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Abstract—Polyethylenimine(PEI)-modified magnetic hydrogel nanocomposite absorbents (PEI-mHNAs) were fabri-
cated based on poly(acrylamide-co-acrylic acid) and PEI-modified magnetic nanoparticles by radical copolymeriza-
tion. FTIR and XRD results preliminarily confirmed the target structure of PEI-mHNAs without destroying the
structure of magnetic nanoparticles during modification and radical copolymerization. PEI-mHNAs with many rough
porous and interstitial structure had high adsorption capacity of Cu(Il) (217 mg/g), Cd(II) (232 mg/g) and Pb(II)
(459 mg/g). PEI-mHNAs had the best absorption capacity for heavy metal ions in the synthesis condition of acrylic
acid/acrylamide mass ratio of 60 : 40, 0.8% initiator, AA neutralization degree of 70%, 0.75% crosslinker, and 15% PEI-
modified magnetic nanoparticles. Moreover, PEI-mHNAs had good magnetic responsiveness, high thermal stability
and reusability, which make it a potential application in removing heavy metal ions from the contaminated wastewater.
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INTRODUCTION

Environmental issues have always been a worldwide problem by
the entire biosphere including plants and animals on earth, in which
heavy metals pollution in water is one of the most challenges. As
one of the most important substances for all living organisms, in-
cluding plants and animals on the Earth, water covers almost 75%
of the earths surface, but less than 1% of it is available for human
use [1]. However, the supply of fresh water is dwindling because of
industrial activities such as mining, electroplating, and metal pro-
cessing, releasing a large amount of wastewater contaminated by
several toxic heavy metals [2]. Heavy metals such as copper, lead
and cadmium are highly toxic even at very low concentration and
can accumulate in living organisms, interrupting the food chain,
causing severe disorders and diseases [3-5]. For example, copper
can have adverse health impact such as haemolytic anaemia, neu-
rological abnormalities, and even cancer [6]. Cadmium can cause
renal dysfunction, bone degeneration, lung insufficiency; liver dam-
age, and hypertension [7]. Lead can damage the central nervous
system, brain, kidney, liver and reproductive system [8,9]. There-
fore, the method of water purification for removing heavy metal
ions such as copper; lead and cadmium has been highly concerned
by the global scientific community.

Up to now, diverse methods have been reported for efficient
heavy metals removal from wastewater. These include filtration,
membrane separation, chemical precipitation, coagulation, sedimen-
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tation, reverse osmosis, electrodialysis, ion exchange, and adsorp-
tion [10-13]. Among these methods, adsorption has been shown
to be a simple, low-cost, efficient, and eco-friendly methodology for
decontaminating the heavy metal-containing wastewaters [14-20].
However, the regeneration of conventional adsorbents is compli-
cated and there arises a necessity for further purification during the
utilization of the adsorbents [21]. To overcome the disadvantages
of the adsorbents, magnetic nanoadsorbents are employed in treat-
ing the heavy metal ions more specifically and effectively. In addi-
tion, magnetic nanoadsorbents facilitate separation of adsorbent
from aqueous solution by using an external magnetic field [22,23].
Nevertheless, magnetic nanoadsorbents are easy to oxidize and
agglomerate and have poor acid and alkali resistance. Hence, in
order to avoid its aggregation and increase its stability against oxi-
dation as well as acidic and alkaline media, the surface of magnetic
nanoparticles was modified by polymer compounds with suitable
functional groups such as natural polymers, e.g,, chitosan and its
derivatives [24], cellulose [25], poly(1-vinylimidazole) [26] as well
as some copolymers, e.g., acrylic acid and crotonic acid [27-30].
However, disadvantages such as their low surface area and long con-
tact time limited their use in practical wastewater treatment appli-
cations [21,31].

