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ABSTRACT

Novel macroporous iron oxide nanocomposite cryogels were synthesized and assessed as
arsenite (As(Il1)) adsorbents. The two-step synthesis method, by which a porous
nanonetwork of iron oxide is firstly formed, allowed a homogeneous dispersion of the
iron oxide in the cryogel reaction mixture, regardless of the nature of the co-polymer
forming the cryogel structure. The cryogels showed excellent mechanical properties,
especially the acrylamide-based cryogel. This gel showed the highest As(l11) adsorption
capacity, with the maximum value estimated at 118 mg/g using the Langmuir model. The
immobilization of the nanostructured iron oxide gel into the cryogel matrix resulted in
slower adsorption kinetics, however the cryogels offer the advantage of a stable three-
dimensional structure that impedes the release of the iron oxide nanoparticles into the
treated effluent. A preliminary toxicity evaluation of the cryogels did not indicate any
apparent inhibition of human hepatic cells activity, which together with their mechanical
stability and high adsorption capacity for As(l11) make them excellent materials for the

development of nanoparticle based adsorption devices for drinking water treatment.

Keywords: Iron oxide nanoparticles; Adsorbent; Arsenic; Water remediation; Polymer

cryogel
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1. Introduction

Arsenic is a highly toxic metalloid ubiquitously present in the environment. Arsenic
can cause severe health effects including skin problems, nerve damage and increased
cancer risk, especially for lung, bladder, kidney and liver cancers [1]. Arsenic pollution in
groundwater—originating from both anthropogenic and natural causes—is a concern in
many regions of the world, including Bangladesh, India, Mexico and the United States
(US), among others [2, 3]. The groundwater in these regions can contain arsenic
concentrations as high as several mg/L [3], while both the guideline value proposed by
the World Health Organization and the safe drinking water level set by the US
Environmental Protection Agency is as low as 10 pg/L [4, 5]. As a result, the population
in these regions are continuously exposed to levels of arsenic that can lead to chronic
health conditions.

The removal of arsenic, and particularly arsenite (As(lll)) from water, to
concentrations below the maximum allowed level remains a challenge. There are a
number of different approaches for arsenic remediation including adsorption, membrane
filtration, coagulation-flocculation and ion exchange [6, 7]. Among these, adsorption has
been reported as the most widely used technique for arsenic removal because of several
advantages such as high arsenic removal efficiency, easy operation, and cost-
effectiveness [3, 6, 8].

Advances in nanotechnology have allowed the development of a range of engineered
nanomaterials (ENMs) for the remediation of contaminated water [9]. The increased

specific surface area of ENMs significantly improves their adsorption capacity compared
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with bulk materials [10-12]. Specifically, Fe-based nanoparticles (NPs) are an effective
adsorbent of a wide range of organic compounds, metals and metalloids including arsenic
[3, 8, 13-17]. However, the use of free, or unbound, NPs in water treatment creates an
extra technological challenge because of the need for subsequent NP separation from the
treated effluent. Moreover, potential risks of NPs to human health and the environment
raise concerns regarding their application in water treatment [18]. Nanocomposites may
overcome these limitations as they retain the advantages of free NPs while facilitating
their application (and recovery) in water treatment [19, 20].

Different nanocomposites have been developed based on the immobilization of Fe-
containing NPs on various matrices [21]. Among these, polymeric nanocomposites offer
advantageous properties such as large porosity, mechanical strength and diverse
geometries [22-25]. In particular, iron oxide (10) NPs incorporated in polymeric beads
are commercially available for use in packed bed configurations [26-29]. Cryogelation is
a versatile technique that allows the preparation of mechanically robust polymer gels in
various shapes (e.g., monoliths, discs or beads). More importantly, cryogelation creates a
network of highly interconnected large macropores, up to 200 um in diameter, in the
polymer gels, resulting in materials with high permeability and low flow-through
resistance.

Dispersing NPs homogeneously in the support matrix without a loss of reactivity
remains a challenge for polymeric and other nanocomposite systems [30]. Previously,
Fe203 and Fe3O4 NP were successfully dispersed as agglomerates, at relatively low 10
loadings of 0.059-0.095 g/g hydrated gel, in a poly(hydroxyethyl- methacrylate) cryogel,

in which the presence of poly(ethylene glycol) diacrylate possibly improved the NP
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dispersion [31]. However, a direct synthesis route proved unsuitable for other types of
cryogels (e.g., acrylamide cryogels) [30]. Innovative synthetic methods are therefore
needed to improve the loading, dispersion and reactivity of NPs embedded into polymer
nanocomposites [30].

