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ABSTRACT

This paper reports and discusses the prospects of a novel approach for emergency water
treatment using antibacterial PSA/Ag cryogels. The approach involves allowing the
cryogel to swell in contaminated water after which the disinfected water can be recovered
by a simple squeezing step. Employing this process allowed the cryogels to achieve
enhanced disinfection compared to other Ag-modified materials. The cryogels could
achieve more than two logs (99%) bacterial inactivation in natural water samples. The
cryogels were robust and showed stable disinfection performance over 10 cycles indicating
that they were highly reusable. These results indicate that the PSA/Ag cryogels offer
excellent potential for applications requiring potable water production in response to

emergencies or disasters.
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1. Introduction

Providing a potable water supply to the affected
population is among the first priorities after the occur-
rence of disasters that impact the infrastructure
required to supply basic needs [1]. However, treating
water in emergencies is challenging as it might be
constrained by the absence of electrical power, skilled

*Corresponding authors.

personnel, and limited ingress and egress [2]. In light of
the increasing frequency and intensity of global natural
disasters [3], there is interest in developing compact
and easily deployable emergency water technologies
with simple and relatively low-energy operation.

This paper reports a new strategy for emergency
water treatment enabled by the fabrication of
superabsorbent cryogels. Cryogels are macroporous
hydrogels that are capable of absorbing a large
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amount of water. Due to their high porosity, most of
the absorbed water exists as free water that can be
released via manual compression [4-7]. Cryogels can
be further functionalized with antimicrobial agents
such as silver nanoparticles (AgNPs) to impart antimi-
crobial properties [8-11]. These unique properties of
cryogels inspired us to apply them as a sorbent to dis-
infect water. The present method offers the simplicity
of allowing the cryogel to swell in contaminated water
after which the disinfected water can be recovered by
a simple squeezing step. In addition, these cryogels
are lightweight allowing them to be rapidly deployed
for emergency drinking water response.

The first part of this paper provides some back-
ground on the rationale for using cryogels for emer-
gency water treatment. In particular, a substantial
portion of this section is devoted to a review of exist-
ing Ag-modified composite materials for point-of-use
water disinfection to provide the context for the novel
approach for water treatment using cryogels. In the
subsequent section, new findings regarding the use of
the cryogels for treatment of natural water samples
and their reusability are presented. Lastly, the poten-
tial use of the cryogels in disaster-relief applications
and insights into their end-of-life handling as well as
future work are discussed.

2. Rationale for using cryogels for emergency water
treatment

In order to apply the as-synthesized materials as
water sorbents and disinfectants, they must exhibit the
following properties (in addition to having effective
bacterial inactivation) for practical applications involv-
ing emergency drinking water response: (i) fast
swelling, (ii) significant swelling degree, (iii) mechani-
cal robustness, and (iv) high recovery rate of absorbed
water. Note that a fast swelling rate is desirable because
it reduces the treatment time required while a signifi-
cant swelling degree and a high water recovery allow a
greater amount of water to be recovered per unit dry
mass of the material that reduces the freight require-
ment. Furthermore, the material should be robust so
that it can be reused in multiple cycles to provide a sus-
tainable water supply to the affected population.

Cryogels are macroporous polymeric networks
formed in semi-frozen systems in which the ice crys-
tals (for aqueous systems) function as the porogens
[12-14]. They can meet all the aforementioned criteria
due to their unique pore structure. Cryogels can typi-
cally reach their equilibrium swollen state in less
than a minute, while conventional hydrogels (non-
porous) take hours [15,16]. The fast swelling behavior
of cryogels is attributed to their open interconnected
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pores that allow convective transport of water mole-
cules into and out of the cryogel. Furthermore, cryo-
gels can withstand extensive deformation due to the
cryo-concentration effect that results in dense pore
walls. Cryo-concentration is the accumulation of dis-
solved solutes in the unfrozen liquid microphase
(UFLP) as water molecules start to freeze. Note that
there is a fraction of the water that is not frozen
below the bulk freezing point due to the freezing-
point depression as the consequence of the dissolved
solutes being concentrated in the UFLP [17]. Cryoge-
lation can be used to fabricate gels having various
shapes and sizes [18]. However, the mode of gelation
must be “freezing before gelation” in order to obtain
robust cryogels that swell rapidly and substantially
[19,20].

We have previously found that by systematically
tuning the synthesis conditions, cryogels with tailored
properties could be prepared. Robust cryogels having
high elasticity were prepared; they could withstand
oscillatory swelling—deswelling cycles while maintain-
ing their integrity. In addition, these cryogels could
swell up to 200g/g (i.e. grams of water per gram of
dry cryogel) within 15s [19]. This means that about 3
g of the cryogel are sufficient to produce 500 mL of
water in a single squeeze cycle.

