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Abstract Removal of heavy metals from aqueous solu-
tions has attracted much attention worldwide. Many
processes and technologies have been developed to remove
heavy metals ions. In our previous study, a silica-poly
acrylic amphoteric hybrid hydrogel was successfully
prepared with double-network (DN) structure using
y-aminoporpyltriethoxysilane as precursor through a
two-step sequential network formation technique. In
the present research, the absorption behavior of this
hydrogel was investigated carefully using Cu®" ions
and Cr,O,%> ions as representatives of negative and
positive ions respectively. Under different adsorption
conditions, the adsorption behaviors of the hydrogel
were studied in detail, including initial concentration
of the adsorbed ions, adsorption time, pH and ionic
strength. The results showed the absorption capacity to
Cu®" can reach 700 mg/g with an initial Cu®" concen-
tration of 1,200 mg/L within 2 h. The experimental
results show that the Freundlich adsorption law is applicable
to the adsorption of Cu** and Cr,0,> on the hydrogel.
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Introduction

Removal of heavy metals from aqueous solutions has
attracted scientists’ interest worldwide. Many processes
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and technologies have been developed and applied to
remove heavy metal ions from water, such as precipita-
tion or the use of an exchange resin, membrane filter or
an absorbent. Among which, the use of absorbents is an
effective method from both economic and technological
viewpoints.

The industrial and biomedical applications of hydrogels
made from either natural or synthetic sources are strongly
limited by their poor mechanical properties [1]. Organic—
inorganic hybrid hydrogels showed higher mechanical
strength compared with traditional organic hydrogels
[2-5]. Recently, a lot of work reported on preparation of
hybrid hydrogel by introducing silica [6—8], however, in
which the high mechanical strength is achieved by the
sacrifice of swelling capacity [9]. To increase the mechani-
cal strength of hydrogels, three kinds of hydrogels with
unique structures and high mechanical strength have been
developed. Slide-ring gels are topological (TP) networks
[10, 11], Nanocomposite (NC) gels [12—15], and double-
network (DN) materials generally consist of two indepen-
dently cross-linked networks, these hydrogels apparently
exhibit the best mechanical properties when the first net-
work is highly cross-linked and the second only lightly
cross-linked [10].

One of most important function with amphoteric hybrid
hydrogel is to separate and recover both cation and anion
from contaminated water via the electrostatic effect.
Because it not only combines the advantages of organic
and inorganic materials but also exhibits some distin-
guished properties, such as structural flexibility and
thermal and mechanical stability. In our previous study
(not published data), a silica-poly(acrylic acid) (PAA)
amphoteric hybrid hydrogel was successfully prepared
with DN structure using y-aminoporpyltriethoxysilane as
precursor through a two-step sequential network forma-
tion technique. The prepared DN hydrogel showed
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significant high mechanical strength. In this paper, the adsorp-
tive capacities of the Silica-PAA amphoteric hybrid
hydrogel with DN structure to cations and anions
(Cu** and Cr,0,> were chose as model ions) were
investigated in a range of systems. The effects of var-
ious parameters such as ionic density, pH, and ionic
strength were investigated.

Experimental
Materials

Hydrochloric acid (HCI), ammonium persulfate (APS),
N,N'-methylenebisacrylamide (BIS) ammonium persul-
fate (APS) and NaOH were purchased from Tianjin
Chemistry Reagent Factory (Tianjin, China). Sodium
hydroxide (NaOH), Cupric sulfate (CuSO4) and Potassi-
um dichromate (K,Cr,O7) were purchased from Tianjin
Yonghao Fine Chemicals Co (Tianjin, China). Ltd.
Acrylic acid (AA) was purchased from Chengdu Kelong
Chemistry Reagent Factory (Chengdu, China). -
aminoporpyltriethoxysilane were purchased from Hubei
Wuda silicone material company (Hubei China). Sodium
chloride (NaCl) was purchased from Beijing Chemical
Reagent Company (Beijing, China). Deionized water
was used in all experiments, and all other chemicals
and solvents were of analytical grade and used without
any further purification.