The objective of this study was the synthesis of an Fe-based nanocomposite using a
two-step method: synthesis of an 10-nanostructured gel followed by its dispersion in a
cryogel matrix. This method was developed to achieve a homogeneous dispersion of 10
gel particles in the material. The resulting cryogels were assessed for their potential
application in water treatment, particularly for the removal of an important groundwater

pollutant, As(111).

2. Materials and Methods

2.1. Chemicals

N,N’-methylenebisacrylamide (MBAA, 96%), 2-hydroxyethyl methacrylate (HEMA,
97%), N,N,N’,N’-tetramethylethylenediamine (TEMED, 99%), iron(lll) chloride
hexahydrate (FeCls-6H20, >99%), and As(lll) trioxide (AssOs) were obtained from
Acros Organics (New Jersey, NJ, USA). Acrylamide (AAm, 97%), poly(ethylene glycol)
diacrylate (PEGDA, Mn ~ 250), and ammonium persulfate (APS, >98%) were sourced
from Sigma-Aldrich (St. Louis, MO, USA). Propylene oxide (>99%) was from Fisher

Chemical (Waltham, MA, USA).
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2.2. Synthesis of iron oxide gel

FeCl3-6H20 (4.35 g) was dissolved in ethanol (50 mL). Polypropylene oxide (16.65
g) was added and the gel was left to age for 24 h at room temperature. Then, the gel was
stirred with a spatula and strained through a 500-um net. The 10 gel particles were
washed three times each with ethanol and deionized (DI) water by repeating cycles of
mixing and centrifugation (4,400 rpm for 10 min). Finally, excess water was removed by
centrifugation and the gel particles were used in subsequent experiments. The dry weight

content of the 10 gel varied from 2.5 to 8.5% for different batches.

2.3. Synthesis of macroporous monolithic cryogels

Monolithic macroporous hybrid cryogels were prepared by co-polymerization of the
main monomer (AAm or HEMA) with a crosslinker (MBAA or PEGDA) under
cryogenic conditions. Two types of cryogels were prepared: AAm with MBAA and
HEMA with PEGDA. The monomers were dissolved in DI water with the monomer ratio
given in Table 1. Different amounts of hydrated 10 gel were mixed with the monomer
solution and the mixture was degassed in an ultrasonic bath for 10 min. Then, TEMED
and APS (1.2 wt.% of monomers) were added. Aliquots (1-2 mL) of the reaction solution
were quickly added into separate glass tubes (80 x 11 mm ID) closed at the bottom with a
silicone cap. The solution in the tubes was frozen in a thermostatic ethanol bath (Julabo

F34-ED, Seelbach, Germany) at -12 °C for ca. 18 h and then thawed at room temperature.
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The caps were removed and the cryogels were washed by passing an excess of DI water

through each sample.

2.4. Transmission and scanning electron microscopy

For transmission electron microscopy (TEM) imaging of 10 gel, a freeze-dried
sample was ground to fine powder in an agate mortar and dispersed in ethanol. The
dispersion was sprayed over a copper TEM grid with a lacey carbon film. Electron
diffraction of the selected area (SAED) was carried out using a TEM instrument (JEM-
2100, JEOL Ltd, Tokyo, Japan) operating at 200 kV using a LaBs filament (the point-to-
point resolution of the microscope was 0.2 nm). The energy dispersive spectroscopy
(EDS) analysis was done with an X-ray spectrometer INCA (Oxford Instruments,
Abingdon, UK). The electron diffraction patterns and Fourier electron diffraction patterns
were obtained and processed using the Digital Micrograph software (Gatan Inc.,
Pleasanton, CA, USA). The calibration was carried out using the crystal lattice of gold
NPs. In addition, the X-ray powder diffraction (XRD) pattern of the 10 gel sample was
carried out on a Bruker D8 Advance X-ray diffractometer with monochromatized Cu Ka
radiation, voltage and incandescent current of 40kV and 40mA, respectively, and scan

step of 0.02° (20) (Figure S1.

Alternatively, 10 cryogels were dehydrated by washing with ethanol solutions of
increasing concentration (10, 20, 30, 50 and 75%) for 20 min each and dried in absolute

ethanol. Then, ethanol was replaced with propylene oxide, which was further replaced
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with a low viscosity resin (TAAB Laboratories Equipment Ltd, Reading, UK). After
complete replacement, the resin was polymerized at 60 °C. Thin sections (100 nm) were
cut using an ultramicrotome (Leica Microsystems, Wetzlar, Germany), collected on
nickel support grids and examined by TEM (Hitachi-7100, Hitachi, Tokyo, Japan) at 100
kV. Images were acquired digitally with an axially mounted (2K x 2K pixel) camera

(Gatan Ultrascan 1000 CCD, Gatan Inc.).

