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(semi-IPN), temperature-sensitive composite hydrogel (PNIPAm-PHEMA). nZVI@PNIPAm-
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PHEMA, was successfully synthesized and characterized by FT-IR, SEM, EDS, XRD and the
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weighing method. The loading of nZVI was 0.1548 ± 0.0015 g/g and the particle size was
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30–100 nm. NZVI was uniformly dispersed on the pore walls inside the PNIPAm-PHEMA.
Because of the well-dispersed nZVI, the highly porous structure, and the synergistic effect of
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PNIPAm-PHEMA, nZVI@PNIPAm-PHEMA showed excellent reductive activity and wide pH
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applicability. 95% of 4-NP in 100 mL of 400 mg/L 4-NP solution with initial pH 3.0–9.0 could be
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completely reduced into 4-AP by about 0.0548 g of fresh supported nZVI at 18–25 °C under
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stirring (110 r/min) within 45 min reaction time. A greater than 99% 4-NP degradation ratio was
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obtained when the initial pH was 5.0–9.0. The reduction of 4-NP by nZVI@PNIPAm-PHEMA was
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in agreement with the pseudo-first-order kinetics model with Kobs values of 0.0885–0.101 min−1.

Nitrophenol

NZVI@PNIPAm-PHEMA was able to be recycled, and about 85% degradation ratio of 4-NP was
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obtained after its sixth reuse cycle. According to the temperature sensitivity of PNIPAmPHEMA, nZVI@PNIPAm-PHEMA exhibited very good storage stability, and about 88.9%
degradation ratio of 4-NP was obtained after its storage for 30 days. The hybrid reducer was
highly efficient for the reduction of 2-NP, 3-NP, 2-chloro-4-nitrophenol and 2-chloro-4nitrophenol. Our results suggest that PNIPAm-PHEMA could be a good potential carrier, with
nZVI@PNIPAm-PHEMA having potential value in the application of reductive degradation of
nitrophenol pollutants.
© 2019 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
Published by Elsevier B.V.

Introduction
Since nZVI was first successfully applied for in situ remediation
of groundwater as a reducing agent (Gillham and O'Hannesin,
1994), its successful implementation was quickly demonstrated
in the removal of various contaminants. Since then, many
studies in laboratory and in contaminated sites at pilot and
⁎ Corresponding author.

field-scale have been reported (Lofrano et al., 2017). Concomitantly, two main insufficiencies related to its small size were
found, i.e., its strong tendency to aggregate and the difficult
separation of nano-iron from the purified matrix (Noubactep
et al., 2012). Supporting nZVI on solid carriers has proven to be
an efficient strategy. Several kinds of solid carriers have been
studied so far, including clay, silica, activated carbon, zeolites,
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graphene, carbon nanotubes, PS, PGE/PVDF, polyaniline, PAA/
PVA and others (Zhang et al., 2016; Ezzatahmadi et al., 2017;
Stefaniuk et al., 2016; Zhao et al., 2011). These studies showed
that carrier-supported nZVI generally showed higher efficiency, improved stabilization and easy separation compared
to its unsupported counterpart. Meanwhile it was found that
not only the load amount, particle size and agglomeration
behavior of the supported nZVI, but also the reduction reaction
between supported nZVI and substrate pollutants, were
affected by the properties of the carrier (Parshetti and Doong,
2009; Yan et al., 2015; Li et al., 2018), and it was even
demonstrated that the surface groups of the carrier play an
important role (Zhang et al., 2013). Therefore, the preparation
and use of an appropriate physical carrier as support of nZVI is
of key importance.
Poly(N-isopropylacrylamide) (PNIPAm) hydrogel is a wellknown temperature-sensitive polymer (Heskins and Guillet,
1968; Kawaguchi, 2014). It has a lower critical solution temperature (LCST); below this temperature, PNIPAm hydrogel is
swollen, hydrated, and becomes hydrophilic. When the temperature rises above the LCST, a reversible phase transition occurs,
changing it into a collapsed, dehydrated, and hydrophobic state.
The phase transition, LCST and water swelling ability of PNIPAm
hydrogel are easily adjusted by the introduction of hydrophobic
or hydrophilic moieties into the PNIPAm (Natassa et al., 2017;
Cook et al., 2017), and this capacity for adjustment has received
wide attention. Regarding the application of PNIPAm copolymers/composites as physical carriers, Agnieszka et al. (2007)
reported the immobilization of glucoamylase and trypsin on a
prepared thermosensitive PNIPAm-PAEMA hydrogel for reducing starch and hydrolyzing protein. Wang et al. (2009) prepared a
thermo-pH-responsive and chelating polymeric hydrogel,
PNIPAm-co-PMACHE, and used it to immobilize a Pd catalyst
for C–C cross-coupling reactions. Gao et al. (2016) fabricated a P
(NIPAm-co-AMPS) hydrogel-supported nano-Ni to catalyze the
reduction of 4-nitrophenol. These studies suggested that the
modified PNIPAm could be a good candidate as a physical carrier
to immobilize nZVI.
Besides its adjustable properties, the structure of PNIPAm
was also regulable (Buwalda et al., 2014). Here, taking PEG1500
as pore-foaming agent, linear poly (2-Hydroxyethyl methacrylate) (PHEMA) as the second net polymer, a porous, semiIPN, temperature-sensitive composite hydrogel carrier, i.e.
poly(n-isopropylacrylamide)-poly(2-hydroxyethyl methacrylate) (PNIPAm-PHEMA), was designed and fabricated. Using
this composite hydrogel as carrier, a new solid carriersupported nZVI, designated as nZVI@PNIPAm-PHEMA, was
prepared by chemical reduction. The highly porous structure
of PNIPAm-PHEMA was expected to help the diffusion of
substrates and improve the hydrogel's swelling capacity. The
semi-IPN structure was expected to render a quick and good
swelling capacity, and help the incorporation of PHEMA,
simultaneously accompanied by minimal change of the
LCST of PNIPAm-PHEMA hydrogel. The incorporation of
PHEMA was carried out to adjust the pH of the microenvironment inside PNIPAm-PHEMA. The temperature sensitivity of
PNIPAm-PHEMA was expected to make nZVI@PNIPAmPHEMA storable. Finally, taking 4-NP as model pollutant, the
reductive activity of nZVI@PNIPAm-PHEMA was studied
subsequently. NZVI@PNIPAm-PHEMA showed very high

