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WATER PURIFICATION DEVICE AND A 
METHOD OF DECONTAMINATING A 

WATER SUPPLY 

This document claims the benefit of U.S. provisional 5 

patent application Ser. No. 61/551,631 filed on 26 Oct. 2011, 
the full disclosure of which is incorporated herein by refer
ence. 

2 
perature to selectively swell and deswell the hydro gel matrix 
thereby controlling water fraction and target pollution par
titioning in the hydrogel matrix. In alternative embodiments 
the hydrogel matrix is pH responsive or light responsive. 

The method may be a batch process wherein hydrogel 
matrix containing an immobilized nanoparticle catalyst is 
added to the water supply. After the necessary residence time 
for target pollutant decomposition, the method includes 
removing the hydrogel matrix from the treated water. In an This invention was made with at least partial government 

support under NIEHS contract no. P42ES007380. The gov
ernment may have certain rights in this invention. 

TECHNICAL FIELD 

10 alternative embodiment the method is a continuous process 
and includes the steps of incorporating the hydrogel matrix 
into a membrane and flowing the contaminated water supply 
through that membrane. 

This document relates generally to the field of water 15 

remediation of purification and more particularly to a new 
and improved water purification device and method of 
decontaminating a water supply. 

In accordance with another aspect, a water purification 
device is provided. The water purification device comprises 
a hydrogel matrix containing immobilized nanoparticles that 
are directly synthesized in-situ in the hydrogel matrix. The 
immobilized nanoparticles of such a device are character
ized by enhanced surface area and enhanced dispersion so as 

BACKGROUND SECTION 20 to provide improved reactivity as compared to nanoparticles 
positioned in the hydrogel matrix by encapsulation methods 
known in the art. Devices utilizing nanoparticles for the remediation or 

purification of a water supply are well known in the art. 
Examples of such devices are disclosed in U.S. Pat. No. 
7,887,880 to Zhau et al. and United States Patent Applica- 25 

tion Publication No. 2011/0110723 to Varma et al. 

The hydrogel matrix may be temperature responsive, pH 
responsive or light responsive. 

The immobilized nanoparticles are made from a material 
selected from a group consisting of a metal, iron, silver, 
copper, zinc, nickel, gold, palladium, platinum and mixtures 
thereof. The immobilized nanoparticles have an average size 
of about 40 nm, are homogeneously distributed through the 

Nanosized materials have been widely studied and inves
tigated in various areas including that of toxic chlorinated 
organics degradation and water pollution remediation. 
Nanoscale metallic particles with high surface area and high 
binding energy with core electrons may enhance the inter
action of the surface sides between the reactants and prod
ucts. However, nanoparticles naturally tend to aggregate and 
that aggregation may lead to loss of de-chlorination reac
tivity. As a result, stabilizers, ligaments and membrane 
supports have been developed and utilized in an effort to 
immobilize the nanoparticles. 

30 hydrogel matrix and have a surface area normalized reac
tivity of at least about 0.006 L/m2h. Further the particles are 
substantially spherical in shape. 

Alternatively the water purification device may be defined 
as comprising a hydrogel matrix containing immobilized 

35 nanoparticles having a size of between about 5 nm to about 
100 nm and a dispersion of between about 0.1% and about 
5%. 

This approach has resulted in one problem which is the 
sacrifice of nanoparticle reactivity. The water purification 
device and a method of decontaminating a water supply 40 

described in this document overcome this problem and 
enhance the performance of the nanoparticles. Specifically, 
the water purification device utilizes the direct synthesis of 
immobilized nanoparticles in a hydrogel network or matrix. 
The resulting nanoparticles are smaller in size than those 45 

incorporated into a hydrogel matrix by other methods. 
Accordingly, the nanoparticles exhibit higher surface areas 
offering increases in reactivity. Further, the nanoparticles are 
more homogenously dispersed throughout the hydrogel 
matrix and the resulting lack of aggregation increases access 50 

to the surface area of the nanoparticles and further enhances 
reactivity. Still further the controlled swelling and deswell
ing of the hydrogel matrix allows control of water fraction 
and target pollutant partitioning in the hydrogel matrix that 
further optimizes resulting remediation activity of the device 55 

and associated method. 

