 cm ! (N-H deformation), and 1,720-1,695 cm ™! (C=0 stretch-
ing) as assigned to the urethane structure. The bands at 2,960 cm™' are

corresponding to the C—H asymmetrical stretching of the methylene hydrogen of

35.54

10 20 30 40 50 60 70 80
20/ degree

Fig. 1 The XRD pattern of prepared Fe;04
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Fig. 2 FT-IR of Fe304/PUF (a 0 wt% Fe304; b 0.5 wt% Fez0y4; ¢ 1.0 wt% Fe3Oy; d 2.5 wt% FezOy;
e 5.0 wt% FC304; f 7.5 wt% FC304; I4 10.0 wt% FC304)

polyether [24]. Also, Fig. 2 illustrates a broadening and weakening of the —OH
absorption peak at 3,300 cm™' with the increase of the content of nanoparticles,
which should result from the coordination of Fe;O,4 nanoparticles with nitrogen-
containing functional groups presented in PUF [25]. This is because this kind of
coordination effect would, obviously, be suitable to prepare stable PUF composite.

Thermogravimetric analysis and differential scanning calorimetry

Thermogravimetric (TG) analysis was carried out to investigate the thermal
properties of the Fe;O04/PUF composite, and the relative results are shown in Fig. 3.
As can be seen from the figure, the addition of nano-particles would improve the
thermal stability of the PUF composite, and the contents of nano-particles had
influence on the thermal stability of the PUF composite. That is, when the content of
nano-particles was increased, the initial thermal weight loss temperature would be
increased as well. The initial thermal weight loss temperature of magnetic PUFs
with the content of 2.5 and 7.5% Fe;0, as well as pure PUF were obtained as 281,
290, and 274 °C, respectively. The thermal decomposition temperature increased
16 °C, suggesting that thermal stability of hybrid PUF composite was improved
considerably. The possible reason for this behavior can be interpreted that the
introduction of Fe30,4 into PUF can reduce the mobility of PUF chains, inhibit the
PUF chain reaction, and slow the degradation process [26, 27].

To prove the free volume change, differential scanning calorimeter (DSC) was
also employed to observe the glass transition temperature (1) of the prepared
Fe;04/PUF composites, and the results are shown in Fig. 4. The T, values for
Fe;04/PUF composite with contents of 0, 2.5 and 7.5 wt% were gained as —60,
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Fig. 3 TG curves of PUF composites with different contents of Fe;O4
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Fig. 4 DSC curves of PUF composites with different contents of Fe;O,

—59, and —58 °C, respectively, according to the loss of endothermic peaks. It can
be observed that, for the hybrid PUFs composite blending with Fe;0,4 nano-particles,
the Tgs are slightly higher than that of pure PUF. When the content of Fe;O,4
increased, the T, was also slightly raised to a higher temperature. Similar to the afore-
mentioned TG data, these results also verified that the introduction of Fe;O,4 nano-
particles would improve the stability of composite PUFs. These phenomena were
also previously reported by Kuan et al. [28], who found that the T,s of polysilicic
acid (PSA)/waterborne PU composite increased with the increase of PSA contents.
This indicates that Fe;O4 nano-particles maybe act as a cross-linking agent to inhibit
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the movement of PU soft segment and therefore increase the T, value of PUF
composite.

Surface morphology analysis of Fe;0,/PUF composite

SEM images of magnetic Fe;04/PUF composites with different contents of Fe;04
nanoparticles are displayed in Fig. 5. It can be seen that the pore size of pure PUF
was ~300 um, and the opening ratio was over 90%. With the increase of the
content of nano-particle Fe;0,, the pore size became much smaller and the opening
ratio slightly decreased, which had little influence on the pore structure of the
composite. But when the ratio of nano-particle Fe;O, exceeded 5.0%, the pore
structure of the PUF composite became blurred. And the uniform porous structure
and the high opening ratio will be lossed completely when the percentage of
nanoparticle Fe;O, is higher than the value of 5.0%. Thus, these may suggest that
the better structured magnetic Fe;O04/PUF composite would be guaranteed when the
nanoparticles Fe;0,4 did not exceed 5.0%. And the resultant PUF composite should
have a high opening ratio and large amounts of pores which maybe enhance the
convenient mass transfer in the wastewater treatment [29].

