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Novel nanocomposite materials where iron nanoparticles are embedded into the walls of a macroporous
polymer were produced and their efficiency for the removal of As(IlI) from aqueous media was studied.
Nanocomposite gels containing a-Fe, 03 and Fe304 nanoparticles were prepared by cryopolymerisation
resulting in a monolithic structure with large interconnected pores up to 100 wm in diameter and pos-
sessing a high permeability (ca. 3 x 1073 ms~!). The nanocomposite devices showed excellent capability
for the removal of trace concentrations of As(III) from solution, with a total capacity of up to 3 mg As/g of

thZf)rrgrsr;ediation nanoparticles. The leaching of iron was minimal and the device could operate in a pH range 3-9 without
Adsorbent diminishing removal efficiency. The effect of competing ions such as SO42~ and PO43~ was negligible.
Arsenic The macroporous composites can be easily configured into a variety of shapes and structures and the

Iron polymer matrix can be selected from a variety of monomers, offering high potential as flexible metal

Nanoparticle cation remediation devices.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Nanoscale particles have a large surface area, available for inter-
action with contaminants, high surface reactivity and could provide
cost effective solutions to many challenging environmental reme-
diation problems [1]. For example, zero valent iron nanoparticles
of a diameter 1-100nm and with a surface area in the range
20-40m?/g, provide 10-1000 times greater reactivity than gran-
ular iron, which has a surface area <1 m?/g [2]. Decreasing Fe304
particle size from 300 nm to 12 nm was shown to increase their
adsorption capacity for As(IIl) and As(V) 200 fold [3].

Iron nanoparticles have been shown to be effective in the
transformation, detoxification and/or sorption of a wide variety of
common environmental contaminants, such as chlorinated organic
solvents, organochlorine pesticides, and polychlorinated biphenyls
[1,4], heavy metals and metalloids (As(IIl), Pb(II), Cu(II), Ni(II),
Cr(VI)) and radionuclides [5], in both ex situ and in situ (e.g.
via direct injection to subsurface environments) applications [6].
While the high reactivity and often high environmental mobility of
nanoparticles offer a number of advantages over conventional envi-
ronmental remediation technologies, there are however a number
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of potentially serious issues concerning the environmental fate of
engineered nanoparticles and their potential impact on human
health [7]. Because of their small size, nanoparticles can enter
the body via dermal routes, by ingestion or inhalation. The toxi-
city of nanoparticles has been studied by numerous authors who
have raised concerns of the potentially adverse effects of such
engineered or industrially manufactured systems resulting from
their production and large scale application [8,9]. A range of eco-
toxicological effects from manufactured nanoparticles have been
reported on microbes, plants, invertebrates and fish species, as well
as mammals [8-10]. In particular, the potentially adverse effects of
iron nanoparticle uptake, such as oxidative stress response, DNA
and protein damage, mutagenic effects and cell death, have been
reported by a number of workers [11,12]. In general, the transport
mechanisms of engineered nanoparticles through the environment
and into plants and animals, and the associated risks, remain poorly
understood [13] and this may significantly limit their widespread
application as remediation materials, particularly where methods
involve free-release of engineered nanoparticles to the environ-
ment.

Immobilizing nanoparticles onto a bulk carrier can, however,
prevent their release into the environment while maintaining
their reactivity. A number of water remediation devices have been
developed based on iron nanoparticles immobilized into polymer
matrices, which are usually produced as beads or fibres [14-16].
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In particular, iron oxide nanoparticles immobilized in a gel bead
matrix (under the trade names ‘ArsenX"P’ and ‘npRio’) are com-
mercially available and have been used successfully in filter bed
or column flow-through formats [17]. The use of beads however,
imposes limitations on the configuration and wider environmen-
tal/industrial application of these devices. Here, we examine the
properties of novel macroporous iron nanoparticle-polymer com-
posite monoliths, produced by cryopolymerisation, and assess their
potential application in water remediation, particularly for removal
of the important groundwater contaminant As(III).