The excellent mechanical and water absorption
properties of these cryogels in combination with the
antibacterial AgNPs allow them to be used in a
sponge-like manner that offer a simpler approach for
emergency water treatment in contrast to existing
methods (Table 1). In particular, operation in the col-
umn mode requires the use of sophisticated pumping
systems for operational control that may be challeng-
ing under limited conditions. Filtration-based systems
(such as those using filters or membranes) tend to
have long treatment times due to difficulty in control-
ling percolation time and the lack of porosity of the
materials used. Furthermore, our poly(sodium acry-
late) (PSA) cryogels decorated with AgNPs show sub-
stantially improved disinfection efficiency in
comparison to other Ag-modified composite materials
that is thought to be largely attributed to their high
porosity and fast water absorption/desorption proper-
ties. Further details on the comparison of other Ag
composites materials with our PSA/Ag cryogels can
be found in Table 1.

3. Experimental details
3.1. Fabrication of poly(sodium acrylate) (PSA) cryogels

PSA cryogels were synthesized according our pre-
viously reported protocol [19]. Briefly, a degassed
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Table 1
Summary of the performance of Ag-modified materials for point-of-use water disinfection
Bacterial
inactivation
Operation  efficiency
Material mode (LRV/min)* Advantages Disadvantages Reference
Polymeric spheres Batch 0.04 Easy to deploy due to its Need filtration to recover the [38]
containing AgNPs lightweight polymeric spheres after
treatment; low antibacterial
efficiency
Ceramic filters Filtration 0.04 Ceramic filter is inexpensive Low water throughput; filter [39]
impregnated with  (gravity) and robust prone to clogging; low
AgNPs antibacterial efficiency
Carbon foams Filtration 0.1 Easy to deploy due to its Need pumping system and  [40]
impregnated with lightweight; can achieve good operational control;
AgNPs high water throughput relatively low antibacterial
efficiency-several
recirculation cycles may be
required to achieve the
desired disinfection level
Magnetized Batch 0.2 Capping layer can be Need magnetic field and [41]
nanoscavengers (recovery functionalized to degrade additional time to recover
containing AgNPs  using organics or adsorb heavy nanoscavengers after
magnetic metal ions treatment; relatively low
trapping) antibacterial efficiency
Fibrous ion- Column 0.5 Easy to deploy due to its Need pumping system and  [23,42,43]
exchange polymer lightweight; can have high  good operational control;
containing AgNPs Ag-content due to its high relatively low antibacterial
ion-exchange capacity efficiency-several
recirculation cycles may be
required to achieve the
desired disinfection level
AgNPs coated resin  Column 0.5 Good antibacterial activity Need pumping system and ~ [44]
gel beads during initial use; easy to good operational control;
deploy due to its antibacterial properties
lightweight deteriorate substantively
after breakthrough
Activated carbon Batch 0.7 Easy to deploy due to its Activated carbon is [45]
impregnated with lightweight expensive; need filtration to
AgNPs recover the activated carbon
after treatment
AgNPs-impregnated  Filtration 0.8 Low-cost support material;,  Relatively long treatment [46]
paper (gravity) easy to deploy and highly time (10 min of average
portable percolation time); reusability
may be limited by the
durability of the papers used
AgNPs-coated Batch and 1.2 High water throughput; Stability of the AgNPs [47]
polyurethane column robust support material; incorporated unclear
foam easy to deploy and highly
portable
Silica beads Column 12 Easy to deploy due to its Need pumping system and [48,49]
lightweight good operational control
Fiberglass mats Batch and 2 Easy to deploy due to its Need pumping system and  [50]
impregnated with  column lightweight good operational control for

Ag / F€203

column operation

(Continued)
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Table 1
(Continued)
Bacterial
inactivation
Operation  efficiency
Material mode (LRV/min)* Advantages Disadvantages Reference
Alginate beads Column 6 Simple synthesis of alginate Need pumping system and  [51]
containing AgNPs beads; high water good operational control;
throughput; can be easy to ~ washing of excess reagent
deploy due to the may be difficult due to the
lightweight of dried gels; nonporous structure; dried
rapid bacterial disinfection = gel beads may take a long
time to re-swell to
equilibrium for column
operation
Polyurethane Filtration 360 Low-cost support materials; Need electricity to achieve [52,53]
sponge or cotton  (with rapid bacterial disinfection;  high rate of disinfection
textile coated with electric easy to deploy due to its (electroporation); need
carbon nanotubes  field) lightweight pumping system and good
and Ag nanowires operational control;
relatively low water
throughput
PSA/Ag cryogels Batch 26 Rapid bacterial disinfection; More tests are being carried  [54]
(with easy to deploy due to its out to study the durability
squeezing) lightweight; high water and disinfection of

throughput; washing of
excess reagents is easy due
to the porous network and

contaminated water
collected from lakes, wells,
and rain run-off

elasticity of cryogels

“The bacterial inactivation efficiency was calculated by normalizing the highest bacterial (E. coli) inactivation reported in the papers with
respect to their average contact time or time taken to achieve the log reduction value (the longer time was used for calculation).