In recent years, hydrogel polymers with three-dimensional net-
works and functional groups have been widely used in the removal
of heavy metals from aqueous solutions because of their abundant
functional groups and porous structure [32-34]. As a typical water-
soluble polyamine, polyethylenimine (PEI) contains a large num-
ber of nitrogen atoms of amine group. These amine groups have
strong adsorption ability to heavy metals [35-37]. Therefore, PEI
modified magnetic nanoparticles combine the magnetic proper-
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ties of MNPs and high heavy metals adsorption capacity of PEI [38].
If PEI modified magnetic nanoparticles can be combined with the
hydrogel polymers, absorption capacity for heavy metals will be
further improved. However, little has been reported on the prepa-
ration and its heavy metal absorption behavior of PEI-modified
magnetic hydrogel nanocomposite absorbents based on poly(acryl-
amide-co-acrylic acid) and PEI-modified magnetic nanoparticles.
In this work, we fabricated PEI-modified magnetic hydrogel nano-
composite absorbents (PEI-mHNAs) with three-dimensional net-
works based on poly(acrylamide-co-acrylic acid) and PEI-modi-
fied magnetic nanoparticles. The effects of synthesis parameters
such as acrylic acid/acrylamide mass ratio, initiator amount, AA
neutralization degree, crosslinker amount and amount of PEI-modi-
fied magnetic nanoparticles on the adsorption capacities of heavy
metal jons such as Cu(II), Cd(II) and Pb(II) were investigated. Struc-
ture, morphology and reusability of PEI-mHNAs were also evaluated.

MATERIALS AND METHODS

1. Materials

Acrylic acid (AA), acrylamide (AM), ammonium persulfate
(APS), and sodium bisulfite (SBS) were purchased from Chengdu
Kelong Reagent Chemicals (China). FeCl;-6H,0, FeCl,-7H,O and
y~chloropropyl trimethoxy silane (CTS) were purchased from
Chengdu Huaxia Reagent Chemicals (China). Polyethylenimine
(PEI) and polyethylene glycol diacrylate (PEGD) were purchased
from Chengdu Aike Chemical Reagent (China). All chemicals used
were of analytical reagent grade without further purification.

2. Preparation of Magnetic Nanoparticles (MNPs)

Magnetic nanoparticles (MNPs) were synthesized according to
a known procedure by co-precipitation method [39-41]. Typically,
19.6 g FeCl;-6H,0) and 7.2 g FeCl,-7H,O were dissolved in deion-
ized water (300 mL) and stirred at 60 °C. Then, 2 mol/L of ammo-
nia solution was added dropwise under vigorous stirring until the
pH reached 11 and the reaction mixture was stirred for 4.5 h. After
cooling to room temperature, MNPs were separated by an exter-
nal magnet and washed several times with deionized water. Finally,
MNPs were dried at 60 °C for 24 h under vacuum.

3. Preparation of CTS-Modified Magnetic Nanoparticles (CTS-
MNPs)

Typically, 1 g MNPs were dissolved in deionized water and eth-
anol (100 mL) and stirred at 50 °C under N, protection. Then, 1.5
mL 30% ammonia solution was added dropwise under vigorous
stirring, followed by slow addition of 3 mL silane coupling agent
(y~chloropropyl trimethoxy silane, CTS) under vigorous stirring.
After 4h reaction under N, protection, the temperature was cooled
to room temperature and CTS-modified magnetic nanoparticles
(CTS-MNPs) were separated by an external magnet and washed
several times with deionized water and ethanol alternately. Finally,
CTS-MNPs were dried at 60 °C for 24 h under vacuum.

4. Preparation of PEI-Modified Magnetic Nanoparticles (PEI-
MNPs)

Typically, 1 g CTS-MNPs and 1 g polyethylenimine (PEI) were
dissolved in 100 mL deionized water and stirred at 50 °C for 5h
under N, protection. After cooling to room temperature, PEI-modi-
fied magnetic nanoparticles (PEI-MNPs) were separated by an exter-

nal magnet, washed several times with deionized water and ethanol
alternately, and dried at 60 °C for 24 h under vacuum.