2. Materials and methods
2.1. Materials

2-Hydroxyethyl methacrylate (HEMA, 98%) was sourced from
Acros Organics (Geel, Belgium). Poly(ethylene glycol)diacrylate
(PEGDA, Mp~258) was obtained from Aldrich (Steinheim,
Germany). Ammonium persulfate (APS, 98%) and N,N,N’',N’-
tetramethylethylenediamine (TEMED, 99%) were from Thermo
Scientific (Rockford, USA). Iron nanoparticles a-Fe,03 and Fe304
were obtained from Arry International Group Limited (Koln,
Germany). Average particle size was 30 nm and 20 nm for a-Fe; 03
and Fe304 respectively. As(Ill) oxide was obtained from Argos
Chemicals (NJ, USA). Silica-based strong anion-exchange (SAX) car-
tridges containing 500 mg sorbent of 40-p.m particle size and 60-A
pore size were obtained from Supelco (Bellefonte, USA).

2.2. Methods

2.2.1. Macroporous iron nanoparticle-polymer monolith
preparation

Monolithic macroporous composite gels were prepared by the
polymerization of HEMA and PEGDA. Iron particles were mixed
with a monomer solution of HEMA (5.8% v/v) and PEGDA (1.8%
v/v). The reaction mixture was placed in an ultrasonic bath for
30 min and then cooled in an ice bath for 10 min. The reaction mix-
ture was shaken again to obtain a homogeneous distribution of the
nanoparticles, and then TEMED/APS (1.2 w/w % of monomer) were
added. One milliliter of the reaction solution was quickly added into
separate glass tubes (80 mm x 11 mm i.d.) that were closed at the
bottom with a silicon cap. The solution in the tubes was frozen in
a Julabo cooling chamber at —12 or —18°C, incubated at that tem-
perature for 18 h and then thawed at room temperature. The caps
were removed and gels were washed by passing 50 ml of deionised
water through each sample.

2.2.2. Permeability measurements

The flow rate of liquid passing through the column was mea-
sured at a constant hydrostatic pressure equal to a 100 cm head of
water-column, which corresponds to a pressure of ca. 0.01 MPa on
the cryogel composite [18].

2.2.3. Mechanical properties

Mechanical properties of the composite gel were tested using
a dynamic mechanical analyzer (DMA 2980 TA Instruments, Inc.,
USA) with a cell load of 0.01 N. The gel samples (cylinders of 10 mm
height and diameter of 10 mm) were placed between two plates
and compressed with a steadily increasing pressure of 5 N/min to
the maximum loading 18 N. All samples were tested at room tem-
perature. Compression modulus and stiffness were obtained from
the stress-strain curve. The stiffness was estimated as the stress, in
MPa, necessary to achieve an 80% compression.

2.2.4. Iron content measurement

Iron content was measured by extraction of iron with 2 M HCI
solution. Composite gel pieces (70-100 mg) were incubated in
10ml of 2 M HCI. The solution was removed from the composite
gel regularly for concentration measurements and replaced with
fresh 2M HCI solution. Iron concentration in solution was mea-
sured using a Perkin Elmer Optima™ 2100 DV ICP-OES system. The
procedure was repeated until no iron was detected in the extract.
Around 70-90% of iron was extracted in the first 3 days. Total iron
extraction was continued for 38 days. Additionally, iron particle
content was estimated by thermogravimetric analysis (TGA). The
composite gel was dried at 80°C for 2 days. The TGA profile was
recorded from 50 °C to 800 °C at a scanning rate of 10 °C/min. TGA
analysis of the top, middle and bottom sections of the composite
gel monolith was performed and average results are presented in
Table 1.

2.2.5. Scanning electron microscopy (SEM)

Samples for scanning electron microscopy were prepared by
freeze-drying the composite gels overnight. After drying, spec-
imens were mounted on aluminium stubs fitted with adhesive
carbon pads, sputter coated with palladium and examined using
a JEOL JSM-6310 scanning electron microscope.