Preparation of DN hydrogels

The hydrogel was prepared by in-situ copolymerization
of acrylic acid (AA) and tetramethoxysilane in solution.
Facture as follow, y-aminoporpyltriethoxysilane was dis-
persed in 0.01 wt.% acrylic acid (AA) solution under
stirring for 40 min in an ice bath to make a uniform
solution. The volume of tetramethoxysilane to 0.01 wt.% AA
was kept at a ratio of 2:5 (v/v). And then designed -
aminoporpyltriethoxysilane solution was added into 10 mL
AA neutralized to a neutralization degree of 70 mol% with
30 wt.% NaOH solution in an ice bath before, and stirred for
another 10 min to make solution even. Afterwards, 0.03 wt.%
organic crosslinker N,N"-methylenebisacrylamide and 1 wt.%
initiator ammonium persulfate (APS) both concentration rel-
ative to AA weight were added to the system, additional water
was added to make all the volume equally, the solutions were
stirred for another 5 min, the components of solutions was
illustrated in Table 1. The solution was finally transferred into
the sealed plastic tubes (interior size = 19 mm diameterx
150 mm length) and then was put in a constant temperature
bath at 50 °C for 2 h. After polymerization, the resulting
hydrogels were removed, lay aside for a night, then cut into
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small pieces, and soaked in a large amount of deionized
water for at least 24 h in order to remove monomers and
oligomers which were not actually incorporated into the hydro-
gels, and then hydrogels were soaked in ethanol to deprive the
contained water. Finally, the prepared hydrogel was dried in an
oven at 80 °C until a constant weight was obtained.

Adsorption behaviors under different conditions

The adsorption experiments of these hydrogel for heavy-
metal ions were carried out in a series of beaker containing
the 0.1 g prepared hydrogel and the 250 mL solution at the
desired concentration of ions (Cu”* and Cr,0,>"), initial pH
(adjusted by dilute hydrochloric acid and NaOH) and dif-
ferent ionic intensities in the atmosphere temperature. Over
a short time scale, the hydrogels were removed and the
concentrations of ions after the adsorption were analyzed
by atomic adsorption devices (for Cu*") or ultraviolet spec-
trophotometer (for Cr,0,>"). The absorption capacity to Cu*"
and Cr,0,° ions (mg/g) can be calculated using following
equation:

A=[V(C - C)]/W

Where V is the volume of solution, W is the weight of the
Hydrogel(g), C1, C2 are the concentrations of ions before
and after the adsorption, respectively (mg/L)[16].

The removal ratio of Cu®" and Cr,0,% (%) were
determined by using the following equation:

Removal Ratio(%) = [(W; — W2)/W;] x 100

Where W is the weight of ions before adsorption (g) and
W, is the weight of ions after adsorption (g)[17].

Results and discussion

The prepared hydrogels were characterized by Fourier trans-
form infrared (FTIR) spectroscopy, transmission electron
microscopy (TEM), and electronic universal material
testing machine. The results showed two independently
cross-linked networks were formatted, PAA and Silica.
The inorganic networks play as the second network in
DN structure preventing cracks from growing to the
point of producing catastrophic failure of the material
[10]. And more, the silica network also provided -NH, groups
which can increase the salt tolerance of hydrogels [18].
In this work, a series of hydrogels were prepared with
different silica ratio, among which, product 3 can sus-
tain highest compressive stress of 58 kPa with a water
content of 99.00 wt.% (Table 1), and was chose to
investigate its absorption behavior.
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Table 1 Designation and com-
position of hydrogels Products AA/mL NaOH/mL Tetramethoxysilane/mL Deionized water/mL BIS/mL
1 10 13.6 0 7 0.4
2 10 13.6 1.8 52 0.4
3 10 13.6 35 3.5 0.4
4 10 13.6 53 1.7 0.4
5 10 13.6 7 0 0.4