5. Preparation of PEI-Modified Magnetic Hydrogel Nanocom-
posites (PEI-mHNAs)

Typically, the synthesis of PEI-modified magnetic hydrogel nano-
composite absorbents (PEI-mHNAs) is as follows: 10 g acrylic acid,
10 g acrylamide and 3.61 g NaOH are dissolved in 100 mL deion-
ized water and stirred for 45 min at room temperature. Then, 3.0 g
PEI-MNPs and 0.15 g polyethylene glycol diacrylate are added into
the above monomer solution and stirred for 30 min at room tem-
perature. After that, the temperature is raised to 60 °C, followed by
the slow addition of 0.24 g ammonium persulfate and 0.077 g sodium
bisulfite. The reaction mixture is stirred for 5h at 60 °C. After cool-
ing to room temperature, PEI-mHNAs are separated by an exter-
nal magnet, washed several times with deionized water and ethanol
alternately and left over night in ethanol. Finally, PEI-mHNAs are
dried at 60 °C for 24 h under vacuum.

6. Heavy Metal Ions Adsorption Experiment Using Batch
Methods

Batch adsorption experiments were carried out on a thermo-
static shaker with a constant speed of 120 rpm at room tempera-
ture to study adsorption properties of heavy metal ions, such as
Cu(Il), Pb(Il) and Cd(II) for PEI-mHNAs. 0.1 g dry and milled
PEI-mHNASs was immersed in 100 mL heavy metal ions solution
with desired initial concentration and pH for a given time at room
temperature, and then heavy metal ions concentration left in the
solution was analyzed by atomic absorption spectrometry.

Metal absorption capacity was calculated using the following equa-
tion:

q=(G-C)V/m 1)

where q, is the amount of metal ion adsorbed (mg/g), C, and
C, are initial and equilibrium concentration of metal ion (mg/L) in
the testing solution, respectively. V is the volume of the metal ion
solution (L) and m is the mass of dry PEI-mHNAs (g).
7. Recycling Experiments for PEI-mHNAs Towards Heavy
Metal Ions

Absorbed heavy metal ions for PEI-mHNAs were desorbed with
0.5 M HCl solution for 90 min. After desorption, PEI-mHNAs were
removed from desorption solution using an external magnet, and
washed with distilled water, dried at 60 °C for 24 h, and used for
the subsequent runs. To test the recycling performance of PEI-
mHNAs, this adsorption-desorption cycle was repeated five times
using the same adsorbents.
8. Characterization of the Magnetic Hydrogel Nanocompos-
ite Absorbents

Morphologies of MNPs, CTS-MNPs and PEI-MNPs were ob-
served by JEM-100CX transmission electron microscopy (TEM).
The samples were dropped onto a copper net sprayed with car-
bon, dried in vacuum, and then tested on a transmission electron
microscope with an acceleration voltage of 100 kV. The micrographs
of PEI-mHNAs were observed by HITACHI S-530 scanning elec-
tron microscope (SEM). Before SEM observation, all samples were
fixed on aluminum stubs and coated with gold. FTIR spectrum
involved a Perkin-Elmer 1750 spectrophotometer, equipped with
an Epson Endeavour II data station. The samples were prepared as
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Fig. 1. TEM images of MNPs (a), CT'S-MNPs (b) and PEI-MNP:s (c). SEM image of PEI-mHNAs (d).

KBr pellets or as liquid films interposed between KBr discs. X-ray
diffraction analysis was on a DMX-IIIC diffractometer. Magnetic
properties were determined by a LakeShore 7407 vibrating sam-
ple magnetometer (VSM) at room temperature. Thermogravimet-
ric analysis (TGA) was from room temperature to 600 °C with a
heating rate of 10 °C/min under steady nitrogen.

RESULTS AND DISCUSSION

1. Feature of the Magnetic Materials

Fig. 1(a)-1(c) show the TEM images of MNPs, CTS-MNPs and
PEI-MNPs, respectively. It can be seen from Fig. 1(a)-1(c) that
MNPs, CTS-MNPs and PEI-MNPs have irregular particle shapes
and partial agglomeration with average size of 15-20 nm. This may
be related to the high-vacuum drying process of the TEM, during
which the magnetic nanoparticles easily agglomerate. After surface
modification with CTS and PEI, the agglomeration of magnetic
nanoparticles is reduced due to the steric effect of the organic molec-
ular chains grafted to the surface of magnetic nanoparticles [42].