Samples for scanning electron microscopy (SEM) were freeze-dried overnight.
Specimens were mounted on aluminum stubs fitted with adhesive carbon pads, sputter
coated with platinum and examined using a Zeiss NTS EVO or Zeiss NTS Sigma FEG

scanning electron microscope (Zeiss, Oberkochen, Germany).

2.5. Specific surface area

Samples were freeze-dried overnight and nitrogen adsorption-desorption isotherms
were measured using an Autosorb-1 gas sorption system (Quantachrome Instruments,
Boynton Beach, FL, USA) at 77.4 K. The data were analyzed using the Quantachrome
ASIiQwin software. The specific surface area and pore volume were calculated using the

Brunauer-Emmett-Teller (BET) equation (Figure S2).

2.6. Permeability measurements
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The flow rate of DI water passing through the column was measured 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 [32].

2.7. Mechanical properties

The mechanical properties of the cryogels were tested using a TA.XTPlus Texture
Analyzer (Stable Micro Systems, Godalming, UK). The gels (9-mm diameter cylinders)
were placed between two compression plates and compressed with a steadily increasing
compression pressure of 5 N/min to the maximum loading of 18 N. All samples were
tested at room temperature. The compression modulus at 0.1 strain was calculated using

the TA.XTPIlus software.

2.8. As(111) solution preparation

A stock solution of As(l1l) was prepared by dissolving AssOs (2.5 g) in a sodium
hydroxide solution (2 g in 20 mL of DI water), which was then diluted with DI water to
200 mL. The pH was adjusted to 6.5 and 2 g of sodium bicarbonate were added. The final
volume was made up to 500 mL. The stock solution was used throughout all experiments

for preparation of As(l11) solutions of varying dilutions.

2.9. As(I11) adsorption isotherms
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As(I11) adsorption capacity of the 10 gel and cryogels was evaluated in batch assays,
which were carried out in polypropylene tubes containing either 500 + 20 mg of 10 gel or
150 £ 20 mg of 2-mm square pieces of cryogels, and 40 or 20 mL of As(l11) solution (pH
= 7.5 + 0.3), respectively. The tubes were shaken horizontally in an orbital shaker (150
rpm) at room temperature (24 = 1 °C) for at least 48 h to ensure that equilibrium was
reached. Then, the tubes were centrifuged (4,400 rpm for 10 min) and liquid samples
were withdrawn and filtered through a 0.2-um membrane before As analysis. Assays
were performed in duplicate. Control experiments with cryogels prepared without the
addition of 10 were performed to evaluate the background As(l11l) adsorption on the
polymers.

The amount of As adsorbed was calculated from the difference between the initial
and equilibrium aqueous As concentration per 1 gram of adsorbent. The experimental

data were fitted to the Freundlich and Langmuir isotherm models.

2.10. As(I11) adsorption kinetics

The kinetics of As(l11) adsorption were evaluated in batch assays carried out in glass
flasks containing either 0.50 + 0.01 g of 10 gel or 1.40 £ 0.01 g of 2-mm square pieces of
I0/AAM/MBAA cryogel, and 200 mL of As(l11) solution (ca. 9.5 mg/L, pH = 7.5 £ 0.3).
The flasks were shaken in an orbital shaker (150 rpm) at room temperature (24 + 1 °C).
Liquid samples were periodically withdrawn, filtered through a 0.2-um membrane and
analyzed for As concentration. Assays were performed in duplicate. The experimental

data for As(I11) adsorption kinetics on the IO/AAM/MBAA cryogel were analyzed using

10
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several models of adsorption (i.e., pseudo-first order, pseudo-second order, intraparticle
diffusion, and liquid film diffusion) to obtain more information on the adsorption

mechanism [33].

2.11. Toxicity analysis

The toxicity of the gel and cryogels was assessed on human liver hepatocellular
carcinoma cells (HepG2). 10 gel and cryogel leachates were prepared by incubation of
200 mg of gel or cryogel in 6 mL of minimum essential medium (MEM) supplemented
with 10% (v/v) fetal bovine serum (FBS) for 24 h at room temperature (24 £ 1 °C) and
shaking at 150 rpm. The leachates were filtered through a 0.2-um membrane before
dosing to the cells.

HepG2 cells were routinely cultured in MEM with 10% (v/v) FBS at 37 °C in a 5%
COz2 humidified atmosphere. Subsequently, the cells were transferred to 24-well plates at
a cell density of ca. 100,000 cells/cm? (ca. 200,000 cells per well) and incubated (37 °C,
5% COz2) for 24 h. The spent medium was removed and the cells were dosed with 1 mL
of leachate. After 24 h of incubation, the cell viability and membrane damage were
assessed with the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
and lactate dehydrogenase (LDH) assays, respectively. The MTT assay was performed as
described elsewhere [34] and the LDH test as recommended by the kit manufacturer

(CytoTox 96® Non-Radioactive Cytotoxicity Assay, Promega, Madison, WI, USA).