Adsorption kinetics

To systematically study the adsorption behavior of the
hydrogel, at first 0.1 g Silica-PAA hydrogel was dispersing
in 250 mL 3 mg/mL CuSO, solution or 0.3 mg/mL K,Cr,0,
solution at room temperature. All solutions were used directly
without adjusting pH value of solution. The amount of
adsorption ions were monitored via time. Experimental
results were illustrated in Fig. 1. It was observed that
the adsorption amount increased via time gone, the
adsorption equilibrium was gotten around 60 min to
Cu*" jon, and 120 min to Cr,O,> ion. In this work,
the amphoteric hydrogel was used, in which total amount of
carboxylate group (provided by the first network, PAA) is
much larger than that of amino group (provided by the second
network, silica), so the absorption capacities of Cu®" ion was
much bigger than that of Cr,O,>~ ion.

Effect of pH on the adsorption of hydrogel
to Cu*" and Cr,0,% ions

At room temperature, 0.1 g hydrogel was dispersing in
100 mL of 3 mg/mL CuSO,4 solution with a pH range of

Fig. 1 Adsorption kinetics of
Cu?" and Cr,0,*~ onto

24 or 0.3 mg/mL K,Cr,0O5 solution with a pH range of 3—
12. As obtained results (Fig. 2), to Cu®" ion, the adsorption
capacity of the hydrogel increased along with pH. At pH 2,
adsorption for Cu*" ion was 548 mg/mL, and when the pH
3.5, the max adsorption capacity of 690 mg/mL attained. It
is due to that the higher the pH is, the more quantity of —
COO' the solution have and the more Cu** will be adsorbed
by the hydrogel through static attraction between —COO ™
and Cu®". This result seems a little different from that using
negatively charged hydrogel, in which the adsorption mech-
anism was only based on electrostatic interaction between
negatively charged group and Cu”" ion [19]. In which, at pH
2, adsorption for Cu?" ion was negligible. In this study, the
amino group was introduced into hydrogel, and partly con-
tributed to the absorption capacity of hydrogel through
coordination bond.

To Cr,0,> ion, at pH 2, the highest amount of adsorp-
tion was gotten, reached at 19.1 mg/mL, and adsorption
capacity decreased with pH value of solution increasing.
At pH 7, the total amount of Cr,0,%  ion was only
2.2 mg/mL. There are two reasons: the first, when pH is
low, the degree of dissociation of —COOH is little and there
has a few of -COO " exists in the network of the hydrogel,
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Fig. 2 Effect of pH value on pH
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so the electrostatic repulsive force which Cr,0;> has
from —COO™ is small, so more Cr,O,> can enter into
the network of the hydrogel. On the contrary, when pH is high,
there will be more —COO ™ dissociated from —COOH, the huge
electrostatic repulsive force between —COO ™ and Cr,0,%,
and lowers the adsorption capacity of Cr,O,> . The second,
with the pH increasing, the number of -NH** group would
decrease, the electrostatic interaction between —NH;" group
and Cr,O,> ion turned weak.

Fig. 3 Effect of ionic strength
on the adsorption capacities
of hydrogel to Cu®" and

According to above the experimental result, the follow-
ing experiments for adsorption of Cu?" and Cr,0,* ions
were carried out at pH 3.5.

Effect of ionic strength
To investigate the effect of ionic strength on the adsorption

capacity of hydrogel, at pH 3, 0.1 g hydrogels was added
into 100 ml of 3 mg/ml CuSO, solutions or K,Cr,0O; with a
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Fig. 4 Effect of initial ion
concentration on the
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NaCl concentration of 7, 9, 12, 15, 30 wt.%, respectively,
and stood 24 h. The ion adsorptive capacity of hydrogels
was determined. Results were illustrated in Fig. 3.