SUMMARY SECTION 

BRIEF DESCRIPTION OF THE DRAWING 
FIGURES 

The accompanying drawing figures incorporated herein 
and forming a part of the specification, illustrate several 
aspects of the present device and method and together with 
the description serve to explain certain principles thereof. In 
the drawings: 

FIG. 1 is a schematical representation of the water puri
fication device; 

FIG. 2 is a graphical representation for trichloroethene 
(TCE) dechlorination of deionized ultra-filtered (DIUF) 
water and "real" water (Paducah, Ky.) with Fe nanoparticles 
in-situ and encapsulated in P(NIPAAm-AA) hydrogel. 
Vol.=43 mL, initial pH: 7 (for DIUF) and 7.49 (for real 
water); initial TCE concentration: 30 mg/L, iron loading 
amount: 1 g/L; Temperature: 25° C. Triangles: Fe0 nanopar
ticles stabilized with carboxymethyl cellulose (CMC) in 
solution phase. Circles: preformed Fe0 nanoparticles encap
sulated in hydro gel network. Diamonds: Fe0 nanoparticles in 
hydrogel (1.3 wt% Fe loading) by in-situ synthesis. Vol.=43 

In accordance with the purposes and advantages disclosed 
herein, a method of decontaminating a water supply con
taminated with a target pollutant comprises contacting the 
contaminated water supply with a hydrogel matrix contain
ing an immobilized nanoparticles catalyst and decomposing 
the target pollutant and purifying the water supply. The 
method may be further described as including using a 
temperature responsive hydrogel matrix and adjusting tern-

60 mL, Temperature: 25° C., initial pH: 6.82, 6.73, 6.88; final 
pH: 8.23, 8.65, 8.42), initial TCE concentration: 30 ppm, 
iron loading amount: 1 g/L); 

FIG. 3 is a graphical representation of the swelling ratio 
of different systems and different temperature. Diamonds: 

65 blank poly(N-isopropylacrylamide) (P(NIPAAm-AA) 
hydrogel without any nanoparticles. Square: P(NIPAAm
AA) hydrogel with 1 wt% nanoparticles by encapsulation. 
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Triangles: P(NIPAAm-AA) hydrogel with 0.95 wt % nano
particles by in-situ synthesis (dry weight 0.2 g, pH at 25° C.: 
6.86); 

FIG. 4 is a graphical representation of the free volume 

calculated based on the swelling study of the hydrogel ( dry 

weight 0.2 g, pH at 25° C.: 7.1); 

FIG. 5 is a bar graph representing nanoparticles stability 

5 

4 
light responsive material such as fumaric amide and cin
namic acid (CA). By adjusting the particular stimulus to 
which the hydrogel matrix 12 is responsive it is possible to 
swell or deswell the hydrogel matrix. As illustrated in FIG. 
1 on the left side, for a temperature responsive hydrogel 

(6 hours for each dechlorination experiment, and storage 

time effect) in terms ofTCE dechlorination with Fe/Pd (1.46 10 

wt % Pd coating) nanoparticles in hydrogel network in 

matrix at 30° the material swells drawing water represented 
by dots 16 and a target pollutant such as trichloroethene 
(TCE) represented by dots 18 into the structure of the matrix 
12. In contrast, by raising the temperature to about 34° C., 
the hydrogel matrix 12 deswells collapsing the matrix by the 
expulsion of water 16 (note right hand side of FIG. 1). At the repeat batch experiment. Initial TCE concentration is 10 

mg/L for each cycle. Iron dose: 20 mg; Volume 43 mL; 

initial pH 6.3-6.5, final pH 7.8-8.1, temperature 25° C. 

After one trial, the hydrogel containing nanoparticles was 

stored in ethanol for 15 hours, 3 days and 15 days respec-

tively to conduct additional trials. 

FIG. 6 is a schematical representation of the direct for-

mation of Fe0 nanoparticles in P(NIPAAm-AA) hydrogel 

network and corresponding digital camera images; 

FIG. 7 is SEM images of Fe nanoparticles in-situ synthe

sized (left) and externally encapsulated (right) into a hydro

gel network including respective graphic illustration of 

corresponding particle size distribution; and 

same time the target pollutant 18 is maintained in close 

15 proximity to the nanoparticles 14 to allow for the decom

position of the target pollutant and the purifying of the water 

supply. As should be appreciated, by adjusting the appro

priate stimulus (e.g. temperature, pH, light) it is possible to 

20 
selectively swell and deswell the hydrogel matrix 12 thereby 

controlling the water fraction and target pollutant partition-

ing in the hydrogel matrix in a manner that allows the 

optimizing of reaction conditions for the most efficient and 

effective decomposing of the target pollutant and purifying 
25 

of the water supply. 