reductive activity, wide pH stability, good recyclability and
storability. It was also very efficient in the removal of 2-NP, 3NP, 2-chloro-4-nitrophenol, and 2-chloro-4-nitrophenol.

1. Experimental
1.1. Materials and methods
All the reagents were commercially available. N-isopropyl
acrylamide (NIPAm) was used after purifying by recrystallization in a mixed solution of hexane and toluene (40/60, vol%)
and drying under vacuum conditions. N,N′-Methylene bis
(2-propenamide) (BIS) was used after purifying by recrystallization in methanol and vacuum drying. 2-Hydroxyethyl
methacrylate (HEMA), dimethyl sulfoxide (DMSO), azodiisobutyronitrile (AIBN), ether, methanol, polyethylene glycol
1500 (PEG1500), hydrochloric acid (HCl, 36%–38%), ethanol
(EtOH), sodium borohydride (NaBH4), 4-NP, 2-NP, 3-NP, and
iron chloride hexahydrate (FeCl3‧6H2O) were used without
further purification. Deionized water was prepared in our
laboratory.
Fourier transform infrared spectoscopy (FT-IR) spectra
were recorded using a Nicolet Nexus 670 FT-IR spectrometer.
An X-ray diffractometer (XRD, D8 ADVANCE, BRUKER-AXS,
Germany) was employed to determine the crystallinity and
composition of the investigated particles using Cu K α
radiation operating at 40 kV and 40 mA at a scanning speed
of 2°/min between 2θ of 10° and 80°. Microscopic morphology
and fixed-point quantitative analysis of hybrid reducers were
tested using a Hitachi S4800-SEM, and a JEOL JSM-7001F
thermal Field Emission scanning electron microscope (SEM)
combined with a GENESIS XM energy dispersive spectrometer
(EDS) instrument. The working voltage of the SEM was 15 kV.
The acceleration voltage of EDS was 20 kV. NP and AP
concentrations were detected using an LC-2010Aup HT
Shimadzu high performance liquid chromatography (HPLC)
instrument with WAT054275 C18 column and UV detector,
and the determination wavelength was 300 nm. The mobile
phase was methanol–water (70:30). The detection temperature was 30°C.