As seen from Fig. 1(d), the surface of PEI-mHNAs is rough and
uneven with many rough porous and interstitial structures. This
structure can help heavy metal ions to rapidly penetrate and dif-
fuse into the three-dimensional network of the magnetic polymer
adsorbent, thereby enhancing the heavy metal adsorption of PEI-
mHNAs.
2. FTIR and XRD Analysis of the Magnetic Materials

FTIR spectroscopy is used to identify the chemical groups pres-
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ent in magnetic materials. As seen from FTIR spectrum of MNPs
(Fig. 2(a)), a broad and intense peak at around 3,439 cm is ascribed
to O-H stretching vibration. Sharp and strong peak near 584 cm™"
is assigned to Fe-O functional groups [43]. Compared with absorp-
tion peaks of unmodified magnetic nanoparticles, some new ab-
sorption peaks appear for CTS-MNPs. Absorption peaks at 2,922
cm ' and 1,131 cm™ are attributed to the characteristic absorp-
tion peak of CH, and of Si-O bond [45], respectively, indicative of
a successful graft of silane coupling agent onto the surface of mag-
netic Fe;O, nanoparticles. As compared with absorption peaks of
CTS-MNPs, some new absorption peaks occur for PEI-MNPs.
1,440 cm™ is ascribed to the NH, bending vibration [44], and 3,865
cm™' may be the N-H vibration absorption peak caused by the
hydrogen bond of PEI molecular chain, indicating that PEI is suc-
cessfully grafted onto the surface of silane coupling agent. After
copolymerization of PEI-MNPs with functional monomers, the
FTIR spectrum of PEI-mHNAs changes obviously. For example,
1,730 cm™ is ascribed to carbonyl stretching vibration, 3,450 cm™
is assigned to NH, and OH stretching vibration absorption, 1,458
cm™ is attributed to the NH, and OH bending vibration [45], and
584 cm™ is the characteristic absorption for magnetic Fe;O, nano-
particles. The results show that PEI-mHNAs has been successfully
prepared based on poly(acrylamide-co-acrylic acid) and PEI-MNPs.

As can be seen from XRD spectra (Fig. 3(b)), MNPs, CTS-MNPs
and PEI-MNPs have sharp characteristic diffraction peaks at 20=
30.23°, 35.50° 43.36°, 53.67°, 57.12° and 62.72°, corresponding to
the (220), (311), (400), (422), (511) and (440) crystal faces of Fe,O,
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Fig. 3. Magnetization (a) and TGA curves (b) of MNPs, CTS-MNPs, PEI- MNPs and PEI-mHNAs.

cubic phase, respectively. These results are consistent with the charac-
teristic diffraction peaks of standard Fe;O, (JCPDS No. 19-06290).
Note that PEI-mHNAs has characteristic diffraction peaks of stan-
dard magnetic Fe;O, at 260=30.23°, 35.50°, 57.12° and 62.72°, indi-
cating that the crystal structure of magnetic Fe;O, is not destroyed
during the radical copolymerization of acrylamide and acrylic acid.
3. Magnetic Property and TGA Analysis of Magnetic Materials

Magnetic hysteresis loop and TGA curves of magnetic materi-
als are shown in Fig. 3. As shown in Fig. 3(a), saturation magneti-
zation of MNPs reaches 67.76 emu/g. The saturation magnetization
of Fe;O, magnetic nanoparticles modified by CTS and PEI de-
creased slightly, and the saturation magnetization was 58.12 emu/g
and 51.03 emu/g, respectively. Although the saturation magnetiza-
tion of PEI-mHNAs is reduced to 16.47 emu/g due to the non-
magnetic response of the silane coupling agent and the polymer
matrix, PEI-mHNAs still has a certain magnetic response. In addi-
tion, we can also see that all magnetic materials are superparamag-
netic due to their zero remanence and coercivity. Therefore, PEI-
mHNAs can facilitate solid-liquid separation by an external mag-
net with the advantages of high separation efficiency, time, labor
saving and no secondary pollution.