The immobilized nanoparticles may be made from sub

stantially any appropriate catalyst useful for the intended 
FIG. 8 is a bar graph illustrating normalized TCE and 

purpose including but not limited to materials selected from 
PCB 126 adsorption through temperature responsive P(NI- 30 
PAAm-AA) hydrogel below LCST (l 5o C. and 23 0 C.) and the group consisting of metal, iron, silver, copper, zinc, 

above LCST (34° C.), feed concentration: 0.2 mM TCE and 

0.016 mM PCB126, 20 mL, pH=6.8. 

nickel, gold, palladium, platinum and mixtures thereof. Iron 

Reference will now be made in detail to the present 
35 

and iron/palladium nanoparticles are of particular interest 

for purposes of water remediation. 

In accordance with a significant aspect of the device, the 
immobilized nanoparticles 14 are directly synthesized in
situ in the hydrogel matrix 12. Such immobilized nanopar
ticles are characterized by enhanced surface area and 
enhanced dispersion so as to provide improved reactivity as 

preferred embodiments of the device and method, examples 

of which are illustrated in the accompanying drawing fig

ures. 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS 

Reference is now made to FIG. 1 schematically illustrat-

ing the water purification device 10 comprising a hydrogel 

matrix 12 containing immobilized nanoparticles 14. 

The hydrogel matrix 12 may be made from a stimulus 

responsive material. For example, the hydrogel matrix 12 

may be made from a temperature responsive material such 

40 compared to nanoparticles positioned in the hydrogel matrix 
by encapsulation or other means known in the prior art. 

45 

Typically the immobilized nanoparticles 14 have an aver
age size of 40 nm or less and are homogeneously distributed 
through the hydrogel matrix 12. The immobilized nanopar
ticles 14 are also substantially spherical in shape. 

In accordance with one embodiment the immobilized 
nanoparticles have a size of between about 5 nm and about 
100 nm and a dispersion of between about 0.1% and about 
5%. 

as poly(N-isopropylacrylamide). In another alternative 50 In accordance with one particularly useful embodiment of 
the water purification device 10, the hydrogel matrix 12 is 
made from temperature responsive poly(N-isopropylacryl
amide). The synthesis flow chart for the poly(N-isopropy
lacrylamide) hydro gel and the corresponding mechanism are 
illustrated below. 

embodiment the hydrogel matrix 12 may be made from a pH 

responsive material such as poly (vinyl alcohol) (PVA) and 

poly( 4-vinylpyridine) (P4VP). In yet another possible 

embodiment the hydrogel matrix 12 may be made from a 

o=: ~ \ ll, . Jl 
NH o7 -~-o~oy "-..... 
A ac:~c O 

acid poly(ethylene glycol) 600 dimethacrylate 
NIPAAm 

(AA) (PEG600DMA) 
(Crosslinker) 

Initiator 
UV Source 
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-continued 
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NH 

/\ 
OH NH 

I" 
poly(NIP AArn-AA) 

15 
data. The formed chloride balances obtained in the above Such a hydrogel matrix 12 has a porous structure which 

effectively increases the accessibility to the immobilized 
metallic nanoparticles 14. Further the poly(acrylic acid) 
component of the hydrogel offers the chelating ligands to 
coordinate with the metal ions and therefore immobilize the 
metallic nanoparticles into the hydrogel network. At the 20 
same time the thermo-sensitive NIPAAm segments swell 
and deswell reversibly so that one can adjust the concen
tration of target pollutants and the immobilized nanopar
ticles in the hydrogel matrix to modify, tune and optimize 
the reduction reaction leading to decomposition of the target 25 

pollutant. Furthermore, the swelling/deswelling facilitates 
the regeneration and the reusability of the nanoparticles. 