1.2. Preparation of PNIPAm-PHEMA hydrogel
1 g HEMA and 5 mg AIBN were added into 4 mL DMSO in a
30 mL 3-neck round bottom flask equipped with a magnetic
stirrer. The reaction was carried out at 60°C for 7 hr under
235 r/min stirring and nitrogen protection. After the reaction,
the product was extracted from the mixture with ether 3
times and dried under vacuum. Then, a light coffee-colored
liquid of PHEMA was obtained.
1.5 g NIPAm, 1 g PEG1500, 0.04 g BIS, 0.375 g PHEMA, and
0.05 g AIBN were added into 6 mL DMSO in a beaker. After the
materials were completely dissolved, the mixture was deoxygenated by bubbling nitrogen for 10 min and was transferred
into glass capillaries with 1 mm inner diameter. These capillaries were then heated to 60°C for 6 hr by a water bath. Then,
the gels were taken out and soaked in deionized water for half a
month to wash away DMSO solvent, PEG1500 porogen and
reaction residue. The water was renewed every day.

J O U RN A L OF E N V I RO N ME N TA L S CI EN CE S 8 2 (2 0 1 9 ) 9 3–1 0 2

1.3. Preparation of nZVI@PNIPAm-PHEMA
NZVI@PNIPAm-PHEMA was prepared by chemical reduction.
First, the Fe3+ dissociated from FeCl3 in water was adsorbed by
PNIPAm-PHEMA when the hydrogel's color changed from milk
white to yellow. Then the adsorbed ferric ions were reduced to
nZVI by NaBH4. The color of the hydrogel changed to black.
0.3 g dry PNIPAm-PHEMA was immersed in a 50 mL of a
100 g/L solution of FeCl3·6H2O for 24 hr at 4°C to adsorb Fe3+.
Then, the hydrogel was taken out by a mesh and washed with
a water flow, and added into 30 mL deoxygenated water.
50 mL of 0.25 mol/L NaBH4 solution was added dropwise to
the hydrogel mixture under stirring and nitrogen protection at
10°C (Wang and Zhang, 1997; Horzum et al., 2013). When no
more bubbles appeared, the hydrogel was quickly placed into
100 mL deoxygenated water to wash out the residual sodium
hydroxide and filtered with a mesh. In this manner, black
fresh nZVI@PNIPAm-PHEMA was obtained.

1.4. Reductive degradation of NP
Reduction experiments of NP were performed in a 250 mL, 3neck, round bottom flask equipped with a magnetic stirrer.
The flask was initially filled with 100 mL of NP solution, which
was deoxygenated by N2 for 10 min in advance. The initial pH
value of the solution was adjusted by 0.5 mol/L HCl or 0.5 mol/
L NaOH solution. Freshly prepared nZVI@PNIPAm-PHEMA
based on 0.3 g dry PNIPAm-PHEMA was added into the flask.
The reaction was carried out at different temperatures (10, 18,
25 and 35°C) under 110 r/min stirring and nitrogen protection.
During the reaction process, about 1.5 mL solution was
withdrawn at the reaction times of 0, 5, 10, 15, 20, 30, 45, 60,
90, 120, 150, and 180 min and filtered through a 0.45 μm
syringe-driven filter. The sample was immediately analyzed
using the HPLC instrument.

1.5. Recycling of nZVI@PNIPAm-PHEMA
The used nZVI@PNIPAm-PHEMA was filtered from the product mixture and immersed in 0.5 mol/L HCl solution for 0.5 hr
to dissolve away iron oxides and hydroxides, and then was
washed with deionized water several times till the filtrate was
colorless and transparent. In this way, PNIPAm-PHEMA
was recovered. Using the recycled PNIPAm-PHEMA as carrier,
nZVI@PNIPAm- PHEMA was regenerated, refer to “Section
1.3”, and used to reduce 4-NP as described in “Section 1.4”.

1.6. The storage stability of nZVI@PNIPAm-PHEMA
Fresh nZVI@PNIPAm-PHEMA was dried in vacuum at 45°C
under nitrogen protection for 2 hr. Dried nZVI@PNIPAmPHEMA was stored in a vacuum dryer. Specific amounts of
dried nZVI@PNIPAm-PHEMA were taken out at regular intervals to reduce 4-NP as described in “Section 1.4”.

1.7. The adsorption capacity of PNIPAm-PHEMA for 4-NP and
4-AP
0.3 g dry PNIPAm-PHEMA was immersed in deoxygenated
water to confer enough swelling. The swollen PNIPAm-
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PHEMA was then placed into 100 mL of 400 mg/L concentration
4-NP at pH 5.0, or 313.8 mg/L concentration of 4-AP, the same
molar concentration as the 4-NP solution, which was deoxygenated by N2 for 10 min. Adsorption was carried out at 18°C
under 110 r/min stirring and nitrogen protection. During the
adsorption process about 1.5 mL of solution was withdrawn at
0, 5, 10, 15, 20, 30, 45, 60, 90, 120, 150, and 180 min and filtered
through a 0.45 μm syringe-driven filter. The sample was
immediately analyzed using the HPLC instrument.