and chilled reaction mixture containing sodium acry-
late (SA, 97%, Sigma—Aldrich) and N,N’-methylenebis
(acrylamide) (MBA, 99%, Sigma—-Aldrich) were mixed
with ammonium persulfate (APS, 98% purity, Sigma-
Aldrich) and N,N,N’,N’-tetramethylethylenediamine
(TEMED, 299%, Sigma-Aldrich). The concentrations
of APS and TEMED in the final reaction mixture
were 1.75mM and 0.125% (v/v), respectively. The
total monomer (SA + MBA) concentration used was
8% at a crosslinker ratio of 0.05 (mol MBA/mol SA).
The resulting reaction mixture was transferred into
several 3-mL poly(propylene) syringes that were then
placed into a bath fluid (-20°C, 1:1 mixture of
ethylene glycol/MilliQ water) and incubated in an
ultra-low temperature freezer (Eutra ED-FU4100).
After 24 h, the PSA cryogels were thoroughly washed
in MilliQ water (18.2MQ-cm at 25°C) and dehydrated
in f-butanol followed by drying in a freeze-dryer
(Alpha 1-4LD, —45°C). The dried cryogels were subse-
quently cut into cylindrical disks of 5mm in diameter
and length.

3.2. Fabrication of PSA cryogels and PSA/Ag cryogels

PSA/Ag cryogels were prepared using the interm-
atrix synthesis method [21]. For the preparation of
PSA/Ag cryogels used in this study, 1g of the dried
PSA cryogel was allowed to swell in a 250 mL solution
of 10mM AgNO; (298%, Merck) during which the
suspension was shaken at 120 rpm on an orbital sha-
ker for 24h in the dark. The cryogels were then
immersed in a 250 mL solution of 100 mM NaBH,
(Alfa Aesar) to form AgNPs. The resultant nanocom-
posites were thoroughly washed by immersion in Mil-
1iQ water followed by vacuum filtration. After three
repetitions of the washing step, the nanocomposites
were dried using the same procedure that was used
for the PSA cryogels. This formed a PSA/Ag cryogel
having an Ag content of 167 mg/g.

3.3. Characterization of cryogel nanocomposites

An energy-dispersive X-ray spectroscopy detector
(EDX) attached to a field emission scanning electron
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microscope (FESEM, JEOL 6340F) was used to conduct
a line-scan analysis for the determination of the ele-
mental Ag distribution along a PSA/Ag cryogel cross-
section. The morphology and size of the AgNPs were
studied using a transmission electron microscope
(TEM, Carl Zeiss Libra 120 Plus) at an accelerating
voltage of 120kV. Image] software was used to ana-
lyze the TEM images for determination of the AgNP-
size distribution.

3.4. Disinfection tests

Two raw water samples representing turbid and
clear water were obtained from a freshwater pond on
the campus of Nanyang Technological University and
a dechlorinated tap water, respectively. The raw water
quality metrics were characterized using a pH meter
(Cyberscan 6000, Eutech Instruments), total organic
carbon (TOC) analyzer (TOC-Vcgy, Shimadzu), and
turbidity meter (Hach 2100N). For the TOC determina-
tion, samples were filtered through a 0.45 pm syringe
filter (Pall) prior to analysis. At least triplicate experi-
ments were conducted for the measurements. Table 2
summarizes the key raw water quality metrics of the
samples.

The raw water samples were spiked with 10* col-
ony-forming units per mL (cfu/mL) of Escherichia coli
(ATCC®™ 25922™) to increase their bacterial loading. A
0.02g cryogel sample was added into 10mL of the
spiked raw water samples. After 15s of swelling in
the bacterial suspension, the swollen cryogels were
immediately collected and squeezed to obtain the trea-
ted water. 100 pL samples of both the raw and treated
water were spread on agar plates after appropriate
dilution followed by a 24-h incubation at 37°C before
enumeration. Six replicates were conducted for the
disinfection experiment.

3.5. Analytical methods for Ag determination

Samples were digested in HNO; (67%, Merck) at
150°C for 30min in a digestor unit (Hach DRB 200)

Table 2
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prior to total Ag analyses using an inductively
coupled plasma-optical emission spectrophotometer
(ICP-OES, Perkin Elmer Optima 2000DV). Triplicate
experiments were conducted.