FIG. 6 illustrates how iron nanoparticles 14 are synthe
sized firstly by coordination with ferrous ions through the 
carboxyl acid groups and then reduced with NaBH4 . Cor- 30 

respondingly, the hydrogel color changes from white to 
black due to the formation of Fe0 nanoparticles inside the 
hydrogel network 12. For purposes of comparison, Fe0 

nanoparticles were also immobilized in a hydrogel by encap
sulation. As shown in the SEM images of FIG. 7, the Fe0 

35 

nanoparticles directly synthesized in the hydrogel are sub
stantially spherical with homogenous distribution and an 
average size of about 40 nm which is smaller than those 
encapsulated in a hydrogel network. It is hypothesized this 
is because of the aggregation of the encapsulated nanopar- 40 

ticles during mixing of the monomers and the polymeriza
tion versus the direct formation of the nanoparticles in-situ 
in the hydrogel network. 

The Fe and bimetallic Fe/Pd nanoparticles have been used 
to degrade toxic organics with trichloroethylene (a common 45 

pollutant in groundwater) being used as a model compound. 
It is well known that dechlorination by Fe nanoparticles, 
occurs via electron transfer mechanism which are generated 
from Fe0 corrosion; while in the Fe/Pd bimetallic system, H2 

was generated by Fe corrosion and Pd acts as a catalyst (the 50 

dechlorination occurs on Pd surface). The dechlorination 
performance for Fe0 nanoparticles immobilized in a hydro
gel network is shown in FIG. 2. Most of the bound chloride 
was converted to c1-. Some points were taken in duplicate, 
which shows a good reproducibility and stability (no nano- 55 

particle deactivation observed). The surface area normalized 
rate constant ksA can be written as: dC/dt=k065C=ksAasPmC, 
where "as" is the specific surface area of the nanoparticles 
(m2/g) and Pm is the nanoparticle loading (g/L). As the FIG. 
1 shows, the calculated ksA values for the nanoparticles for 60 

DIUF water dechlorination were determined to be 0.0066 
L/m2h for in-situ synthesized Fe0 in P(NIPAAm-AA) hydro
gel and 0.0036 L/m2h for Fe0 encapsulated in hydrogel. 
Chloride was formed as the only product in solution phase, 
and the chloride balances were defined as the ratio of 65 

detected chloride ([c1- 1
]) over the theoretical formation of 

chloride ([Cl- 1lmax) calculated from the TCE degradation 

systems were about 90%. The higher reaction rates for 
in-situ synthesized Fe0 is attributed to the high surface area 
of small particles and the prevention of aggregation by the 
hydrogel support. Also, the more free spaces left after direct 
reduction within the networks may facilitate the transporta
tion of TCE inside the hydrogel network and as well as 
enhance the reaction on the reactive sites of the nanopar
ticles. It is also important to mention that during TCE 
degradation, the Fe2 +/Fe3+ ions that are formed from the 
reactant Fe0 are recaptured by the carboxylic acid groups 
from AA, which can prevent the formation of precipitate that 
can inhibit the dechlorination reaction. This also makes it 
easy for recovered ions to be regenerated to the metal form. 
In contrast to the homogeneous phase nanoparticles appli
cations, our approach has almost no loss of iron to solution 
phase. In addition, TCE degradation was also conducted 
with sample water from a contaminated site in Paducah, Ky. 
containing 82 mg/L alkalinity, 293 mg/L total dissolved 
solids and 1.2 mg/L turbidity. The detailed water quality 
analysis was reported in literature. As shown in FIG. 1, the 
difference of the degradation results between DIUF and 
sample water was within 2% for the same feed TCE con
centration, which indicates the insignificant impact of 
hydrogel network on dechlorination in the contaminated 
sites. This also demonstrates that our system can be applied 
to the real world. It should be noticed that control experi
ments were also conducted to prove that TCE evaporation 
and physical adsorption in hydrogel has no effects on the 
TCE degradation. The whole hydrogel was extracted with 
pentane and no TCE detected by GC-MS and also, the TCE 
concentration was within 10% of the original value, which 
can prove that TCE concentration decrease during dechlo
rination studies is completely due to reaction with Fe 
nanoparticles. 

As shown in FIG. 2, the reaction for Fe0 encapsulated in 
the hydrogel was lower than for Fe in solution phase. This 
is reasonable due to the slower diffusion for the nanopar
ticles within hydrogel network. The proximity of the reac
tion rates for Fe0 in solution phase and Fe0 synthesized 
directly in hydrogel is attributed to the high surface area of 
small particles and the prevention of aggregation in the 
hydrogel support. Also, the more free spaces left after direct 
reduction within the networks may facilitate the transporta
tion ofTCE inside the hydrogel network, as well as enhance 
the reaction on the reactive sites of the nanoparticles. It is 
also important to mention that during TCE degradation, the 
Fe2 +/Fe3+ ions that are formed from the reactant Fe0 are 
recaptured by the carboxylic acid groups from AA, which 
can prevent the formation of precipitate that can inhibit the 
dechlorination reaction. This also makes it easy for recov
ered ions to be regenerated to the metal form. In contrast to 
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the homogeneous phase nanoparticles applications, our 
approach has almost no loss of iron to solution phase. 