2. Results and discussion
2.1. Preparation of PNIPAm-PHEMA composite hydrogel and
its properties
According to the FT-IR spectrum (Appendix A Fig. S1), PHEMA
was successfully synthesized by solution polymerization. The
viscosity of the PHEMA was 692 cp, which was measured at
25°C using Coriolis viscometers. Taking PHEMA as the second
net polymer, PNIPAm-PHEMA gel was prepared by facile free
radical polymerization of NIPAm, BIS, with PEG1500 as
porogen, AIBN as initiator. The PNIPAm-PHEMA gel was a
semi-interpenetrating network and constructed from two
polymers, i.e. crosslinked PNIPAm and linear PHEMA. The
network schematic diagram is shown in Fig. 1.
The FT-IR spectra of PNIPAm and PNIPAm-PHEMA hydrogel are shown in Fig. 2. In the spectrum of PNIPAm, the broad
absorption band at 3100–3600 cm−1 was attributed to the
stretching vibrations of N-H groups in PNIPAm. The peak at
1645 cm−1 was caused by the stretching vibration of C= O in
the acylamino group. The peak at 1536 cm−1 was due to the inplane bending vibration of N= H and the stretching vibration
of C–N in the acylamino group. The two peaks at 1365 and
1385 cm−1 were attributed to the symmetrical vibration of the
two methyl groups in isopropyl. The peaks at 2970 and
2930 cm−1 were respectively due to asymmetric stretching
vibrations of C–H in –CH3 and –CH2–, and the peak at
1450 cm−1 was attributed to their bending vibration absorptions. Comparing the spectra of PNIPAm-PHEMA composite
and PNIPAm, the broad band at 3100–3600 cm−1 in the former
was strengthened because of the superposition of the
absorption band caused by the stretching vibration of O–H
groups in PHEMA. At the same time, a peak at 1710 cm−1
attributed to the stretching vibration of C = O groups in PHEMA
appeared. The peaks at 1135 and 1080 cm−1 were attributed,
respectively, to the stretching vibrations of C–C and –C–O in
ester groups. The analysis indicated the successful preparation of PNIPAm-PHEMA composite.
The PNIPAm-PHEMA composite hydrogel was milky white
when it was swollen as shown in the macrograph (Appendix A
Fig. S2). The SEM in Fig. 3a–b shows that PNIPAm-PHEMA had
an highly perforated porous structure and the pore size was
mainly within the range 10–100 μm in the freeze-dried
state. Due to the porous and semi-IPN network structure,
PNIPAm-PHEMA had a higher equilibrium swelling ratio (SR)
and faster swelling and de-swelling rate than that of
homogeneous PNIPAm (Appendix A Fig. S3), which was in
accordance with other reports (Sulu et al., 2017; Yi et al., 2011).
The equilibrium SR of PNIPAm-PHEMA in water with different
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Fig. 1 – Schematic diagram of PNIPAm-PHEMA composite hydrogel.

pH, i.e. pH 3.0, 5.0, 7.0, 9.0, and 12.0, at different temperatures
are shown in Fig. 4. It can be seen that the equilibrium SR in all
the cases decreased with increasing temperature, and
underwent an especially steep drop when the temperature
rose from 25 to 37°C, which meant that PNIPAm-PHEMA
underwent an obvious phase transition at this temperature
range. This showed that the PNIPAm-PHEMA hydrogel kept its
temperature sensitivity in water of pH 3.0–12.0. In particular,
the equilibrium SR of PNIPAm-PHEMA hydrogel increased
slightly with the increase of pH value at temperatures below
25°C, which was opposite to that of homogeneous PNIPAm
hydrogel (Schild, 1992). The possible reason might be that the
terminal hydroxyl groups in PHEMA, having faintly acidic
character, were ionized in an alkaline environment, which
increased the osmotic pressure of the PNIPAm-PHEMA network; the pressure could destroy the hydrophobic microdomain formed by the hydrophobic interactions of PNIPAm, so
that the hydrophilicity of PHEMA was increased. For the
PNIPAm-PHEMA hydrogel carrier, higher equilibrium SR