To both of Cu*" and Cr,O,> ions, along with ionic
strength increasing, the adsorption capacity of hydrogel
decreased. Adsorption capacity of hydrogel to cation and
anion strongly rely on the ionic strength. One possible
explanation for this phenomenon is an electric-shielding
effect. Salt additives would screen the electrostatic interac-
tions of the carboxylic groups of poly(acrylic acid) and
make the polymer chains cohere and shrink [18, 20].
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Effect of initial ion concentration

In theory, the adsorption capacities of adsorbents for metal
ions should increase with the increasing of initial ion con-
centration, and when the initial ion concentration increased
to a certain range, the adsorption capacities would reached
maximum, and not change or just vary very few. But our
experimental results were contradicted with this presume. In
this study, at pH 3, 0.1 g hydrogels was added into 100 ml of
CuSO, solutions, the concentration of Cu>" ion ranged from
0.4 mg/mL to 12 mg/mL or K,Cr,O5 solutions, the
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Fig. 5 Freundlich isotherm for the adsorption of a. Cu?" and b. Cr,O,> ions onto hydrogels
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concentration of Cr,O,% ion ranged from 0.2 mg/mL to
0.6 mg/mL with a NaCl concentration of 7 wt.%, respectively.

From Fig. 4, it can be seen that while the initial ion
concentration increased, both to Cu®" and Cr,O,> ions, the
adsorption capacity of the hydrogel continuously increased.
To cationic Cu®" ion, the adsorption amount reached
7,000 mg/g in 12 mg/mL Cu®" solution; however it seems
that this point is not the ending. Limited by the solubility of
CuSOy, no further adsorption experiment was done. So does
to anionic Cr20727 ion, in which the adsorption amount is
18 mg/g in 0.6 mg/mL. This results may be caused by the
structure of hydrogel, which is appropriate to be linked by the
three-dimensional network structure and can significantly
absorb a large amount of water or ion solution.

Adsorption isotherms

The Freundlich isotherm expression is empirical equation
based on adsorption on a heterogeneous surface, describes
reversible adsorption, is not restricted to the formation of
monolayer, and predicts that the initial ion concentrations on
adsorbents would increase so long as there is an increase in
the initial ion concentration in solution [5]. The equilibrium
isotherm data were characterized by Freundlich equation.
The Freundlich equation can be expressed as a simple model
as follow:

InQ. = n InC, + InK¢

Where Q. (mg/g) is the equilibrium value for removal of
adsorbate per unit weight of adsorbent, C. (mg/L) is the
equilibrium concentration of metal ion in solution, and Ky
and n are Freundlich isotherm constants which are related to
the adsorption capacity (or the bonding energy) and inten-
sity of the sorbent, respectively [21, 22]. Equilibrium data
obtained were fitted to Freundlich isotherms, linear plots of
InQ., versus InC, for the different initial ion concentrations
was presented in Fig. 5. The co-efficient of co-relation (R%)
was found to be as high as 0.9863 and 0.9223 for adsorption
of Cu®" and Cr,0,>" ions indicating good compliance with
Freundlich model. Freundlich equation value of Ky is
145.67 and 8.42 mg/g, the value of n is 0.66 and 0.94
to Cu®" and Cr,0,° ions respectively. According to
Freundlich adsorption theory, the n values between 0.1
and 1 represented favorable adsorption conditions [23].
These results showed that the equilibrium adsorption
data of Cu®" and Cr,O,> ions conformed well to the
Freundlich isotherms.

Conclusion

The adsorption properties of silica-PAA amphoteric hybrid
hydrogel with DN structure for cation and anion (Cu®>* and
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Cr,0-°) from water solution were investigated. It was found
that not only ion density but also external stimuli such as the
pH, and ionic strength of solution, play an important role in
the adsorption behavior of the hydrogel. Compare with
previous report, after introduced silica network, the silica-
PAA amphoteric hybrid hydrogel with DN structure can
keep high mechanic strength, and also showed high adsorp-
tion capacity to cation and anion. The adsorption of the
hydrogel followed Freundlich isotherm.
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