2.12. Analytical methods

11
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As and Fe were analyzed by inductively coupled plasma-optical emission
spectroscopy (ICP-OES Optima 2100 DV, Perkin Elmer, Waltham, MA, USA) at
wavelengths of 188.979 and 238.204 nm and with detection limits of 1-10 and <0.1
Mg/L, respectively. The Fe content in the gel and cryogels was determined after acid

digestion with 6 M HCI.

3. Results and Discussion

3.1. Nanostructured iron oxide gel

Nanostructured 10 hydrogels were prepared by a sol-gel process using a Fe(lll) salt
as a precursor and propylene oxide as a gelation promoter. The propylene oxide acts as an
acid scavenger extracting protons from the hydrated Fe(l11) species (Scheme 1). Contrary
to strong bases, propylene oxide increases the pH of the Fe(lll) solution slowly and
uniformly. The slow reaction leads to the precipitation of uniform small 10 particles

forming a porous monolithic 10 gel structure [35, 36].

H
et

O|>._+Fe(H20)63+: (|)>_ + Fe(OH)(H,0)s?*

1)

SEM images showed that the 10 gel contained nanometer sized particles that formed
agglomerates with a size in the range of a few micrometers (Figure 1). TEM imaging

revealed that the 10 gel particles measured approximately 5 nm (Figure 2A and B). The
12
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particles had some degree of crystallinity, with the lattices in a d-spacing of ~2.53 A
(Figure 2C), which fits well to that of the (311) lattice plane of maghemite (y-Fe203). The
SAED analysis detected three well-resolved diffraction rings (Figure 2D) indexed as the
(220), (311) and (400) planes and corresponding to the distances of 2.95, 2.52 and 2.09
A, respectively, in the crystal lattice of y-Fe20s. XRD analysis confirmed the presence of
maghemite (Figure S1). X-ray elemental mapping showed homogeneous distribution of
Fe and O in the 10 gel (Figure 3).

The analysis of the 10 gel surface showed a high specific surface area (Sget) of 250
m?/g and a total pore volume of 0.29 cm®/g, of which 6.45 x 102 cm3/g were nanopores
(Figure S2). The high Seet value results from the sol-gel synthesis technique. The slow
polymerization leads to formation of a nanostructured gel, with a similar surface area to

that of free 10 NPs [37].

3.2. Macroporous monolithic composites with iron oxide gel

The mechanical weakness of the 10 gel hampers its direct application in water
treatment. The gel remains fragile after drying and lacks any defined permeable structure,
which makes it unsuitable for the design of water filtration devices. Thus, the 10 gel was
embedded in a 3D scaffold using the cryogelation technique and forming a composite
monolithic polymer with high permeability and robust mechanical properties.
Cryogelation, defined as the formation of gels in a semi-frozen reaction solution, allows
the production of macroporous monolithic polymers with an interconnected porous

structure [38]. During cryogelation, the ice crystals formed at -12 °C expel the

13
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polymerization reagents and the 10 gel particles dispersed in the monomer mixture to the
remaining non-frozen liquid. The polymerization continues in these non-frozen regions,
where reagents are highly concentrated. After thawing, the voids left by the ice crystals
form an interconnected pore system, resulting in a highly porous polymer monolith.
Because of the relative slow freezing rate of the solution, large ice crystals form, leaving
pores with a size range of 1-100 um [39]. The large interconnected pores provide high
permeability and allow effective flow-through of aqueous solutions through the cryogel
monolith, which could be used as a filter for water purification.

SEM imaging showed the macroporous structure of IO/HEMA/PEGDA and
IO/AAM/MBAA cryogel monoliths (Figure 4), with pore sizes of 20-100 um and thin
polymer walls where the 10 gel particles are embedded. The incorporation of 10 in the
form of a nanostructured gel resulted in an even distribution of 10 particles inside the
polymer walls, as shown in TEM images (Figure 5), and prevented agglomeration of the
10 NPs that was previously observed during 10 cryogel composites preparation [31]. The
increase in the 10 gel content resulted in a higher density of uniformly distributed 10
particles in the matrix (Figure 5C).