MNPs, CTS-MNPs and PEI-MNPs

TGA curve of MNPs (Fig. 3(b)) shows slight weight loss (3.8%)
around 600 °C, which should be caused by the dehydration of hy-
droxyl groups on the surface of magnetic Fe;O, nanoparticles during

the heating process. This demonstrates that MNPs has high ther-
mal stability. Weight loss of CTS-MNPs reached 13.7% from 270 °C
to 600 °C due to the decomposition of the silane coupling agent
grafted onto the surface of magnetic nanoparticles, indicating that
silane coupling agent was successfully grafted onto the surface of
magnetic nanoparticles with the content of about 13.7%. In com-
parison, residue for PEI-MNPs at 600 °C was 79.5%, from which
we could calculate that the content of PEI chains was 6.8%, indi-
cating that PEI chains were successfully grafted onto the surface of
CTS-MNPs. Weight loss for PEI-mHNAs between 30-150 °C can
be attributed to a small amount of evaporation of adsorbed water.
Weight loss for PEI-mHNAs reached 37.5% between 280-500 °C,
which was mainly ascribed to decomposition of polymeric matrix
chains as well as silane coupling agent and PEI chains grafted onto
magnetic nanoparticles. The thermal decomposition temperature
of PEI-mHNAs exceeded 280 °C, indicating high thermal stability
of PEI-mHNAs.
4. Effect of Acrylic Acid/Acrylamide Mass Ratio on Heavy
Metal Ion Adsorption of PEI-mHNAs

Effect of acrylic acid/acrylamide mass ratio on heavy metal ion
adsorption of PEI-mHNAs is presented in Fig. 4. Adsorption capac-
ity of PE-mHNAs for heavy metal ions Cu**, Cd** and Pb* in-
creased first and then decreased with increasing acrylic acid/acryl-
amide mass ratio. When the mass ratio of acrylic acid/acrylamide
was 60 : 40, the adsorption capacity of PEI-mHNAs for heavy metal
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Fig. 4. Effects of AA/AM mass ratio on the adsorption capacity of
copper, cadmium and lead ion for PEI-mHNAs.

ions reached the maximum.

In general, both carboxyl group and amide group can adsorb
heavy metal jons. COO™ can absorb heavy metal ions by way of
chelating and electrostatic force with heavy metal ions, while CONH,
absorbs heavy metal ions by complexation. Hence, COO™ group has
higher heavy metal ion than CONH, group, and higher acrylic
acid/acrylamide mass ratio can upgrade the heavy metals adsorp-
tion of the adsorbents. However, excessive acrylic acid/acrylamide
mass ratio will reduce the heavy metals adsorption of the adsor-
bents. The greater the concentration of acrylic acid, the greater of
the monomer reactivity, the faster of copolymerization, resulting
in rapid temperature rise during radical copolymerization. This
will lower the molecular weight of the polymer and form a dense
polymer network structure, which is not conducive to the diffu-
sion of heavy metal ions into the polymer gel network, and reduces
the adsorption of heavy metal ions for PEI-mHNAs.

5. Effect of AA Neutralization Degree on Heavy Metal Ion
Adsorption of PEI-mHNAs

Fig. 5 shows the effects of neutralization degree of AA on heavy
metal ion adsorption capacity of PEI-mHNAs. Adsorption capac-
ity of PEI-mHNAs for heavy metal ions Cu’*, Cd** and Pb*" in-
creased with increasing AA neutralization degree. However, when
AA neutralization degree was greater than 70%, the adsorption
capacity of heavy metal ions of PEI modified magnetic polymer
adsorbents decreased instead.