2.2.6. Transmission electron microscopy (TEM)

The gel samples were dehydrated by washing with ethanol
water mixtures with increasing ethanol concentration of 10, 20,
30, 50 and 75% ethanol for 20 min each and dried in absolute
ethanol. Ethanol was replaced with propylene oxide, which then
was replaced with TAAB low viscosity resin (TAAB Laboratories
Equipment Ltd, UK). After complete replacement, the resin was
polymerized at 60°C. Thin (100 nm) sections were cut on a Leica
Ultracut ultramicrotome, collected on nickel support grids and
examined unstained with a Hitachi-7100 TEM at 100 kV. Images
were acquired digitally with an axially mounted (2k x 2k pixel)
Gatan Ultrascan 1000 CCD camera (Gatan UK, Oxford, UK).

2.2.7. As(Ill) solution preparation

A stock solution of As(Ill) was prepared as follows. Powdered
arsenious oxide (2.5 g, As40g) was dissolved in sodium hydroxide
solution (2 g in 20 ml of deionised water). The volume was adjusted
with deionised water to 200 ml. The pH of the solution was adjusted
to 6.5 and 2 g of sodium bicarbonate was added. Finally the volume
of solution was made up to 500 ml. The stock solution was then used
throughout all experiments for preparation of arsenic (III) solution
of varying dilutions.

2.2.8. Measuring the arsenic speciation in the solution.

Arsenic speciation was determined according to a previously
published procedure [19]. A volume of 10 ml of As(III) solution was
passed through a SAX cartridge at a flow rate 0.5 ml/min. Cartridges
were preconditioned with 50% ethanol and deionised water prior to
use. Then 10 ml of deionised water was passed through, and finally
15 ml of 1.0 M HCl was pumped at a flow rate 0.5 ml/min. Fractions
of 5ml were collected and As(IIl) concentration before and after
adsorption was measured using a Perkin Elmer Optima™ 2100 DV
ICP-OES system (detection limit 5 ppb, according to Perkin Elmer
specification).

2.2.9. Assessing the adsorption capacity of iron nanoparticles and
nanocomposite gels

The gel (0.5 ml) was cut into small cubic pieces of 2 mm in size.
10, 30 or 100 ml of As(III) solution (2 mg/l) were added, and the
samples were shaken for 24h at room temperature. Iron oxide
nanoparticles (20, 60 and 80 mg) were weighed in centrifuge tubes,
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Table 1
Properties of composite gels.
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Gel

Flow rate (ms~') Particle concentration, determined:

by extraction with 2 M HCI

by TGA analysis

g/g hydrated gel g/g dried gel g/g hydrated gel g/g dried gel
HEMA-MG (HEMA cryogel, without particles) (2.47+0.5)x 1073 0 0 0 0
a-Fe;03-MG (2.29+0.34)x 1073 0.059 0.37 0.077 0.48
Fe304-MG (2.78+0.33)x 103 0.095 0.59 0.078 0.49

Fig. 1. SEM image of composite Fe3;04-MG, revealing the interconnected macrop-
ores separated by thin polymer walls. Gels were prepared at —12°C.

then 20 or 40 ml of As(III) solution (4 mg/l) were added and the sam-
ples were shaken for 24 h at room temperature. Nanoparticles were
separated from the solution by centrifugation. From each sample
5 ml aliquots were taken for measuring arsenic concentration. The
maximum adsorption capacity for nanoparticles and nanocompos-
ites is presented in Table 3. Arsenic concentrations before and after
adsorption were measured using a Perkin Elmer Optima™ 2100
DV ICP-OES system.

2.2.10. pH effect

The composite gel was cut into small pieces of 2 mm size. Ten
ml of 5mg/1 As(Ill) solution was added to 0.5 g of gel and samples
were put on a shaking table for 1.5 h and 3 h with a-Fe;03-gel and
Fe304-gel, respectively. The pH of As(Ill) solution was adjusted
with HCl and NaOH and was in the range between 3.0 and 12.