4. Results and discussion

4.1. Intermatrix synthesis and characterization of PSA/Ag
cryogels

As shown in Fig. 1 the preparation of the PSA/Ag
cryogels is simple and highly scalable. Intermatrix
synthesis of the PSA/Ag cryogels involves sequential
equlibration of pre-formed PSA cryogels in AgNOj;
solution followed by in situ borohydride reduction as
represented by the equations below [21]:

R—COO Na' +Ag" — R—COO Ag" +Na* (1)

R — COO™Ag" + NaBH, + 3H,O
— R —COO Na* + Ag’ + 7/2H, + B(OH), )

This synthesis method formed AgNPs that are mostly
located near the surface of the cryogels as evidenced
by the EDX line-scan profile of a PSA/Ag cryogel
cross-section that shows the Ag peak having a signifi-
cantly higher intensity on the edges of cryogels
(Fig. 2(a) and (b)).

It is unlikely that diffusional processes limited the
penetration depth of Ag® or BH, into the cryogel in
view of the high porosity of the cryogel. A more likely
explanation for this observation could be the Donnan
exclusion effect [22]; the presence of a large number of
negative charges (due to carboxylate groups) on the
PSA cryogels could have impeded a deep diffusion of
the negatively charged borohydride ions into the poly-
mer matrix that preferentially form AgNPs on the sur-
face of the cryogels [23-25]. Impregnation of the
AgNPs on the external surface is desirable because it
allows enhanced contact with the bacterial cells

Summary of water quality metrics of the two raw water samples

Water quality metric

Turbid water® Clear water®

Turbidity (NTU)

Total organic carbon (mg-C/L)
pH

Bacterial count (cfu/mL)

36.9+4.6 0.5+0.2
33+0.3 1.6+0.1
6.3+0.2 6.6 +0.2
260 + 70 Not detectable

“Water sample collected from a freshwater pond on the campus of Nanyang Technological University.
PDechlorinated water sample collected from water tap in our laboratory.
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Fig. 2. (a) FESEM image of a longitudinal cross-section of a PSA/Ag cryogel. (b) EDX line-scan profile of Ag in the

cryogel cross-section as indicated by the yellow line in (a).

thereby improving the disinfection efficacies of the
cryogels.

The TEM image in Fig. 3 shows the morphology of
the PSA cryogel impregnated with the AgNPs. This
method formed well-dispersed and fine AgNPs most
of which are smaller than 10nm (Fig. 3(b)). This in
combination with the highly interconnected porous
network of the cryogels and surface distribution of the
AgNPs results in the exposure of a high surface area
of bioactive Ag species that would enhance the contact
between the bacterial cells and bioactive Ag species
for their effective inactivation.

4.2. Disinfection efficacies and reusability of PSAJAg
cryogels

Fig. 4(a) shows the proposed approach in which
the cryogels can be used in a sponge-like manner to
produce potable water under difficult circumstances.

We have previously found that employing the process
in Fig. 4(a) enabled the cryogels to substantively
reduce the turbidity (by 80-90%) of the feed by selec-
tively absorbing/desorbing water [19]. With the PSA/
Ag cryogels, the process involves (i) allowing the cryo-
gel to swell in contaminated water during which the
bacterial cells are inactivated after getting into close
contact with the bioactive Ag species that are densely
decorated on the cryogel pore surfaces, and (ii) recov-
ering the disinfected water by squeezing the swollen
cryogel (Fig. 4(a)). This process allowed the PSA/Ag
cryogels to achieve enhanced disinfection because the
bacterial cells get into close contact with the Ag spe-
cies on the cryogel; note that it was recently found
that intimate surface contact between bacterial cells
and AgNPs led to enhanced toxicity [26].

Although we have shown the high antibacterial
efficacies of the PSA/Ag cryogels in our previous
work, their disinfection of natural water samples
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Fig. 3. (a) TEM image of a thin section of a PSA/Ag cryogel. (b) AgNP-size distribution with inset showing a typical

TEM image used for analysis.
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Fig. 4. (a) Photographs depicting the novel approach of using PSA/Ag cryogels to disinfect water: (i) water absorption by
a cryogel and (ii) recovery of treated water via squeezing. (b) Bacterial inactivation in turbid and clear water samples. (c)
Disinfection of turbid water samples by PSA/Ag cryogels over ten cycles.

needs to be studied due to potential complication by
complex solution chemistry. For the disinfection tests,
two types of water samples namely, pond water and
tap water were used to represent turbid and clear
water in the natural environment. Both the raw water
samples were spiked with 10*cfu/mL of E. coli to
study the disinfection efficacies of the PSA/Ag cryo-
gels in the two water samples under high bacterial
loadings. Fig. 4(b) shows that the PSA/Ag cryogels,
after being allowed to swell in the contaminated water

for 15s, could achieve more than two logs (99%) bac-
terial inactivation of both the raw water samples. This
shows that the PSA/Ag cryogels have good potential
for treatment of contaminated water. However, the
presence of natural organic matters (NOMs) and sus-
pended solids apparently had an adverse effect on the
antibacterial activity of the cryogel as evidenced by
the lower bacterial inactivation in the turbid water rel-
ative to the clear water (Fig. 4(b)). Note that in addi-
tion to having a higher turbidity, the “turbid water”
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also has a higher TOC value indicating the presence
of a greater amount of NOMs (Table 2).