The 10 composite cryogels had good mechanical properties, maintained their shape
and had low water flow resistance. The mechanical properties, assessed based on the
compression of the monoliths, depend on the monomer composition and the 10 gel
content (Table 2). In general, the AAM/MBAA cryogels were less compressible, as their
Young's moduli were up to 10-times higher than those of the HEMA/PEGDA cryogels.
The addition of 10 gel resulted in a decrease in the Young's modulus value of both types

of cryogels. The Young's moduli of IO/AAM/MBAA cryogels were between 41 and 82

14
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kPa, while the blank counterpart ranged between 67 and 156 kPa. Significantly, the
IO/AAM/MBAA composites were stronger than the blank HEMA/PEGDA cryogels. This
indicates that AAm/MBAA cryogels will perform mechanically better under pressure in a
flow-through column system.

Macropores create a system of interconnected channels that provide low resistance to
the flow-through of liquid. The water flow through a column of IO/AAM/MBAA cryogel
was linear to the pump setting and no significant head loss was observed up to a flow rate
of 15 mL/min (Figure 6). Then, the flow rate decreased rapidly, although the column was
not visibly compressed. The decrease in the flow rate is probably the result of the

intrinsic compression and closure of the smallest channels in the cryogel.

3.3. As(I11) adsorption

The total As(lll) adsorption capacity of the 10 gel and cryogels was assessed at
different monomer and 10 gel concentrations (Table 3). The embedding of the 10 gel
inside the cryogel matrix resulted in a 50% decrease of the original adsorption capacity of
the 10 gel. The adsorption capacity of the IO/HEMA/PEGDA cryogels with maximal 10
load was 1.5-1.78 mg/g while for the 10 gel it was 3.0 mg/g. The As(Ill) adsorption
increased with the concentration of 10 gel in the cryogels. At a similar 10 gel
concentration (ca. 70%), IO/HEMA/PEGDA and 1I0/AAM/MBAA showed a similar
As(I11) adsorption capacity (1.30 £ 0.05 and 1.18 + 0.10 mg/g of swollen cryogel,
respectively). Higher concentrations of 10 gel could be reached in the HEMA/PEGDA
cryogel, but the poor mechanical properties of the IO/HEMA/PEGDA cryogels at these

high 10 gel concentrations (Table 2) make them unsuitable for practical application.

15



337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

Overall, the proposed method for the preparation of the 10 cryogel composites produces
materials with much higher As(l11) adsorption capacity compared to previously published
results [31]. The a-Fe203/HEMA/PEDGA and FesOs/HEMA/PEDGA cryogels prepared
by embedding a-Fe2O3 and FesOs NPs (20 nm) inside a HEMA/PEDGA cryogel
containing 0.08% dry weight 10 [31] showed a maximum As(l11) adsorption capacity of
0.2 mg/g of swollen cryogel (Table 3). Thus, this new method allows the synthesis of
nanocomposite cryogels with significantly higher 10 NP loading and improved

mechanical characteristics for As(111) adsorption.

3.4. Maximum As(111) adsorption capacity

Figure 7 shows the equilibrium isotherms of As(l1l) adsorption on the 10 gel and
cryogels. The free 10 gel displayed the highest As(l11) adsorption capacity per dry weight
(Figure 7A). For example, the amount of As(ll1) adsorbed on the 10 gel was between 2-
and 3-fold larger than that on the IO/AAM/MBAA cryogel and between 5- and 8-fold
larger than that on the IO/HEMA/PEGDA cryogel (Figure 7A). The 10 gel had a larger
Fe content per dry weight (58-63%) compared with the IO/AAM/MBAA (19%) and
IO/HEMA/PEGDA (10%) cryogels, which explains the higher As(l1l) adsorption on the
free 10 gel.

Based on the low As(I1l) adsorption observed in control cryogels without 10 (Table
3), most of the As(l11) adsorption is assumed to occur on IO sites, so the As(l1l) capacity
was normalized by the Fe content of each material to compare the 10 performance. When

normalized per Fe mass, the As(l11) adsorption capacity of the three materials was similar
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(Figure 7B). For example, the amount of As(l11) adsorbed on the 10 gel was in the range
of 1.0- to 1.5-times the amount of As(l1l) adsorbed on the IO/AAM/MBAA cryogel. In
the case of the IO/HEMA/PEGDA cryogel, the As(l11) adsorption was comparable to that
of the 10 gel and IO/AAM/MBAA cryogel at equilibrium As(I11) concentrations below
100 mg/L. However, due to the lower Fe content, the IO/HEMA/PEGDA cryogel reached
saturation at As(l11) concentrations lower than the other two materials (Figure 7B). The
similar As(I11) adsorption capacity per Fe mass is indicative of the near full availability of
the embedded 10 as adsorption sites in the cryogels.