Copolymerization reactivity is relatively high at low AA neutral-
ization degree due to the high reactivity of AA under acid condi-
tion, causing rapid copolymerization reaction rate, rapid tempera-
ture rise and dense polymer networks. Besides, the electrostatic
repulsive force between polymer molecular chain is low under
acidic conditions, which makes it difficult for heavy metal ions to
diffuse and penetrate into the three-dimensional polymer network,
thus reducing the adsorption of heavy metal ions for the absor-
bents. However, when AA neutralization degree is greater than
70%, the concentration of counterion Na* within the polymer net-
work is high, resulting in an increasing shielding effect and reduc-
tion of the electrostatic repulsive force between the polymeric chains,
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Fig. 5. Effects of neutralization degree of AA on the adsorption capac-
ity of copper, cadmium and lead ion for PEI-mHNAs.
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Fig. 6. Effects of crosslinker amount on the adsorption capacity of
copper, cadmium and lead ion for PEI-mHNAs.

which is not beneficial to the expansion and extension of the poly-
mer three-dimensional network, and reduces the adsorption capac-
ity of heavy metal ions for PEI-mHNAs.
6. Effect of Crosslinker Amount on Heavy Metal Ion Adsorp-
tion of PEI-mHNAs

Crosslinker has a vital influence on the crosslinking density, mesh
size, rigidity and strength of the polymer networks, and thus finally
affects the heavy metals adsorption of the adsorbents. Fig. 6 shows
the influence of crosslinker amount (based on AA and AM mass)
on the heavy metal ion adsorption capacity of PEI-mHNAs. As
can be seen from Fig. 6, when crosslinker amount was less than
0.75%, the adsorption capacity of heavy metal ions of PEI-mHNAs
increased with the increase of crosslinker amount. However, when
crosslinker amount was greater than 0.75%, the adsorption capac-
ity of heavy metal ions of PEI-mHNAs decreased gradually. It is
difficult to form a perfect three-dimensional polymer network when
crosslinker amount is low, which is not conducive to the adsorp-
tion of heavy metal ions. However, excessive crosslinker will fur-
ther increase the crosslinking density of the polymer network,
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Fig. 7. Effects of initiator amount on the adsorption capacity of cop-
per, cadmium and lead ion for PEI-mHNAs.

forming more densely and rigidly polymer three-dimensional net-
works, making it difficult for heavy metal ions to penetrate into
polymer networks. Therefore, too low or too high amount of cross-
linker will both reduce the adsorption capacity of heavy metal ions
for PEI-mHNAs.
7. Effect of Initiator Amount on Heavy Metal Ion Adsorption
of PEI-mHNAs

Fig. 7 demonstrates the influence of initiator amount (based on
AA and AM mass) on the heavy metal ions adsorption capacity of
PEI-mHNAs. As can be seen, heavy metal ions adsorption capacity
of PEI-mHNAs reached the maximum in the condition of 0.8%
initiator. Too low or too high amount of initiator would reduce the
adsorption capacity of heavy metal ions for PEI-mHNAs. When
initiator amount is less than 0.8%, the reaction system has fewer
free radicals, which leads to a low reaction rate and is not in favor
of the formation of three-dimensional network structure. On the
other hand, excess initiator can decompose and release a number
of free radicals, which can reduce the molecular weight between
polymeric network mesh, making the polymer network more dense
and heavy metal ions more difficult to diffuse into the polymeric
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Fig. 8. Effects of PEI-MNPs amount on the adsorption capacity of
copper, cadmium and lead ion for PEI-mHNAs.

network. Hence, too low or too high amount of initiator will both
reduce the adsorption capacity of heavy metal ions for PEI-mHNAs
with the optimum amount of initiator of 0.8%.

8. Effect of PEI-MNPs Amount on Heavy Metal Ion Adsorp-
tion of PEI-mHNAs

Effects of PEI-MNPs amount (based on AA and AM mass) on
heavy metal ion adsorption of PEI-mHNAs were studied and the
results are shown in Fig. 8. Heavy metals absorption capacity in-
creased when PEI-MNPs amount increased from 5% to 15%, and
then decreased with further increasing amount of PEI-modified
magnetic nanoparticles. When PEI-MNPs amount was 15%, PEI-
mHNAs reached the maximal absorption capacity for Cu** (217
mg/g), Cd** (232 mg/g) and Pb** (459 mg/g).