The reduced disinfection efficacies in the presence
of NOMs and suspended solids is probably due to
their interactions with the bioactive Ag species (both
AgNPs and Ag") that consequently limit the contact
between bacterial cells and the Ag species preventing
the inactivation of the bacterial cells to take effect
[27-30]. It is envisaged that deactivation of the Ag
species in the presence of NOMs and suspended sol-
ids occur via: (i) shielding of the pathogenic microbes
from the Ag species due to sorption of the NOMs or
suspended solids on the surface of the bacterial cells,
(if) sorption of NOMs and suspended solids on the
surface of AgNPs that would lower the reactivity of
the nanoparticle surface to a variety of reactions (e.g.
reactive oxygen species generation, oxidative dissolu-
tion of Ag”, or specific interaction with bacterial cells)
that are believed to be the possible biocidal mecha-
nisms of AgNPs, and/or (iii) adsorption or partition-
ing of Ag" by NOMs that reduces the amount of Ag
that is bio-available to the bacterial cells in the solu-
tion. More detailed work is planned to further under-
stand the effect of solution chemistry on the
antibacterial properties as well as the Ag release
behavior of the PSA/Ag cryogels.

The reusability of PSA/Ag cryogels was tested
over ten disinfection cycles. Indeed, the cryogels
showed stable disinfection performance over ten repe-
titions that indicates their high reusability. The AgNPs
in the cryogels are highly stable that prevents uncon-
trolled release of Ag species into the treated water.
The total Ag consumed in one disinfection cycle was
ca. 0.1% of the Ag content in a fresh cryogel. A mass
balance analysis indicates that the cryogel can be used
up to 1,000 cycles provided that there is no mechani-
cal degradation during squeezing to recover the trea-
ted water; this is equivalent to 150L/g production
capacity. Preliminary tests indicate that the cryogels
have the ability to undergo multiple cycles of com-
pression (data not shown). Detailed mechanical fatigue
tests will be conducted in the future to investigate the
limiting factor for repeated usage of the cryogel.

Disposal of used PSA/Ag should be avoided
because Ag is a precious metal, and to avoid the
potential of ecotoxicological impact on the environ-
ment [31]. The limiting factor for repeated use of the
cryogel may either be deterioration in bacterial inacti-
vation as a result of Ag loss or physical damage dur-
ing squeezing. The disinfection efficacies of the
cryogels can be restored by re-loading them with Ag-
NPs if they remain mechanically robust. However, for
physically damaged cryogels the residual Ag can be
recovered by burning off the polymer scaffolds.
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Future research can be directed at exploring alter-
native inorganic- or organic-based disinfectants
[32-35]. In particular, antimicrobial polymers are
advantageous due to their potential low-cost and high
stability that minimizes the release of harmful species
into treated water [36,37]. Finally, for practical applica-
tions, these cryogels can be incorporated into a porta-
ble and simple device that can be used for efficient
recovery of treated water.

5. Conclusions

In this study we demonstrated a novel process for
the use of superabsorbent cryogels decorated with sil-
ver nanoparticles for water disinfection. The cryogels
were used to disinfect water by absorbing contami-
nated water after which the disinfected water was
recovered via squeezing. The cryogels could inactivate
more than two logs (99%) of the bacteria in the natural
water samples and maintain their performance over
ten repetitions. Furthermore, the cryogels have the
robustness to be used in multiple cycles while main-
taining their performance. Based on these results, we
believe that the PSA/Ag cryogels have the potential to
be deployed for emergency drinking water response.
They can offer a simple alternative to treat water
under limiting conditions. Furthermore, these cryogels
are lightweight and highly portable allowing them to
be easily deployed for emergency response.

Acknowledgments

This project was conducted in the Singapore Mem-
brane Technology Centre at Nanyang Technological
University (NTU) that is supported by the Economic
Development Board of Singapore. S.-L. Loo is sup-
ported by the National Research Foundation Singa-
pore under its National Research Foundation
(Environment and Water Technologies) PhD Scholar-
ship, administered by the Environment and Water
Industry of Singapore. The European Membrane Soci-
ety is acknowledged for the award of a travel grant to
EWM 2013. TEM and FESEM characterization studies
were conducted at the Facility for Analysis, Character-
ization, Testing, and Simulation (FACTS).

References

[1] W.H. Frist, Recovering from the Tsunami, New Engl.
J. Med. 352 (2005) 438-438.