The adsorption isotherms have the shape of Type | adsorption isotherms. The
experimental data were fitted to the Langmuir and Freundlich adsorption models. In
general, the data fitted better to the Langmuir model indicating the formation of a
homogeneous monolayer (Table 4). Additionally, the estimated maximum adsorption
values (gmax) confirmed the similar As(lll) capacity per Fe mass of the 10 gel and
IO/AAM/MBAA cryogel. Specifically, the gmax values obtained were 625 and 588 mg
As(I11) per g of Fe for the 10 gel and the IO/AAM/MBAA cryogel, respectively (Table
4).

10-based materials typically show remarkable As adsorption capacities, although the
reported values vary by several orders of magnitude among materials (Table 5). For
example, previous studies reported As(l11) adsorption capacities of FesO4 NPs as low as
8.2 mg/g and as high as 175 mg/g [40, 41]. The variability depends most likely on iron
species, size, geometry, and carrier material, among other factors [8, 15]. Carbon
materials such as activated carbon and graphene oxide have been widely used as carriers

for 10 nanomaterials, possibly because activated carbon is a material with high surface
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area well established as a water treatment technology [42-44]. Other researchers opted for
natural materials such as sand and diatomite as 10 carriers [45, 46]. Polymers such as
chitosan, alginate, poly(vinyl alcohol) and cellulose have also been used, with As
adsorption capacities ranging from 7.24 to 66.7 mg/g of material [47-50]. Typically, the
immobilization of the 10 into the composite material decreases the As adsorption
capacity per 10 mass, resulting in a tradeoff between high capacity and structural

properties [31, 49].

3.5. Kinetics of As(I11) adsorption

The kinetics of As(l11) adsorption were evaluated on the 10 gel and IO/AAM/MBAA
cryogel, which was the cryogel with the highest adsorption capacity and best mechanical
properties. As(l11) adsorption was very fast on the 10 gel and about 90% As(I11) removal
was achieved after only 15 min (Figure 8). On the other hand, adsorption Kkinetics were
slower on the IO/AAM/MBAA cryogel. For instance, 55% As(l11) removal was attained
after 15 min. After 24 h, the As(l11) removal was comparable between the two adsorbents
(ca. 96.5%, data not shown).

Slower adsorption kinetics are typically reported for cryogel-embedded particles [51-
54]. For example, the equilibrium of cadmium adsorption was reached four times more
slowly on titanate nanotubes embedded in a polyacrylamide cryogel compared with free
nanotubes [52]. Similarly, lead adsorption onto cryogel-embedded TiO2 NPs was ca. 4-

fold slower than using free NPs before it reached equilibrium [54]. The slower adsorption

18



405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

kinetics on cryogel nanocomposites are attributed to restricted accessibility of the
adsorption sites, which are dispersed in the polymeric matrix [31].

The analysis of the kinetic data of As(I11) adsorption on the IO/AAM/MBAA cryogel
shows that the pseudo-second order model fits the experimental data better than any other
model (Table 6). Previously, it was shown before that the pseudo-second order equation
for adsorption kinetics is more similar to the rate law for a chemical reaction, thus the
fitting of our experimental data to this model could indicate that the adsorption occurs
mainly via a simple chemical reaction between As(l1l) and functional groups on the 10
surface. The data were also analyzed using intraparticle diffusion and liquid film
diffusion models to establish the rate determining step for As(I1l) adsorption (Table 6).
The intercept values were 6.34 mg/g with R? = 0.913 and 0.901 mg/g with R? = 0.953 for
intraparticle diffusion and liquid film diffusion models, respectively, suggesting that the
adsorption process might follow intraparticle diffusion as well as film diffusion, with the
latter playing a more significant role.

The adsorption of As(l1l) by 10 gel was confirmed by an FT-IR study of the 10 gel
before and after adsorption of As(lll) (Figure S3). The wave number assigned to the
hydroxyl group at 3348 cm™ for the 10 gel shifted to 3226 cm™ after the adsorption of
As(I11) by the 10 gel, as result of interaction with As(l11). A new band appeared around
775 cm?, contributed by the As-O vibration. Other studies have shown that the
adsorption of As(Ill) by 10 proceeds through formation of inner-sphere complexes

between arsenite and iron oxides [33].

3.6. Toxicity analysis
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Nanocomposites intended for water treatment should be safe for human health and the
environment. Particularly, the release of toxic components during application is a
potentially serious issue both in terms of leaching of toxic gel components (e.g.,
acrylamide) and of nanoparticles [55]. Thus, the environmental and health risks of the
materials were assessed by generating a leachate and evaluating its toxicity to human
hepatic cells (HepG2), one of the most widely used human cell models for toxicity
studies. In general, none of the leachates exhibited cell toxicity (Figure 9). The viability
of HepG2 cells treated with the leachates was similar or even higher than that of the
untreated control (Figure 9A). Moreover, none of the treatments suggests a negative
effect of the leachates on the cell membrane (Figure 9B). Although an exhaustive risk
assessment would be needed to ensure the safety of the cryogels, these preliminary results

suggest a low risk of releasing toxic substances from the materials.