should afford greater space for the diffusion of pollutant
substrate. Hence, lower temperature and higher pH conditions should be beneficial to the use of PNIPAm-PHEMA as a
physical carrier. Notably, when the temperature was above
40°C, PNIPAm-PHEMA was shrunk and dehydrated, when the
supported material should be encapsulated in it.
The LCST of the PNIPAm-PHEMA hydrogel was determined
by the differential scanning calorimetry (DSC) method. The
LCST of PNIPAm-PHEMA decreased 2°C relative to that of
homogeneous PNIPAm hydrogel (Appendix A Fig. S4). In
general, the incorporation of a second substance into the
PNIPAm should greatly change the LCST of the copolymer or
composite (Tauer et al., 2009). Here the content of PHEMA in
the PNIPAm-PHEMA composite was 20% (PHEMA/(PNIPAm +
PHEMA) = 0.2, g/g) which was much higher than in many
other copolymers or composites of PNIPAm (Li et al., 2012,
2015; Klaikherd et al., 2009). The reason should be due to the
semi-interpenetrating net structure of PNIPAm-PHEMA
(Zhang et al., 2005). The result indicated that the addition of
PHEMA had little influence on the LCST of the PNIPAmPHEMA composite hydrogel, so the content of PHEMA in
PNIAPm-PHEMA could be adjusted according to need.

2.2. Preparation of PNIPAm-PHEMA supported nZVI

Fig. 2 – FT-IR spectra of PNIPAm and PNIPAm-PHEMA.

The micromorphology of nZVI@PNIPAm-PHEMA is shown in
Fig. 3c–d. It can be seen that the surface of PNIPAm-PHEMA
was smooth. It became rough after the loading of nZVI. The
supported nZVI were particles and dispersed homogeneously
on the surface of PNIPAm-PHEMA. The size of these nZVI
was from 30 to 100 nm, and increased with increasing nZVI
loading.
The EDS spectra of nZVI@PNIPAm-PHEMA are shown in
Fig. 5. It can be seen that besides the zero-valent Fe, there
was also a peak of FexOy that should be attributed to a small
amount of oxidized iron transformed from newly formed
nZVI. The XRD spectra of PNIPAm-PHEMA and nZVI@
PNIPAm-PHEMA are depicted in Fig. 6. It can be observed
that the signal of zero-valent iron (peak at 44.9°) (Jiang et al.,
2011) was clearly detected for nZVI@PNIPAm-PHEMA,
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Fig. 3 – SEM images of PNIPAm-PHEMA and nZVI@PNIPAm-PHEMA.

whereas the signals of the iron oxide shell were not found.
This is possibly because the formed iron oxide had too low a
concentration to be detected, or because the formed iron
oxide was poorly crystalline (Sohn et al., 2006). The results of
EDS and XRD studies showed that the nZVI was successfully
immobilized on the PNIPAm-PHEMA carrier.
The loading quantity of nZVI was mainly determined by
the adsorbed quantity of Fe3+, which could be controlled by
regulating the concentration of FeCl3 solution. The loading
content of nZVI on nZVI@PNIPAm-PHEMA was 0.1548 ±

Fig. 4 – Equilibrium swelling ratio of PNIPAm-PHEMA
hydrogel in water with different temperatures and different
pH values.

0.0015 g/g, which was detected by the weighing method. The
value was the average of five trials.

2.3. The reduction of nitrophenols by nZVI@PNIPAm-PHEMA
Taking 4-NP as a model pollutant, the reactivity of nZVI@
PNIPAm-PHEMA was studied, and the results are shown in
Table 1. Each reaction was monitored by HPLC, and the data
showed that the reaction mostly reached equilibrium within
60 min (Appendix A Fig. S5–S9).
First, experiments with different volumes of 500 mg/L 4-NP
solution and 100 mL 4-NP solution with different 4-NP
concentrations reduced by 0.0548 g supported nZVI (the

Fig. 5 – EDS spectra of nZVI@PNIPAm-PHEMA.
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Fig. 6 – XRD patterns of nZVI@PNIPAm-PHEMA and PNIPAmPHEMA hydrogel.

quantity of nZVI on nZVI@PNIPAm-PHEMA prepared based on
0.3 g dry PNIPAm-PHEMA) were carried out (Table 1, entry
1–6). The results showed that 0.0548 g nZVI was excessive for
the reaction of entries 1, 2, 5, and 6, and insufficient for the
reaction of entry 3. Therefore, the following studies were
carried out based on 100 mL of 400 mg/L 4-NP solution. In
addition, the kinetics of reactions in Table 1 for the entries 3–6
were studied and shown in Fig. 7. The kinetic rate equation is
expressed in Eq. (1):
lnCt =C0 ¼ −Kobs t