Aliquots of 3ml were withdrawn and measured using a Perkin
Elmer Optima™ 2100 DV ICP-OES system.

2.2.11. Effect of P04~ and SO42~ on As(Ill) adsorption for
«-Fe,03 and Fe304 composite gel

The composite gel was cutinto small pieces of 2 mm size. Twenty
milliliter of 5 mg/1 As(IlI) solution with different content of PO43~ or
S042~ was added to 0.4 g of gel and samples were put on a shaking
table for 20 h. The pH of solutions containing PO43~ was adjusted to
7.0 with HCL. Aliquots of 3 ml were withdrawn and measured using
a Perkin Elmer Optima™ 2100 DV ICP-OES system.

2.2.12. Kinetics of As(Ill) adsorption

The composite gel was cut into small pieces of 2 mm size. As(III)
solution (500 ml, 2 mg/l, pH 7.0) was added to 4.5 ml of gel with
vigorous stirring. Samples of 2 ml were periodically withdrawn
and As(Ill) concentrations were measured using a Perkin Elmer
Optima™ 2100 DV ICP-OES system.

3. Results and discussion
3.1. Cryopolymers

Cryogelation is a versatile technique allowing the preparation of
mechanically robust polymer gels, possessing large interconnected
pores of up to 100 wm diameter, with high permeability and very
low flow resistance when used in a column configuration [20-23].
The method is based on gel formation at a temperature below the
freezing point of the solvent. When water, a common solvent for gel
formation, freezes out, the ice crystals formed expel the monomers,
cross-linker and initiator, which concentrate into the unfrozen lig-
uid phase which can be supercooled even at —20 °C. Gels are formed
in the unfrozen liquid phase generating a dense, highly cross-linked
polymer. After melting the ice crystals large voids remain, creating
a continuous system of channels - an interconnected pore sys-
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Fe304 nanocrystals
within macroporous
polymer beads

Re- drawn from L. Cumbal et al. 2003

Monolithic porous
column

Column packed with
beads

Polymer Beads with
Fe3O4 nanocrystals

Fig. 2. The water flow in devices based on monolithic porous gels and polymer beads.

Adapted from: Cumbal et al. [29].



LN. Savina et al. / Journal of Hazardous Materials 192 (2011) 1002-1008 1005

—1.5 uUm

—1.5 um

Fig. 3. TEM images of a transverse section through a Fe304-MG with the iron oxide nanoparticles randomly distributed inside the polymer wall (a-c). High magnification
TEM image reveals agglomerated nanoparticles. (d) SEM image of the HEMA gel polymer wall surface without particles and (e) SEM image of composite polymer wall surface
showing a relatively even distribution of iron oxide nanoparticles and nanoparticle agglomerates across the surface. Gels were prepared at —12°C.

tem. The ice crystals serve as a pore forming substance in these
systems. The materials have been shown previously to have very
good adsorption performance in a number of bioseparation appli-
cations, including the treatment of complex solutes without the
requirement for additional purification steps [22,24]. Monolithic
columns with anion-exchange or affinity groups have been used
for direct capture of proteins, antibodies or whole cells by applying
non-purified cell lysate or cell suspension onto the column (particle
size 1-10 wm) [25-27]. Because of the presence of large intercon-
nected pores a particulate solution could be easily pumped through
the monolithic gels without column clogging or blocking the flow.
As such, these macroporous gels provide a high flow-through capa-
bility and a potentially stable scaffold for iron-nanoparticles.

3.2. Macroporous iron nanoparticle-polymer monolith
production and characteristics

Macroporous gels (MG) with embedded o-Fe;03 or Fe3Og4
nanoparticles (a-Fe,05-MGs and Fe304-MGs, respectively) were
prepared by polymerization of HEMA and PEGDA monomers
in suspension with iron oxide nanoparticles. On freezing, iron
nanoparticles were expelled by ice crystals together with the
monomer and cross-linker and after polymerization a macroporous
polymer network with embedded iron oxide particles formed. The
composite gels have large interconnected pores of up to 100 wm
diameter (Fig. 1).