[2] S.-L. Loo, A.G. Fane, W.B. Krantz, T.-T. Lim,
Emergency water supply: A review of potential tech-
nologies and selection criteria, Water Res. 46 (2012)
3125-3151.



1514

[3] EMDAT, Disaster trends- trends and relationship
period 1900-2010 (2009). Available from: http://www.
emdat.be/natural-disasters-trends (accessed on July
21, 2011).

[4] EM. Plieva, M. Karlsson, M.-R. Aguilar, D. Gomez, S.
Mikhalovsky, LY. Galaev, Pore structure in supermac-
roporous polyacrylamide based cryogels, Soft Matter 1
(2005) 303-309.

[5] FEM. Plieva, LN. Savina, S. Deraz, J. Andersson, LY.
Galaev, B. Mattiasson, Characterization of supermacro-
porous monolithic polyacrylamide based matrices
designed for chromatography of bioparticles, J.
Chromatogr. B 807 (2004) 129-137.

[6] LN. Savina, V.M. Gun’ko, V.V. Turov, M. Dainiak, G.J.
Phillips, 1.Y. Galaev, S.V. Mikhalovsky, Porous struc-
ture and water state in cross-linked polymer and
protein cryo-hydrogels, Soft Matter 7 (2011) 4276—4283.

[7]1 FM. Plieva, P. Ekstrom, LY. Galaev, B. Mattiasson,
Monolithic cryogels with open porous structure and
unique double-continuous macroporous networks, Soft
Matter 4 (2008) 2418-2428.

[8] S. Chernousova, M. Epple, Silver as antibacterial
agent: Ion, nanoparticle, and metal, Angew. Chem. Int.
Ed. 52 (2013) 1636-1653.

[9] M. Rai, A. Yadav, A. Gade, Silver nanoparticles as a
new generation of antimicrobials, Biotechnol. Adv. 27
(2009) 76-83.

[10] V.K. Sharma, R.A. Yngard, Y. Lin, Silver nanoparti-
cles: Green synthesis and their antimicrobial activities,
Adv. Colloid Interface Sci. 145 (2009) 83-96.

[11] X. Qu, PJ]. Alvarez, Q. Li, Applications of nanotech-
nology in water and wastewater treatment, Water Res.
47 (2013) 3931-3946.

[12] V.I. Lozinsky, Cryogels on the basis of natural and
synthetic polymers: Preparation, properties and appli-
cation, Russ. Chem. Rev. 71 (2002) 489-511.

[13] H. Kirsebom, B. Mattiasson, Cryostructuration as a
tool for preparing highly porous polymer materials,
Polym. Chem. 2 (2011) 1059-1062.

[14] H. Kirsebom, G. Rata, D. Topgaard, B. Mattiasson, LY.
Galaev, Mechanism of cryopolymerization: Diffusion-
controlled polymerization in a nonfrozen microphase.
An NMR study, Macromolecules 42 (2009) 5208-5214.

[15] M\M. Ozmen, O. Okay, Superfast responsive ionic
hydrogels with controllable pore size, Polymer 46
(2005) 8119-8127.

[16] F. Topuz, O. Okay, Macroporous hydrogel beads of
high toughness and superfast responsivity, React.
Funct. Polym. 69 (2009) 273-280.

[17] J. Wolfe, G. Bryant, K.L. Koster, What is ‘unfreezable
water’, how unfreezable is it and how much is there?
Cryo-Lett. 23 (2002) 157-166.

[18] A. Tripathi, A. Kumar, Multi-featured macroporous
agarose-alginate cryogel: Synthesis and characteriza-
tion for bioengineering applications, Macromol. Biosci.
11 (2011) 22-35.

[19] S.-L. Loo, W.B. Krantz, T.-T. Lim, A.G. Fane, X. Hu,
Design and synthesis of ice-templated PSA cryogels
for water purification: Towards tailored morphology
and properties, Soft Matter 9 (2013) 224-234.

[20] F. Plieva, X. Huiting, 1.Y. Galaev, B. Bergenstahl, B.
Mattiasson, Macroporous elastic polyacrylamide gels
prepared at subzero temperatures: Control of porous
structure, J. Mater. Chem. 16 (2006) 4065-4073.

S.-L. Loo et al. | Desalination and Water Treatment 53 (2015) 1506-1515

[21] P. Ruiz, M. Muioz, J]. Macanas, D.N. Muraviev, In-
termatrix synthesis of polymer—copper nanocompos-
ites with tunable parameters by using copper
comproportionation reaction, Chem. Mater. 22 (2010)
6616-6623.

[22] F.G. Donnan, Theory of membrane equilibria and
membrane potentials in the presence of non-dialysing
electrolytes. A contribution to physical-chemical
physiology, J. Membr. Sci. 100 (1995) 45-55.