ð1Þ

where C0 (mg/L) and Ct (mg/L) are the initial and residual
concentrations of 4-NP at time t, respectively; Kobs (min−1) is
the apparent rate constant. It can be seen from Fig. 7 that the
linear relationships between Ct /C0 and t had relatively
high correlation coefficients. The apparent rate constants for
reaction with 4-NP concentrations of 500, 400, 250 and
150 mg/L were 0.0608, 0.0955, 0.2543, and 0.3784 min−1,
respectively. The Kobs was reversely proportional to the initial
concentration of 4-NP, and decreased with increasing initial
concentration of 4-NP. The results showed that the reduction
reactions were well fitted by the pseudo-first-order model.
Then, the influence of initial pH was studied and shown in
Table 1, entry 4, entries 7–12 and Fig. 8. The degradation ratios
of 4-NP at the case of initial pH 3.0, 5.0, 7.0, 9.0, 10.0, 11.0 and
12.0 were 95.1%, 99.9%, 96.6%, 99.4%, 90.3%, 82.0%, and 77.1%,
respectively after the reactions were carried out for 60 min.
More than 95% degradation of 4-NP was obtained within
the pH scope from 3.0 to 9.0. Usually, the reduction of
nitroaromatic compounds by nZVI needs the participation of
protonic hydrogen, hence an acidic solution should promote
the reaction (Noubactep, 2010; Liang et al., 2015). Here, the
best degradation ratio of 4-NP was obtained at pH 5.0 rather
than at pH 3.0. The possible reason was because when the pH
was 3.0 the protonic hydrogen was in excess, and much of the
iron was wasted by acidic corrosion, so that the amount of Fe0
became insufficient. Alkaline conditions were disadvantageous to the electrode reaction of the Fe0/H2O system. It was
reported that the degradation ratio of 4-NP decreased sharply
with increasing initial pH, and was even nearly reduced to
zero when the pH was 9.0 (Lai et al., 2014) or 11.0 (Tang et al.,
2015; Liu et al., 2015). However, 82.0% and 77.1% degradation
of 4-NP were obtained at pH 11.0 and 12.0 for nZVI@PNIPAmPHEMA. By comparison, nZVI@PNIPAm-PHEMA had wide pH

Table 1 – Reduction results of 4-NP by nZVI@PNIPAm-PHEMA.
Entry
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
19
20
a
b
c
d

nZVI
(g)
0.0548

Carrier
(g)
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3

2-NP.
3-NP.
2-Chloro-4-NP.
2-Chloro-5-NP.

Volume of solution
(mL)
30
50
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100

Concentration of 4-NP
(mg/ L)
500
500
500
400
250
150
400
400
400
400
400
400
400
400
400
400 a
400 b
400 c
400 d

Temper-ature
(°C)
25
25
25
25
25
25
25
25
25
25
25
25
10
18
35
18
18
18
18

Initial
pH
7
7
7
7
7
7
3
5
9
10
11
12
5
5
5
5
5
5
5

Time
(min)
60
60
60
60/90
60
30
60
45/60
60
60
60
60
45
45
45
45
45
45
45

Degradation
ratio (%)
99.8
99.0
88.6
96.6/97.3
97.7
100
95.1
99.3/99.9
98.5
90.3
82.0
77.1
92.6
99.6
81.1
94.9
89.7
98.6
99.2
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applicability. The reason should be attributed to the existence
of terminal hydroxyl-groups in PHEMA that could be ionized
by reacting with OH−, which led to the actual pH of the
reaction mixture inside the PNIPAm-PHEMA being lower than
the pH of the reaction solution. Therefore, it was inferred that
the PNIPAm-PHEMA carrier plays a synergistic effect in the
reduction of supported nZVI. In addition, a better degradation
ratio of 4-NP was obtained at pH 9.0 than at pH 7.0, which
should be attributed to the better equilibrium SR of PNIPAmPHEMA at pH 9.0 than that at pH 7.0. In general, because of the
synergistic effect of PNIPAm-PHEMA with the supported nZVI,
nZVI@PNIPAm-PHEMA showed wide pH stability. The best pH
condition was within the pH range of 5.0–9.0.
Afterwards, the influence of reaction temperature on the
reducibility of nZVI@PNIPAm-PHEMA was studied, and the
results are shown in Table 1, for entry 8 and entries 13–15. The