All a-Fe;03-MGs and Fe304-MGs produced have a macrop-
orous structure with interconnected pores (Fig. 1), which provides
a low resistance to water flow through the gel. The flow rate
measured at constant hydrostatic pressure of ~0.01 MPa was
2.2940.34 and 2.7840.33 (x1073) ms~! for the a-Fe;03-MGs
and Fe304-MGs packed in the glass column, respectively (Table 1).
Composite gels have similar flow rates to the gel prepared without

nanoparticles (Table 1), thus addition of nanoparticles has a negli-
gible effect on the flow resistance of the composite gel monoliths.

The 3D structure of the large interconnected pores directs the
flow of water in a way that contaminants dissolved in the water
pass in direct contact with the nanoparticle impregnated polymer
surface (Fig. 2). In a device packed with beads (300-1200 wm in
diameter [17,28]), where iron nanoparticles are embedded in the
pore structure of the beads, the water must flow through the chan-
nels between the beads generating a high back-flow resistance
and then diffuse into the iron nanoparticle containing channels
(50-300 nm; Fig. 2). For instance ArsenX is a commercially avail-
able resin with iron particles and has a recommended flow rate
0f5.0 x 107> to 1.1 x 10~*m s~ (20-40 bed volumes/h) at conven-
tional pressures up to 0.8 MPa [17,28]. The rate of adsorption in
such structures is likely to be slow and diffusion limited. The unique
structure of the large interconnected pores and low flow resistance
of the macroporous gels provides a higher flow rate at relatively
low pressures, rendering a device for rapid and effective treatment
of contaminated water.

Scanning and transmission electron micrographs show that the
nanoparticles and nanoparticle agglomerates embedded inside the
polymer matrix are relatively evenly distributed within the poly-
mer wall (Fig. 3). The iron oxide content in the gels determined
by extraction with 2 M HCl and TGA was found to be 0.059-0.077
and 0.078-0.095 g/g hydrated gel, for a-Fe,03-MG and Fe304-MG,
respectively (Table 1).

Because of their higher density, iron oxide nanoparticles sedi-
ment during the composite gel preparation resulting in a gradient
distribution of particles along the column. The concentration of iron
in the composites measured by TGA, was lower at the top of the
monolithic nanocomposite (0.35 g/g of dried gel) and higher at the
bottom (0.59 g/g of dried gel). A gradient free adsorption column
could be generated using smaller pieces (discs) of the composite
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Table 2
Mechanical properties of composite gel. Gels were prepared at —18°C.

Gels Compression modulus (kPa) Stiffness (kPa)
HEMA-MGs 44 + 09 164 £ 19
a-Fe;03-MGs 46 +1.3 46.8 + 4.9
Fe;04-MGs 6.0 £ 1.0 57.6 £ 10.8

0.25
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Fig.4. Stress-strain curves for HEMA gel and composites incorporating a-Fe, 03 and
Fe304. Gels were prepared at —18°C.

gels which have a non-significant gradient distribution of iron oxide
particles.

3.3. Mechanical properties

The compression modulus of the composite gels was in the
range 4.4-6.0kPa, similar to gels without iron oxide particles
(Table 2). The stress-strain curve showed the typical behaviour
for highly elastic materials with extensive flexibility and shape
recovery properties against compression (Fig. 4). The composite
gels were compressed up to 85% at maximal loading (18 N) with-
out rupture. Embedding the iron oxide particles inside the gel
matrix has no discernible effect on their compression modulus;
however the nanoparticle composites were stiffer than gels with-
out nanoparticles as a result of embedding nanoparticles inside the
polymer matrix. The stiffness of the composite gels (estimated as
the stress required to achieve 80% deformation) was 46.8 4.9 kPa
and 57.6+10.8kPa for a-Fe,O3 and Fe304 composites, respec-
tively, compared with 16.4 + 1.9 kPa for a HEMA-only gel.