In addition to the prevention of agglomeration of nano
particles, another advantage of using the temperature 
responsive hydrogels is the potential change in observed 
particle reactivity via the temperature change in state. Since 
the complete access to nanoparticles immobilized in a 
hydrogel network is a prerequisite for better reactive per
formance, the swelling of the hydrogel in water leads to a 
higher nanoporosity which makes the iron nanoparticles 
accessible to TCE. On the other hand, the deswelling of 
hydrogel helps expel most of water out of the hydro gel and 
increase the local TCE concentration in the hydrogel net
work. As the general reaction mechanism indicated, the 
higher concentration in the confined space will lead to a 
higher reaction rate. Thus, the physical reversible swelling 
and deswelling of temperature responsive hydro gel plays a 
significant role in the improvement of the dechlorination 
activity. 

To further study the swelling and deswelling behavior of 
the system, the swelling ratios were measured at different 
temperatures for the various hydrogel systems. As shown in 
FIG. 3, the swelling ratio decreases with an increase of 
temperature for all three systems. The observed larger water 
content decrease in hydrogel at higher temperatures is 
consistent with the phase change behavior. Also, the pres
ence of nanoparticles in the nanocomposite hydrogel does 
not appear to have significant effects on the swelling ratio, 
which may be because of the free space left after the in-situ 
reduction of nanoparticles. The free volume at different 
temperatures was also calculated based on the initial and 
final diameter and thickness of the hydrogel and is shown in 
the FIG. 4. Clearly, as the temperature increases, the free 
volume decreases and the water is expelled out of the 
hydrogel network, which results in an improvement of 
reactivity as discussed previously. But, the further increasing 
of temperature up to 45° C. leads to the vanishing of free 
volume and the decreasing of reactivity as the water is 
completely expelled out at this point. 

To investigate the effects of temperature on TCE dechlo
rination with hydrogel nanocomposites, the dechlorination 
performance by Fe/Pd bimetallic nanoparticles immobilized 
in a hydrogel were studied at 34° C. and 30° C. The second 
metal (Pd) in the nanoparticles functions as a catalyst in the 
dehalogenation, which is expected to accelerate the reaction 
and to reduce the effects of TCE volatility. Table 1 shows 
that the ksA for hydrogel nanocomposites at 34° C. was 
almost 3 times larger than that at 30° C. 

Reaction system ksA(L h- 1 m-2) R2 

Nano Fe/Pd (1.46 wt % Pd) in solution 0.0275 ± 0.0014 0.9783 
phase at 30° C. 
Nano Fe/Pd (1.46 wt % Pd) in solution 0.0568 ± 0.003 0.9437 
phase at 34° C. 
Hydrogel immobilized 0.0156 ± 0.0008 0.9799 
Fe/Pd (1.46 wt % Pd) nanoparticles at 
30° C. 
Hydrogel immobilized 0.0411 ± 0.002 0.956 
Fe/Pd (1.46 wt % Pd) nanoparticles at 
34° C. 

On the other hand, the control experiments without any 
hydrogel showed an increase of only two fold which dem
onstrates the importance of hydrogel tunable properties. It 
should be mentioned that the reactivity here is lower than the 
referenced value. That may be because the Fe/Pd reactivity 
is a strong function of Pd loading amount. The TCE dechlo-

8 
rination rates could be variable for 1-5 magnitude by chang
ing the Pd loading amount. TCE adsorption on reactive sites 
can be realized via the mass transfer from aqueous phase to 
hydrogel matrix. The TCE diffusion rate in hydrogel net-

5 works should be faster than that in the aqueous phase when 
the hydrophobicity of the hydrogel increases via a tempera
ture increase, helping to enhance the overall dechlorination 
rate. Herein, it should be pointed out that the hydrogel can 
be utilized as not only the support of the Fe or Fe/Pd 