degradation ratios of 4-NP in the cases of T = 10, 18, 25, and
35°C were 92.6%, 99.6%, 96.3%, and 81.1%, respectively; the
reactions were carried out for 45 min. Initially, the degradation ratio of 4-NP increased and then decreased with the
increase of reaction temperature. The reaction kinetics results
are shown in Fig. 9. The values of the reduction constant Kobs
in the case of T = 10, 18, 25, and 35°C were 0.0564, 0.0885,
0.101, and 0.0332 min−1, respectively. The value of Kobs
increased first and then decreased with the increase of the
reaction temperature. This indicates that the reduction of 4NP and nZVI@PNIPAm-PHEMA was an endothermic reaction
and higher temperatures promoted the reduction reactions,
which is in agreement with previous publications (Lai et al.,
2014). Nevertheless, both the lowest degradation ratio of 4-NP
and the lowest value of Kobs were obtained at 35°C, and the
reason should be attributed to the inefficient swelling ability
of PNIPAm-PHEMA at 35°C. According to the data of Fig. 4, the
equilibrium SR decreased from approximately 15 to around
2.5 when the temperature increased from 25 to 35°C;
therefore, the diffusion of reactants and reactions was
seriously hindered. The phase transition properties of
PNIPAm-PHEMA suggested that increasing the reaction temperature beyond the LCST was disadvantageous to the
reduction reaction, and the reduction had better efficiency at
temperatures below 35°C. In general, the best degradation
ratio of 4-NP was obtained in the temperature range between
18 and 25°C. In such conditions, the reduction soon reached
reaction equilibrium within 45 min; the fast reaction rate
should be attributed to not only the dispersed nanoscale nZVI
(Comba et al., 2011) but also the highly perforated porous
structure of PNIPAm-PHEMA.
According to the above-mentioned results, the best reaction conditions for the reduction of 4-NP and nZVI@PNIPAmPHEMA were pH 5.0–9.0, 18–25°C, 110 r/min with magnetic
stirring. Under these conditions, 99% 4-NP in 100 mL,
400 mg/L concentration in 4-NP solution could be degraded
by about 0.0548 g fresh supported nZVI (0.3548 g nZVI@
PNIPAm-PHEMA) in 45 min. Under optimal reaction

Fig. 8 – Influence of the initial pH on the degradation ratio of
4-NP (Table 1 entries 4, 7–12).

Fig. 9 – Kinetics data of reactions with different reaction
temperatures (reactions of Table 1 entries 8, 13–15).

Fig. 7 – Kinetics data of reactions with different initial 4-NP
concentrations (the reactions of Table 1 entries 3–6).
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conditions, the reductive degradation ratios of 2-NP and 3-NP
were 94.9% and 89.7%, respectively (see Table 1, entries 16 and
17), which was in accordance with the activity order of meta-,
ortho-, and para-nitro phenol. In addition, nZVI@PNIPAmPHEMA was also efficient in the degradation of 2-chloro-4nitrophenol and 2-chloro-4-nitrophenol, with nearly 99%
being changed into aminophenol in 45 min (Table 1, entries
18 and 19). However, nZVI@PNIPAm-PHEMA showed very low
reactivity for the case of chlorobenzene, which deserves more
attention in further studies.
Based on a previous publication (Fang et al., 2011), besides
reduction, 4-NP could also be removed by adsorption on the
PNIPAm-PHEMA carrier or iron oxides and hydroxides. Thus,
the conservation of material (Table 1, entry 14) was investigated. The concentrations of 4-NP and 4-AP in the reaction
mixture at different reaction times were recorded by HPLC
(Appendix A Fig. S10) and shown in Fig. 10. It can be seen that
the yield of 4-AP was always lower than the theoretical yield
during the reaction process. The difference between the real
and the theoretical yields of 4-AP was about 7%–10% with
respect to the theoretical yield. The difference might be due to
the presence of a 4-NP intermediate product or 4-AP being
adsorbed by PNIPAm-PHEMA or iron oxides and hydroxides.
According to Appendix A Fig. S10, 4-NP was directly reduced
into 4-AP, so the difference could not be due to the presence of
some intermediate products. Then, the adsorption capacities
of 4-NP and 4-AP by PNIPAm-PHEMA were studied and shown
in the inset of Fig. 10. Both 4-NP and 4-AP could be adsorbed by
PNIPAm-PHEMA. In fact, no 4-NP was detected after the
reaction reached equilibrium, and because the nZVI was
anchored on the surface of pores inside PNIPAm-PHEMA it
was inferred that the 4-NP should be reduced to 4-AP once it
was adsorbed by PNIPAm-PHEMA, so the difference was not