90
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As adsorbed (%)

Fig.5. Adsorption kinetics of As(III) onto Fe;04,—~MG. Composite gel weight was 0.5 g,
solution volume 500 ml, initial As(Ill) concentration in initial solution was 2 mg/l.
Gels were prepared at —12°C.
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Fig. 6. Adsorption of As(Ill) by a-Fe;03-MGs and Fe304-MGs at different pH. The
composite gel weight was 0.5g, solution volume 10ml, shaking time 1.5h for
Fe304-MGs and 3 h for a-Fe,03-MGs, initial arsenic concentration 4 mg/l. Error
bars are smaller than the marker symbols used on the plot unless shown otherwise.

3.4. Adsorption of As(Ill)

The composite gels were tested for adsorption of As(Ill) from
aqueous solution. Numerous previous studies have highlighted
the high sorption capacity of iron oxides towards arsenite and
arsenate [3,17,29,30]. However, it was anticipated that the embed-
ding of nanoparticles inside a polymer matrix would reduce their
accessibility for interaction with the target contaminant and so
inhibit their adsorptive properties. The adsorption of arsenic by
iron oxide nanoparticles embedded in the macroporous gel was
therefore studied in comparison with adsorption onto free iron
oxide nanoparticles (i.e. as supplied by the Arry International Group
Ltd. in the form of 20-30 nm particle size). Approximately a three-
fold reduction in adsorption capacity was observed for the a-Fe; 03
and Fe304 composite material compared to the free nanoparticles.
The equilibrium adsorption capacity of As(IlI) for the a-Fe; 03-MGs
and Fe304-MGs was 0.21 and 0.23 As(IlI) mg/ml of gel or 2.7 and
3.1 mg of arsenic per gram of nanoparticles, respectively, while free
nanoparticles adsorbed about 9 mg of As(Ill) per gram of nanopar-
ticles (Table 3). Thus, while embedding of nanoparticles inside the
polymer matrix does reduce arsenic adsorption, the iron oxide
nanoparticles still retain significant reactivity following immobi-
lization. Analysis of As speciation indicates a dominance of As(III)

110
2
100 SO,
X
- Nl I
E 20 . Ts
S l:’.
2 3
T 80 PO,
0
<
70
60 T T T T T T
0 10 20 30 40 50

Competing ion concentration, mg/I

Fig. 7. Effect of PO43~ and SO42~ on As(Ill) adsorption for a-Fe,03 and Fe304 com-
posite gel. Closed squares and closed diamonds profiles show effect of PO43~ on
As(IIl) adsorption for a-Fe; 03 and Fe304 composite gel, respectively, star and open
diamond profiles show effect of SO42~ on As(IIl) adsorption for a-Fe;03; and Fe304
composite gel. The composite gel weight was 0.4 g, solution volume 20 ml, shak-
ing time 20 h, As(IIl) concentration =5 mg/l, pH 7.0. Error bars are smaller than the
marker symbols used, unless shown otherwise.
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Fig. 8. Macroporous gel Fe nanoparticle composites in different configurations.

species (98%) in the solutions demonstrating the efficiency of the
composite material for removing As(III).

It was demonstrated by Giménez et al. [31] that As(III) adsorp-
tion on natural hematite was more efficient than on goethite and
magnetite. In our study, we have found a similar relationship. Both
a-Fe;03 and Fe304 have similar adsorption capacity per milligram
of nanoparticles (Table 3). However, the Fe304 particles are smaller
in size and have a larger surface area (60 m2/g) available for adsorp-
tion compared to a-Fe,03 (50 m?/g). Thus the adsorption capacity
of a-Fe,03 calculated per unit surface area is higher (0.18 mg/m?)
compared to Fe304 (0.16 mg/m?2).In the composite, we see the same
tendency.