10 nanoparticles, but also the reaction medium. 
Lastly, to study the aging and stability of the bimetallic 

nanoparticles system over time, multi-trial TCE dechlorina
tion studies (6 h for one trial) were conducted in a 40 mL 
batch solution containing 20 mg Fe/Pd nanoparticles immo-

15 bilized in hydrogel with repeated TCE supplement. Initial 
TCE concentration for each trial was 10 mg/L. As shown in 
FIG. 5, complete TCE degradation was achieved in 6 h. 
After the first trial, the hydro gel nanocomposites were stored 
in solution for 10 h without TCE supplement. The two 

20 additional trials were conducted with the same nanopar
ticles. There was no obvious reduce of dechlorination rate. 
For the last trial, the nanoparticles were stored for another 15 
days, and about 40% of TCE was degraded. Chloride 
analysis results showed that there was no obvious loss of 

25 reactivity for these hydrogel nanocomposites. In addition, to 
explore possible leaching of the Fe and Pd nanoparticles into 
the solution, the metal concentration loss in each trial was 
determined to be about 0.76% for iron and 0.5% for palla
dium with atomic absorption spectroscopy (AAS) analysis. 

30 The insignificant reduction of reactivity indicates that hydro
gel nanocomposites can be a promising candidate for the 
dechlorination application. 

A method of decontaminating a water supply contami
nated with a target pollutant may be broadly described as 

35 including the steps of contacting the contaminated water 
supply with a hydrogel matrix containing an immobilized 
nanoparticles catalyst and decomposing the target pollutant 
and purifying the water supply. The method may be further 
described as including using a temperature responsive 

40 hydrogel matrix and adjusting the temperature to selectively 
swell and deswell the hydrogel matrix thereby controlling 
the water fraction and target pollutant partitioning in the 
matrix. In alternative embodiments a pH responsive or light 
responsive hydrogel matrix may be utilized and the pH or 

45 light adjusted to selectively swell and deswell the hydrogel 
matrix to control water fraction and target pollutant parti
tioning. 

50 

55 

For purposes of batch processing, the method may further 
include adding the hydrogel matrix containing an immobi
lized nanoparticles catalyst to the water supply contaminated 
with a target pollutant. After an appropriate residence time 
to allow complete decomposing of the target pollutant and 
purifying of the water supply the method includes removing 
the hydrogel matrix from the treated water. 

In accordance with a continuous processing approach, the 
method includes incorporating the hydrogel into a mem
brane and flowing the contaminated water supply through 
the membrane. 

60 

The following synthesis and examples are presented to 
further illustrate the water purification device and method, 
but they are not to be considered as limiting in scope 

N-Isopropylacrylamide (NIPAAm), acrylic acid (AA), 
poly (ethylene glycol) 600 dimethacrylate (PEG600DMA), 
4-(4-Dimethylaminophenylazo) aniline (DMPA), Ethanol 

65 (>99.5%), Ferrous chloride tetrahydrate (FeC12 .4H20), 
Sodium borohydride (NaBH4 ), Sodium carboxymethyl cel
lulose (CMC, mean Mw=90,000), Trichloroethylene (TCE) 



US 10,669,174 B2 
9 

were purchased from Sigma-Aldrich. Deionized ultra-fil
tered water (DIUF) was purchased from Fisher Scientific. 

Synthesis of Crosslinked P(NIPAAm-AA) Hydrogel 

10 
the chloride with R2 =0.994 and an average analytical error 
of 3%. 2% (volume) of sodium nitrate (LabChem Inc., 5 
mol/L) was added into the samples as the Ionic Strength 
Adjuster (ISA) to ensure the same ionic strength. 

Metal Analysis. 
The amount of Fe captured during ion exchange and Pd in 

the hydrogel was quantified by using a Varian SpectrAA 220 
Fast Sequential atomic absorption spectrometer equipped 
with a Fisher Scientific hollow cathode lamp. For Fe, the 

Three grams ofNIPAAm, 1 gAA, 0.207 g PEG600DMA 
(molar ratio ofNIPAAm:AA:PEG600DMA=80:10:10), and 
43 mg DMPA as initiator were added in a 20 mL vial; an 
equal weight amount of ethanol was added and then mixed 
together to get a uniform solution. The mixture was pipetted 
into two 15x15 cm2 clamped glass plates with Teflon spacer 
to make the thickness to be 0.5 mm. Ultraviolet (UV) 
photopolymerization was conducted for 5 minutes with 14.8 
mW /cm2 intensity. Both sides of the hydro gel were exposed 
to UV light for every 30 s to make sure the same intensity 
during the polymerization. The hydrogel was carefully 
removed from the plates, placed in deionized water and 
washed daily. The proposed schematic of P(NIPAAm-AA) 
synthesis is shown elsewhere herein. 