4. Conclusions

A novel two-step method enabled the synthesis of highly permeable macroporous
nanocomposite cryogels with improved mechanical properties and adsorption capacity
for As(I11). The 10 gel prepared by a sol-gel process has a well-developed nanostructure
that was preserved during its embedding inside the 3D porous matrix of AAm/MBAA
and HEMA/PEGDA cryogels, resulting in an even distribution of 10 NPs in the cryogel
matrix. The 10 gel preserved its adsorption capacity after embedding inside the polymer.
The analysis of adsorption data could be best described by a pseudo-second order kinetic

model and the Langmuir adsorption isotherm. The maximum As(l11) adsorption capacity
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(gmax) of the IO/AAM/MBAA and IO/HEMA/PEGDA cryogels was 588 and 345 mg/g Fe
or 118 and 35.7 mg/g of dried composite, respectively, which is considerably higher than
that of a-Fe2Os/HEMA/PEDGA and FesO4/HEMA/PEDGA cryogels reported before.
The adsorption kinetics of the IO/AAM/MBAA cryogel were slower than those of the 10
gel. Although fast adsorption kinetics are advantageous, the use of free 10 gel in water
treatment is impractical because of the complications that would arise from the separation
of the gel from the treated effluent. Their mechanical stability, low toxicity and low flow-
through resistance make the cryogels excellent candidates for the development of

nanocomposite adsorption devices for drinking water treatment.
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643 Table 1. Monomer molar ratio and total monomer content in the reaction mixture used

644  for the synthesis of the polymer cryogels.

crvoael Monomer Total monomer content
yog molar ratio in solution (wt.%b)

AAM:MBAA 8:1 6 8 12

HEMA:PEGDA 6:1 - 8 12

645
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646  Table 2. Mechanical properties of the iron oxide composite cryogels.

Monomer Iron oxide gel Iron oxide gel  Young’s modulus

(wt.%0) (swollen wt.%0) (dry wt.%) (kPa)
HEMA/PEGDA 8 0 0 16 +7
HEMA/PEGDA 12 67 1.68 11+£5
AAM/MBAA 6 0 0 66 + 20
AAM/MBAA 6 50 1.25 56 + 6
AAM/MBAA 6 70 1.75 40+ 6
AAM/MBAA 8 0 0 155+ 16
AAM/MBAA 8 50 1.25 81+2
a-Fe203-HEMA/PEDGA 8 NA* 0.08 46+13
Fes0s-HEMA/PEDGA 8 NA* 0.08 6.0+1.0

647 ' Data from [31]
648  * Contain iron NPs a-Fe203 (20 nm) or FezOs (30 nm)

649

31



650 Table 3. Equilibrium As(I1l) adsorption by the iron oxide gel and cryogels. Data for
651 control cryogels without iron oxide are included for comparison. Initial As(ll)

652  concentration was 10 mg/L.

As(111) adsorption

Monomer Iron oxide gel Iron oxide gel
(mg/g swollen

(wt.%) (swollen wt.%0) (dry wt.%0)

cryogel)
10 gel NA 100 2.50 3.0+0.2
control HEMA/PEGDA 8 NA NA 0.04 +0.03
|O/HEMA/PEGDA 8 33 0.83 0.87 +0.05
|O/HEMA/PEGDA 12 67 1.68 1.30 + 0.05
|O/HEMA/PEGDA 8 100 2.50 1.50 £ 0.10
|O/HEMA/PEGDA 12 100 2.50 1.78 £ 0.03
control AAM/MBAA 8 NA NA 0.17 £0.12
|I0/AAM/MBAA 6 50 1.25 0.92 +0.03
|I0O/AAM/MBAA 8 50 1.25 0.96 + 0.05
|I0/AAM/MBAA 6 70 1.75 1.18 +0.10
a-Fe203-HEMA/PEDGA! 8 NA* 0.08 0.21 +0.03
Fes04-HEMA/PEDGA 8 NA* 0.08 0.23 +£0.02

653 ' Data from [31]
654  *Contain iron NPs a-Fe20s (size = 20 nm) or FesOa4 (size = 30 nm)

655
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656

657

658

659

660

Table 4. Fitting parameters of Freundlich and Langmuir isotherm models for As(l1)
adsorption onto iron oxide gel and composite cryogels (I0O/AAM/MBAA: 8% monomer

and 50% 10 gel; IO/HEMA/PEGDA: 8% monomer and 25% IO gel). The data are fitted

based on As(l11) adsorption per dry weight and Fe weight. R? indicates goodness of fit.