[23] A. Alonso, X. Mufioz-Berbel, N. Vigués, R. Rodriguez-
Rodriguez, ]J. MacAnas, M. Mufioz, J. Mas, D.N.
Muraviev, Superparamagnetic Ag@Co-nanocompos-
ites on granulated cation exchange polymeric matrices
with enhanced antibacterial activity for the environ-
mentally safe purification of water, Adv. Funct. Mater.
23 (2013) 2450-2458.

[24] A. Alonso, J. MacAnas, A. Shafir, M. Muiioz, A.
Vallribera, D. Prodius, S. Melnic, C. Turta, D.N.
Muraviev, Donnan-exclusion-driven distribution of
catalytic ferromagnetic nanoparticles synthesized in
polymeric fibers, Dalton Trans. 39 (2010) 2579-2586.

[25] A. Alonso, A. Shafir, J. MacAnds, A. Vallribera, M.
Mufioz, D.N. Muraviev, Recyclable polymer-stabilized
nanocatalysts with enhanced accessibility for reac-
tants, Catal. Today 193 (2012) 200-206.

[26] O. Bondarenko, A. Ivask, A. Kikinen, I. Kurvet, A.
Kahru, Particle-cell contact enhances antibacterial
activity of silver nanoparticles, PLoS ONE 8 (2013)
€64060.

[27] J. Fabrega, S.R. Fawcett, J.C. Renshaw, J.R. Lead, Silver
nanoparticle impact on bacterial growth: Effect of pH,
concentration, and organic matter, Environ. Sci. Tech-
nol. 43 (2009) 7285-7290.

[28] Z.-M. Xiu, J. Ma, P.JJ. Alvarez, Differential effect of
common ligands and molecular oxygen on antimicro-
bial activity of silver nanoparticles versus silver ions,
Environ. Sci. Technol. 45 (2011) 9003-9008.

[29] J. Gao, S. Youn, A. Hovsepyan, V.n.L. Llaneza, Y.
Wang, G. Bitton, ].-C.J. Bonzongo, Dispersion and toxic-
ity of selected manufactured nanomaterials in natural
river water samples: Effects of water chemical composi-
tion, Environ. Sci. Technol. 43 (2009) 3322-3328.

[30] H. Zhang, J.A. Smith, V. Oyanedel-Craver, The effect
of natural water conditions on the anti-bacterial per-
formance and stability of silver nanoparticles capped
with different polymers, Water Res. 46 (2012) 691-699.

[31] C. Levard, EM. Hotze, G.V. Lowry, G.E. Brown,
Environmental transformations of silver nanoparticles:
Impact on stability and toxicity, Environ. Sci. Technol.
46 (2012) 6900-6914.

[32] A. Mufoz-Bonilla, M. Fernandez-Garcia, Polymeric
materials with antimicrobial activity, Prog. Polym. Sci.
37 (2012) 281-339.

[33] AK. Suresh, D.A. Pelletier, M.J. Doktycz, Relating
nanomaterial properties and microbial toxicity, Nano-
scale 5 (2013) 463-474.

[34] J.A. Lemire, ]J.J. Harrison, R.J. Turner, Antimicrobial
activity of metals: Mechanisms, molecular targets and
applications, Nat. Rev. Microbiol. 11 (2013) 371-384.

[35] M. Malmsten, Antimicrobial and antiviral hydrogels,
Soft Matter 7 (2011) 8725-8736.

[36] H. Zhang, V. Oyanedel-Craver, Comparison of the
bacterial removal performance of silver nanoparticles
and a polymer based quaternary amine functiaonal-


http://www.emdat.be/natural-disasters-trends
http://www.emdat.be/natural-disasters-trends

S.-L. Loo et al. | Desalination and Water Treatment 53 (2015) 1506-1515

ized silsesquioxane coated point-of-use ceramic water
filters, J. Hazard. Mater. 260 (2013) 272-277.

[37] N. Daels, S. De Vrieze, 1. Sampers, B. Decostere, P.
Westbroek, A. Dumoulin, P. Dejans, K. De Clerck,
S.W.H. Van Hulle, Potential of a functionalised nanofi-
bre microfiltration membrane as an antibacterial water
filter, Desalination 275 (2011) 285-290.

[38] D. Gangadharan, K. Harshvardan, G. Gnanasekar, D.
Dixit, KM. Popat, P.S. Anand, Polymeric micro-
spheres containing silver nanoparticles as a bacterici-
dal agent for water disinfection, Water Res. 44 (2010)
5481-5487.

[39] V.A. Oyanedel-Craver, J.A. Smith, Sustainable colloidal-
silver-impregnated ceramic filter for point-of-use water
treatment, Environ. Sci. Technol. 42 (2007) 927-933.