10 lamp was operated at a wavelength of 386.0 nm. The 
calibration plot was created using 4 different concentrations 
of Fe ranging from 25 to 200 mg/L with R2 =0.9998 and an 
average analytical error of 2%. In the case of Pd, the lamp 
was operated at a wavelength of 246.6 nm and the linear 

15 calibration range was between 0.2 and 28 mg/L Pd. The error 
of analysis was <2% with R2=0.9996. 

Characterization of Nanoparticles. 
Surface and cross-section ofhydrogel and hydrogel nano

composites were examined by Hitachi S-4300 Scanning 

Synthesis of Nanosized Fe Particles in 
P(NIPAAm-AA) Hydrogel 

Prior to Fe2
+ ion exchange, P(NIPAAm-AA) hydrogels 

were immersed in NaCl (5 to 10% wt) solution at pH 10 
overnight to convert the --COOR to -COONa. In the next 
step, the hydrogel was washed with DIUF until the pH of the 
effluent became neutral. Then, the hydrogel was immersed 

20 Electron Microscope (SEM). Hydrogels were coated with 
gold for imaging purposes. The particle size and distribution 
were characterized by SEM 4300 and scanning transmission 
electron microscopy (TEM, Jeol 2010F) at 200 kV acceler
ating potential. A specimen=drift-free EDS mapping analy-

25 sis was performed in TEM to determine element distribution 
at nano scale. 

in 200 mL 200 mg/L FeC12 solution at a pH of 5.5 for 4 h. 
Nitrogen gas was bubbled to minimize the oxidation ofFe2

+. 30 

The reduction with sodium borohydride (100 ml, 19 g/L) 
ensured the Fe0 nanoparticle formation. Typical iron content 

Results 
To prove the use of temperature and pH responsive 

polymers and hydrogels will allow the tunable control of 
PCB and TCE detoxification by altering pollutant partition
ing and water content around reactive nanoparticles. Equi-
librium adsorption ofTCE and PCB 126 (as shown in FIG. 
8) through temperature responsive. P(NIPAAm-AA) hydro
gel indeed demonstrated higher partitioning for both com-

is 1.3 wt % (based on dry hydrogel). The schematic of Fe0 

nanoparticles synthesized directly in the hydrogel network is 
shown in FIG. 6. 

Batch Experiments with TCE 
35 pounds above lower critical solution temperature (LCST) as 

the enhancement of adsorption amount due to the hydro
phobicity increase above LCST. Mass balance was calcu
lated and indicated almost no loss ofTCE and PCB 126 (see 
FIG. 8). 

Batch experiments for dechlorination of TCE were con
ducted in 43 mL serum glass vials 43 mg of Fe or Fe/Pd NPs 
immobilized in a P(NIPAAm-AA) hydrogel were loaded 
into the vial containing 30 mg L- 1 TCE in 43 ml deoxy- 40 

genated water. All the serum glass vials were sealed with 
Teflon-lined silicon septa and placed on a wrist-action 
shaker throughout the duration of the experiment. Parallel 
control experiments with only hydro gel (no metal particles) 
were also performed. 

Analytical Methods 
TCE Degradation. 

45 

TCE analysis was performed using a gas chromatograph 
(GC, Varian-3900) equipped with an ion-trap mass spec
trometer (MS, Saturn-2100T). Two milliliter of pentane as 50 

the extractant for TCE was added to an 8 mL vial containing 
2 mL of aqueous solution which was taken from the reaction 
vial. The vials were placed on the shaker to mix for 2 hours 
to achieve extraction equilibrium. For each extracting vial, 
1 micro liter solution in the extracting solvent phase was 55 

removed and injected into the GC sample colunm for 
analysis. 1, 2-dibromoethene was used as an internal stan
dard. External standards of TCE were used to prepare 
calibration curves. The calibration curves were linear over 
the concentration range of 5-50 mg L- 1 (R2 >0.999, regres- 60 

sions were based on the 5-point calibration). 
Chloride Analysis. 
The concentration of chloride ion in the aqueous solution 

was measured by the Orion 94-17 Solid State half-cell and 
Orion 96-17 iron plus Sure-Flow with Chloride Electrode. In 65 

all cases, the instrument calibration was based on commer
cial standards (Fisher Scientific) containing 1000 mg L- 1 of 