Studies of adsorption kinetics show a rapid decrease of As(III)
concentration in the solution in the first hour with a slower rate of
adsorption subsequently (Fig. 5). About 70% of As(Ill) was adsorbed
from 2 mg/1 As(Ill) solution within the first 5 h (Fig. 5). The decrease
of As(IIl) adsorption after the first 5 h is likely a result of less acces-
sibility of nanoparticles embedded in deeper polymer layers and
the longer time required for As(Ill) diffusion into the polymer.

The iron concentration in the solution after adsorption was
found to be negligible in all experiments, indicating that the par-
ticles were stably embedded inside the polymer matrix and were
not released into solution.

Arsenic removal by the a-Fe;O3 and Fe304 composites was
largely unaffected by pH across a pH range of 3 - 9 (Fig. 6), though a

Table 3
Equilibrium adsorption capacity of materials for As(III).

Samples As(Ill) mg/g of Fe As(IlI) mg/ml of
particles gel

a-Fe, 03, free nanoparticles 9.0+1.6 NA

Fes;0y4, free nanoparticles 9.6+24 NA

HEMA-MGs NA 0.008

a-Fe;03-MGs 3.1+0.40 0.21+0.03

Fe;04-MGs 2.7+0.21 0.23+0.02

small decrease in As(Ill) adsorption was observed at higher pH (>10,
Fig. 6). The pH of solution controls the speciation of arsenic and
the surface charge of the iron oxide. At more alkaline pH, anionic
species of As(Ill) will dominate [32] and the surface of the iron oxide
will also be negatively charged causing the electrostatic repulsion
of anionic species [31]. Similar results have been reported in other
studies, where a decrease of As(Ill) adsorption on magnetite at
pH>9 was observed [31,33].

In addition to pH effects, the adsorption efficiency will also
be influenced by the presence of other chemical species [34,35].
Commonly, arsenic adsorption is decreased in the presence of phos-
phate because of competition for the binding sites of the adsorbent
between arsenic and phosphate ions [34,36]. The influence of com-
peting ions, such as phosphate and sulphate, on As(Ill) removal was
studied by adding different amounts of PO43~ and SO42~ to the
arsenic solution. Adsorption of As(Ill) by a-Fe,03 and Fe3O4 com-
posites was unaffected by the presence of SO42~ (Fig. 7) even at
high SO42~ concentrations of 45 mg/1. A slight reduction in adsorp-
tion capacity (of about 10%) was detected with increasing PO43~
concentration (Fig. 7).

3.5. Potential configuration/implementation for water clean-up

Use of macroporous gels as a substrate or scaffold for Fe
nanoparticles allows generation of reactive nanocomposite devises
which can be produced in variety of end-use configurations: mono-
lithic blocks, polymer sheets, discs or columns for through-flow (or
flow-over) applications (Fig. 8). Alternatively, gel-based compos-
ites may be manufactured within robust plastic carriers (e.g. [37])
for more aggressive physical settings (e.g. in settlement tanks, flu-
idised beds, etc.) which provides significant flexibility in terms of
device configuration. Additionally the macroporous polymer could
be modified to enhance removal of other target compounds with
ion-exchange groups [38-40] or through molecular imprinting of
the polymer [37,41].
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4. Conclusions

The composite gels prepared by the cryopolymerisation tech-
nique have a unique structure of interconnected large pores, with
mechanical stability and low flow resistance that (together with the
flexibility of producing these materials in a range of configurations)
make them excellent materials for use as a support for nanopar-
ticles in developing absorption/filtration devices for the clean-up
of ground water, surface waters and drinking water. a-Fe;03 and
Fe304 nanoparticles were physically embedded within the macro-
porous polymer gel preventing their release into the environment
while maintaining their reactivity. The macroporous polymer gels
with embedded iron oxide nanoparticles were effective in remov-
ing of As(IIl) from aqueous solution over a wide pH range and were
largely unaffected by the presence of competing ions, such as sul-
phate and phosphate.
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