due to 4-NP. The adsorption percentage of 4-AP was no more
than 11%. Therefore, the difference of AP between the actual
values and the theoretical values should mainly be attributed
to the adsorption of AP by PNIPAm-PHEMA except for a small
amount converted into 4-benzoquinone (Bard and Faulkner,
2001) (Appendix A Fig. S10), moreover 4-NP was removed by
reduction by nZVI@PNIPAm-PHEMA. In addition, the adsorption ratio of 4-NP by PNIPAm-PHEMA was slightly higher than
that of 4-AP, which would be helpful for the removal of 4-NP.

2.4. The recycling and storage stability of nZVI@PNIPAmPHEMA
In practical applications for physical carriers, the reusability is
an important concern. Therefore, the regeneration and
reusability of nZVI@PNIPAm-PHEMA were investigated. From
the results shown in Fig. 11a, the degradation ratio of 4-NP
could reach 85% for the sixth recycling of nZVI@PNIPAmPHEMA. With repeated recycling, a higher amount of residue
remained on the PNIPAm-PHEMA (Appendix A Fig. S11), which
should affect the immobilization of new nZVI, so that the
reactivity of the recycled nZVI@PNIPAm-PHEMA decreased
gradually. This could be improved by changing the cleaning
method.
Because of the temperature sensitivity of PNIPAm-PHEMA
hydrogel, it shrunk and became dehydrated when the
temperature rose above its LCST, when the supported nZVI
could be encapsulated inside the carrier, which should give
nZVI@PNIPAm-PHEMA good storage stability. The degradation ratios of 4-NP by nZVI@PNIPAm-PHEMA with different
storage times are shown in Fig. 11b. From the results, the
degradation ratio of 4-NP decreased 10% after the nZVI@
PNIPAm-PHEMA was stored for 7 days. After continued

Fig. 10 – 4-NP and 4-AP concentrations in the reaction mixture at different reaction and the adsorption capacity of PNIPAmPHEMA for 4-NP and 4-AP (inset).
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PNIPAm-PHEMA, and the particle size varied from 30 to
100 nm. Taking 4-NP as pollutant model, the reactivity of
nZVI@PNIPAm-PHEMA was carefully studied. The influence of
the concentration, solution volume, initial pH and reaction
temperature on the reduction of 4-NP by nZVI@PNIPAmPHEMA was studied successfully. Because of the dispersed
nanoscale nZVI, the highly perforated porous structure of
PNIPAm-PHEMA, and the synergistic effect of PNIPAmPHEMA, nZVI@PNIPAm-PHEMA showed excellent reductive
activity and wide pH applicability. 95% 4-NP in 100 mL,
400 mg/L, 4-NP solution with initial pH 3.0–9.0 could be
reduced into 4-AP completely by using 0.0548 g of fresh
supported nZVI at 18–25°C under stirring (110 r/min) within
45 min. The degradation ratio of 4-NP was above 99% when
the initial pH was in the range between 5.0 and 9.0. The
reduction of 4-NP by nZVI@PNIPAm-PHEMA was in agreement
with the pseudo-first-order kinetic model. The reaction rate
was fast and the values of the constant Kobs were
0.0885–0.101 min−1. NZVI@PNIPAm-PHEMA was regenerated
and reusable, and about 85% degradation ratio of 4-NP was
obtained after its sixth recycling. According to the temperature sensitivity of PNIPAm-PHEMA, nZVI@PNIPAm-PHEMA
exhibited very good storage stability, with a degradation
ratio for 4-NP of 88.9% after storage for 30 days. The hybrid
reducer was also highly efficient for the reduction of 2-NP,
3-NP, 2-chloro-4-nitrophenol and 2-chloro-4-nitrophenol.
In general, the above results suggested that PNIPAmPHEMA hydrogel has good potential as a physical carrier.
nZVI@PNIPAm-PHEMA has high potential practical application value in the reductive degradation of nitrophenol
pollutants.

Fig. 11 – Degradation ratio of 4-NP using nZVI@PNIPAmPHEMA with different recycling times (a) and different
storage times (b).

storage, the degradation ratio decreased slightly. A degradation ratio of 88.9% of 4-NP was obtained when the nZVI@
PNIPAm-PHEMA was used after 30 days' storage. The first
decrease of degradation ratio should be attributed to the
oxidation of nZVI on the surface of dehydrated nZVI@
PNIPAm-PHEMA.
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