To further confirm the existence of nano-particles Fe;O,4 in the composites, the
surface energy-dispersive spectra (EDS) was also applied to investigate the
dispersion of nano-particles Fe;0, into the matrix of the PUF composite. The results
of EDS for magnetic PUF composite with the content of 2.5% Fe;0O, are shown in
Fig. 6. As seen from the figure, the hybrid magnetic PUF composite was composed
of C (0.250 keV), O (0.523 keV), Cl (2.621 keV), and Fe (6.398 keV), as well as

Fig. 5 SEM images of PUF composites with different contents of Fe;O; (a Fe;04 = 0%,
b FC304 = 05%, C Fe304 = 10%, d FC304 = 25%, € FC304 = 50%, f FC304 = 75%)
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Fig. 6 The surface energy dispersive spectrum of Fe;0,/PUF composite

minor amounts of Al (1.486 keV). However, the weight of Fe element introduced as
an magnetic additive into the composites was obtained with the mass fraction of
0.84% by using surface energy dispersive spectrum. Thus, the amount was much
lower than that of the theoretical value of Fe element of 1.81% calculated according
to the chemical composition analysis. This may indicate that Fe;O4 nano-particles
were evenly dispersed in the PU matrix as well as the surface, and that these results
were also consistent to the data of TG analysis and DSC.

Magnetic properties analysis
The hysteresis loops of the Fe;O4/PUF composites prepared with different content

of Fe;0, were also measured at room temperature, and the data are shown in Fig. 7.
From the figure, the specific saturation magnetization of various magnetic PUF
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Fig. 7 Magnetization hysteresis loops of Fe;04/PUF with different contents of Fe;04
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composites increased quickly with the increase of the contents of the Fe;O4
nanoparticle, but no hysteresis, remanence, and coercivity were observed. The
saturation magnetization of magnetic the PUF composite was much smaller than
that of the Fe;O,4 nanoparticles with 12 nm reported in the early phases. When the
content of nano-particle Fe;0,4 were varied from 0.5 to 10%, the specific saturation
magnetizations of Fe;O4/PUF composites varied from 0.25 to 3.96 emu/g, which
means that the prepared Fe;O4/PUF composites were all super paramagnetic, and
could be magnetized and modulated via an external magnetic field [30-32]. Thus,
these properties of prepared Fe;O4/PUF composites would make them an excellent
carrier of separation and transportation as well as the immobilized carrier for
microorganisms.

The application of magnetic Fe;0,/PUF for immobilized carrier
for microorganism

In order to observe the effect of magnetic properties of the carrier on the removal
efficiencies of organic pollutants from wastewater, a commercial pure PUF and the
prepared magnetic Fe;04/PUF composite with 5.0% content of Fe;0, were both
used as carriers for the immobilized microorganisms. The compared results are
shown in Fig. 8. From the figure, we readily found that toluene concentrations
decrease quickly by using both commercial PUF and the prepared composite as
carriers of immobilized microorganisms. However, the removal efficiency of COD
concentration with immobilized microorganisms onto Fe;O0,/PUF composite was
always higher than that with immobilized microorganisms onto pure PUF. The
COD removal efficiency reached 77.7% for Fe;O4/PUF composite, while only
70.1% was obtained for pure PUF carrier, after 8 h treatment with immobilized

250 [ —A— PUF

—A— 5% Fe,0, /PUF
200 -
JAN
i \A
150 |- A\\
100 | \
\ A

0 1 2 3 4 5 6 7 8
Degradation time (h)

COD (mg/L)

Fig. 8 The COD removal kinetic curves with microorganism immobilized onto pure PUF and magnetic
Fe3;04/PUF composite
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microorganisms. By measuring the biomass loaded onto PUF and Fe;O,/PUF, we
can also readily find that the biomass of microorganisms on the magnetic PUF
composite was much higher (25.9 mg dry wt. cells/g carrier) than that of the pure
PUF (18.8 mg dry wt. cells/g carrier). Thus, this is the reason why the magnetic
PUF composite carriers would increase proliferation and metabolism of immobi-
lized microorganisms [33] and then finally accelerate the toluene degradation.

Conclusions

A novel magnetic Fe;0,/PUF composite was prepared to apply to the carriers of
immobilized microorganisms for toluene-containing wastewater treatment. Con-
firmed by experiments of both thermogravimetric analysis and differential scanning
calorimetry, it is found that the thermal stability of prepared magnetic Fe;0,/PUF
was increased slightly by the dispersion of nano-particles Fe;O4 in the PUF. The
magnetic properties analysis indicated that the prepared Fe;O4,/PUF composites
were all super paramagnetic, and would be magnetized and modulated via an
external magnetic field. By measuring the biomass loaded onto PUF and Fe;0,/
PUF, it is easily found that the biomass of microorganisms on the magnetic PUF
composite was much higher than that of the pure PUF. And the removal efficiencies
of COD concentration with microorganisms immobilized onto the Fe;O,/PUF
composite were always higher than that with microorganisms immobilized onto
pure PUF.
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