[40] A.K. Karumuri, D.P. Oswal, H.A. Hostetler, S.M.
Mukhopadhyay, Silver nanoparticles attached to por-
ous carbon substrates: Robust materials for chemical-
free water disinfection, Mater. Lett. 109 (2013) 83-87.

[41] M. Zhang, X. Xie, M. Tang, C.S. Criddle, Y. Cui, S.X.
Wang, Magnetically ultraresponsive nanoscavengers
for next-generation water purification systems, Nat.
Commun. 4 (2013) 1866.

[42] A. Alonso, X. Mufioz-Berbel, N. Vigués, ]J. Macanas,
M. Muriioz, J. Mas, D.N. Muraviev, Characterization of
fibrous polymer silver/cobalt nanocomposite with
enhanced bactericide activity, Langmuir 28 (2011)
783-790.

[43] A. Alonso, N. Vigués, X. Mufioz-Berbel, ]J. Macanas,
M. Mufioz, J. Mas, D.N. Muraviev, Environmentally-
safe bimetallic Ag@Co magnetic nanocomposites with
antimicrobial activity, Chem. Commun. 47 (2011)
10464-10466.

[44] N.H. Mthombeni, L. Mpenyana-Monyatsi, M.S. Ony-
ango, M.N.B. Momba, Breakthrough analysis for water
disinfection using silver nanoparticles coated resin
beads in fixed-bed column, J. Hazard. Mater. 217-218
(2012) 133-140.

[45] N.R. Srinivasan, P.A. Shankar, R. Bandyopadhyaya,
Plasma treated activated carbon impregnated with sil-

1515

ver nanoparticles for improved antibacterial effect in
water disinfection, Carbon 57 (2013) 1-10.

[46] T.A. Dankovich, D.G. Gray, Bactericidal paper impreg-
nated with silver nanoparticles for point-of-use water
treatment, Environ. Sci. Technol. 45 (2011) 1992-1998.

[47] P. Jain, T. Pradeep, Potential of silver nanoparticle-
coated polyurethane foam as an antibacterial water fil-
ter, Biotechnol. Bioeng. 90 (2005) 59-63.

[48] D.V. Quang, P.B. Sarawade, A. Hilonga, J.-K. Kim,
Y.G. Chai, S.H. Kim, J.-Y. Ryu, H.T. Kim, Preparation
of silver nanoparticle containing silica micro beads
and investigation of their antibacterial activity, Appl.
Surf. Sci. 257 (2011) 6963-6970.

[49] D.V. Quang, P.B. Sarawade, S.J. Jeon, S.H. Kim, J.-K.
Kim, Y.G. Chai, H.T. Kim, Effective water disinfection
using silver nanoparticle containing silica beads, Appl.
Surf. Sci. 266 (2013) 280-287.

[50] G. Nangmenyi, X. Li, S. Mehrabi, E. Mintz, J. Econ-
omy, Silver-modified iron oxide nanoparticle impreg-
nated fiberglass for disinfection of bacteria and
viruses in water, Mater. Lett. 65 (2011) 1191-1193.

[51] S. Lin, R. Huang, Y. Cheng, J. Liu, B.L.T. Lau, M.R.
Wiesner, Silver nanoparticle-alginate composite beads
for point-of-use drinking water disinfection, Water
Res. 47 (2013) 3959-3965.

[52] C. Liu, X. Xie, W. Zhao, N. Liu, P.A. Maraccini, L.M.
Sassoubre, A.B. Boehm, Y. Cui, Conducting nano-
sponge electroporation for affordable and high-effi-
ciency disinfection of bacteria and viruses in water,
Nano Lett. 13 (2013) 4288-4293.

[53] D.T. Schoen, A.P. Schoen, L. Hu, H.S. Kim, S.C. Heil-
shorn, Y. Cui, high speed water sterilization using
one-dimensional nanostructures, Nano Lett. 10 (2010)
3628-3632.

[54] S.-L. Loo, A.G. Fane, T.-T. Lim, W.B. Krantz, Y.-N.
Liang, X. Liu, X. Hu, Superabsorbent cryogels deco-
rated with silver nanoparticles as a novel water tech-
nology for point-of-use disinfection, Environ. Sci.
Technol. 47 (2013) 9363-9371.



	Abstract
	1. Introduction
	2. Rationale for using cryogels for emergency water treatment
	3. Experimental details
	3.1. Fabrication of poly(sodium acrylate) (PSA) cryogels
	3.2. Fabrication of PSA cryogels and PSA/Ag cryogels
	3.3. Characterization of cryogel nanocomposites
	3.4. Disinfection tests
	3.5. Analytical methods for Ag determination

	4. Results and discussion
	4.1. Intermatrix synthesis and characterization of PSA/Ag cryogels
	4.2. Disinfection efficacies and reusability of PSA/Ag cryogels

	5. Conclusions
	Acknowledgments
	References