What is claimed: 
1. A method of decontaminating a water supply contami

nated with a target pollutant comprising: 
contacting said water supply with a temperature respon

sive hydrogel matrix comprising a cross-linked hydro
gel matrix of N-Isopropylacrylamide (N-IPAAm), 
acrylic acid (AA) and poly ( ethylene glycol) 600 dime
thacrylate (PEG600DMA) formed with a ratio of 3 g: 1 
g:0.207 g ofNIPAAm:AA:PEG600DMA and an in situ 
nanoparticle catalyst in the cross-linked hydrogel 
matrix; 

adjusting the temperature of said water supply to 30° C. 
to swell the temperature responsive hydrogel matrix; 

adjusting the temperature of said water supply to about 
34 ° C. to deswell the temperature responsive hydrogel 
matrix by reduction of water content and to maintain 
the target pollutant in close proximity to the nanopar
ticle catalyst, thereby decontaminating said water sup
ply. 

2. The method of claim 1, further including removing the 
temperature responsive hydrogel matrix from treated water 
following target pollutant decomposition. 

3. The method of claim 1, further including incorporating 
the temperature responsive hydrogel matrix into a mem
brane. 

4. The method of claim 3, further including flowing said 
contaminated water supply through said membrane. 



US 10,669,174 B2 
11 

5. A water decontamination device for a target pollutant, 
comprising: 

a temperature responsive hydrogel matrix comprised of a 
cross-linked hydrogel matrix of N-Isopropylacrylam
ide (N-IPAAm), acrylic acid (AA) and poly (ethylene 5 

glycol) 600 dimethacrylate (PEG600DMA) formed 
with a ratio of 3 g:1 g:0.207 g of NIPAAm:AA: 
PEG600DMA and in situ nanoparticles in the cross
linked hydrogel matrix whereby said in situ nanopar
ticles are characterized by an accessible surface area 10 

and homogenous dispersion, and wherein the tempera
ture responsive hydrogel matrix swells at around 30° C. 
to draw in water with the target pollutant into the 
temperature responsive hydrogel matrix of the device 15 
and deswells at around 34° C. becoming hydrophobic 
to provide partitioning of the target pollutant with the 
nanoparticles in the temperature responsive hydrogel 
matrix of the device as water decontaminated of the 
target pollutant is expelled out of the temperature 20 

responsive hydrogel matrix of the device. 

12 
distributed through said hydrogel matrix and (3) have a 
surface area normalized reactivity of at least about 0.006 
L/m2h. 

8. The device of claim 7, wherein said nanoparticles are 
substantially spherical in shape. 

9. The device of claim 5, wherein said nanoparticles have 
a size of about 40 nm. 

10. A water decontamination device, comprising: 
a hydrogel matrix comprising a cross-linked hydrogel 

matrix of N-Isopropylacrylamide (N-IPAAm), acrylic 
acid (AA) and poly (ethylene glycol) 600 dimethacry
late (PEG600DMA) formed with a ratio of 3 g:1 
g:0.207 g of NIPAAm:AA:PEG600DMA and in situ 
nanoparticles in the cross-linked hydrogel matrix hav
ing a size of about 40 nm, wherein the hydro gel matrix 
swells at around 30° C. to draw in water with a target 
pollutant into the hydrogel matrix of the device and 
deswells at around 34 ° C. becoming hydrophobic to 
provide partitioning of the target pollutant with the 
nanoparticles in the hydrogel matrix of the device as 
water decontaminated of the target pollutant is expelled 
out of the hydrogel matrix of the device. 6. The device of claim 5, wherein said nanoparticles are 

made from a material selected from a group consisting of a 
metal, iron, silver, copper, zinc, nickel, gold, palladium, 
platinum and mixtures thereof. 

7. The device of claim 5, wherein said nanoparticles (1) 
have an average size of about 40 nm (2) are homogeneously 

11. The device of claim 10, wherein said nanoparticles are 
made from a material selected from a group consisting of 

25 
metal, iron, silver, copper, zinc, nickel, gold, palladium, 
platinum and mixtures thereof. 

* * * * * 
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