With increasing amount of PEI-MNPs, more PEI macromole-
cules can interact via hydrogen bond and become entangled with
polymer matrix molecules to form multi-level three-dimensional
networks, which enhances the adsorption capacity of heavy metal
ions for the adsorbent. In addition, PEI chains contain many amino
and imine groups which have good adsorption for heavy metal
ions. Consequently, the adsorption capacity of PEI-mHNAs for

Table 1. Adsorption capacities of heavy metals for various PEI adsorbents in the literature

Adsorbents Maximum adsorption capacity (mg/g) References
Alginate-PEI aerogel (Alg-PEI) 214.4 (Cu™) [45]
PEI functionalized magnetic Fe;O, 143 (Pb*) [46]
PEI-magnetic MNPs@SiO, 143 (Cu™) [47]
DTPA grafted PEI-carboxylated GO 309.6 (Cu™), 316.2 (Pb™") (48]
Crosslinked PEI-dithiocarbamate 206 (Cd™), 215 (Cu™), 451.8 (Pb™) [49]
PEI-palm shell activated carbon 14.1 (Cd™), 53.5 (Pb™) (50]
PEI-bacterial cellulose 148 (Cu™), 141 (Pb*) [51]
Alginate/PEI hydrogel(Alg-PEI) 322.6 (Cu™), 344.8 (Pb*") (52]
PEI-immobilized pineapple fiber 273 (Cu™), 165 (Pb*") [53]
Nanocellulose/PEI aerogels 1754 (Cu*"), 357.4 (Pb*") [54]
Chitosan-graft-PEI-Dithiocarbamate 178.7 (Cd™), 138.9 (Cu™), 337.7 (Pb™) (55]
PEI-mHNAs 217 (Cu™), 232 (Cd™), 459 (Pb™) This work
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Fig. 9. Recycling performance for PEI-mHNAs toward heavy metal
ions.

heavy metal ions increases with increasing PEI-MNPs amount.
However, excessive PEI-MNPs have adverse effects on the heavy
metal ions adsorption capacity of PEI-mHNAs. Acting as the
physical crosslink point, excess PEI-MNPs will further increase the
crosslinking density of the magnetic polymer adsorbents, making
polymer chains difficult to stretch and expand, thus decreasing
heavy metal ions adsorption capacity of PEI-mHNAs.

Comparing the heavy metals adsorption capacity of PEI-mHNAs
with other PEI absorbents reported in the literature (Table 1), ob-
viously, PEI-mHNAs has good heavy metals adsorption capacity
and is better than most of the other PEI absorbents. This indicates
that PEI-mHNAs is an excellent adsorbent, with huge potential in
the practical application of the heavy metal ions removal.

9. Recycling of PEI-mHNAs for Heavy Metal Ions

The regeneration and reuse of adsorbents are important crite-
ria for practical applications. Continuous adsorption-desorption
experiments were conducted and the results are shown in Fig. 9.
After five cycles, removal efficiency of heavy metal ions decreased
to 71.6% (Cu(Il)), 72.1% (Cd(II)) and 72.8% (Pb(II)) of those for
the first absorption, indicating good reversibility of Cu(II), Cd(II)
and Pb(II) and good recydlability for PEI-mHNAs. The decrease
of removal efficiency may be caused by a few active sites not being
released or incomplete desorption.

CONCLUSION

PEI-modified magnetic hydrogel nanocomposites (PEI-mHNAs)
with three dimensional networks were prepared by radical copoly-
merization of acrylamide and acrylic acid in the presence of PEI-
modified magnetic nanoparticles. FTIR and XRD results show that
PEI-mHNAs were successfully prepared without destroying the
high crystallinity of magnetic Fe;O,. PEI-mHNAs had high adsorp-
tion capacity of Cu(Il) (217 mg/g), Cd(Il) (232 mg/g) and Pb(II)
(459 mg/g) because of its porous and interstitial structure and multi-
ple adsorption groups. PEI-mHNAs had the maximal absorption
capacity for heavy metal ions in the synthesis condition of acrylic
acid/acrylamide mass ratio of 60:40, 0.8% initiator, AA neutral-
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ization degree of 70%, 0.75% crosslinker, and 15% PEI-modified
magnetic nanoparticles. In addition, PEI-mHNAs had good mag-
netic responsiveness, thermal stability and recycling performance,
making it a potential application in removing heavy metal ions from
the aqueous solution.
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