Freundlich model

Langmuir model

n Kr R2 K QJmax R2
(mg/g)(L/mg)*" (L/mg)  (mg/g)

10 gel
Dry weight 3.22 54.6 0.968 0.048 357 0.978
Fe weight 3.43 113 0.952 0.057 625 0.989
IO/AAM/MBAA
Dry weight 3.44 21.9 0.943 0.035 118 0.950
Fe weight 3.38 99.5 0.943 0.027 588 0.960
IO/HEMA/PEGDA
Dry weight 3.92 10.5 0.851 0.118 35.7 0.966
Fe weight 4.76 131 0.777 0.195 345 0.991

33



661 Table 5. Comparative maximum As(l11) adsorption capacity of hybrid nanocomposites.

Maximum capacity for

Adsorbent As(I11) adsorption (mg/g) Reference
Fe-doped activated carbon 0.028 [56]
Sand coated with magnetic 10 NPs 0.285 [45]
Hydrous 10-impregnated alginate beads 6.21 [49]
Chitosan beads with FeOOH NPs 7.24 [47]
Fe—chitosan composites 16.2 [57]
Fe20s NP cellulose composites 23.2 [50]
Hydrated ferric hydroxide 28 [58]
a-Fe203 nanowires deposited diatomite 60.2 [46]
et poyumy ) g 2
Magnetic y-Fe203 NPs 74.8 [59]
Ultrafine a-Fe203 NPs 95 [60]
IO/AAM/MBAA cryogel 118 This study
IO—graphene oxide nanocomposites 147 [43]
Chitosan coated with 10 nanocomposites 267 [61]

662
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663  Table 6. Fitting parameters of different kinetic models for As(l11) adsorption onto an iron
664  oxide composite cryogel (IO/AAM/MBAA: 8% monomer and 50% 1O gel). The initial
665  As(l11) concentration was ca. 10 mg/L. Values are presented as mg/g of dry weight. R?

666 indicates goodness of fit.

Pseudo-first Pseudo-second Intraparticle Liquid film

order order diffusion diffusion

K1 0.012 k2 0.007  Kipd 0.454  ksd 0.010
(1/min) (g/min-mg) (mg/g-min®®) (mg/g-min)

Qe 755 Qe 127 C 6.34 C 0.901
(mg/g) (mg/g) (mg/g) (mg/g)

R? 0.880 R? 0.999 R? 0.913 R? 0.953

667
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FIGURE CAPTIONS

Figure 1. SEM images of the iron oxide gel at different magnifications: 5k x
magnification (A) and 250k x magnification (B).

Figure 2. TEM images of an iron oxide gel particle (A) and higher magnification of the
area enclosed in the square (B). TEM image of the crystal lattice of an individual y-Fe203
particle pointed by an arrow (C). Selected area electron diffraction (D) and X-ray
spectrum of the individual y-Fe203 particle (E).

Figure 3. TEM image of the iron oxide gel (A) and distribution of elemental iron (B) and
oxygen (C).

Figure 4. SEM images of the IO/HEMA/PEGDA cryogel with a 100% 10 gel content
(A) and IO/AAM/MBAA cryogel with a 33% 1O gel content (B).

Figure 5. TEM image of a cross section of the IO/HEMA/PEGDA cryogel with a 33%
10 gel content (A and B) and with a 100% IO gel content (C).

Figure 6. Water flow rate through a 2-mL column of IO/AAM/MBAA cryogel compared
with the flow rate set in the pump.

Figure 7. Isotherms of As(III) adsorption on the IO gel (m), [O/AAM/MBAA cryogel (o)
and IO/HEMA/PEGDA cryogel (0) expressed per dry weight (A) and Fe weight (B).
Solid/liquid contact was performed at neutral pH (7.5 = 0.3) and room temperature (24 +
1 °C). Dotted lines represent the Langmuir fitting of experimental data.

Figure 8. Kinetics of As(IIl) adsorption on the IO gel (m) and IO/AAM/MBAA cryogel
(o) at neutral pH (7.5 = 0.1) and room temperature (24 £ 1 °C). The initial As(II)

concentration was ca. 9.5 mg/L.
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690  Figure 9. Cell viability (A) and cell lysis (B) of HepG2 cells exposed for 24 h to
691 leachates of the 10 gel and cryogels. Cell viability is expressed as percentage of non-
692  exposed (-) control. Cell lysis is expressed as percentage of completely lysed cells (1%

693  (v/v) Tryton X-100, (+) control).
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