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Abstract In the current study, in situ free radical polymerization was employed to

prepare Cu2?-imprinted composite hydrogel (Cu2?-ICH). The cross-sectional

morphology of the Cu2?-ICH evaluated by scanning electron microscopy indicated

that the copper-loaded Cu2?-ICH became rougher and the pore size of the gel

became smaller compared to the unloaded Cu2?-ICH. The ability of the Cu2?-ICH

to adsorb Cu2? from aqueous solutions was assessed using batch adsorption tech-

nique. The adsorption capacity increased with the initial concentration of Cu2?, but

decreased as the temperature rose from 298 to 318 K. Thermodynamic parameters

such as Gibbs free energy (DG0), enthalpy (DH0), and entropy (DS0) for the Cu2?

adsorption were evaluated. It was suggested that the adsorption process was a

spontaneous, exothermic process that had positive entropy. Selectivity study indi-

cated that ion imprinting technique resulted in excellent affinity of the Cu2?-ICH

toward Cu2?. Finally, the adsorption mechanism was studied by Fourier transform

infrared spectroscopy and X-ray photoelectron spectroscopy. The results indicated

that copper adsorption was mainly through interactions with the amine and carbonyl

groups.
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Introduction

The discharge of heavy metals from industries into the environment has resulted in a

number of environmental problems. The heavy metals such as copper, zinc and

cadmium have become a major issue throughout the world, because they have

permanent toxic effects on all living organisms, as well as constituting a threat to the

environment even at a low concentration. Although copper is a bioessential element,

ecological impacts may be observed when copper concentrations exceed 0.2 mg/L.

According to the United States Environmental Protection Agency and World Health

Organization, the permissible limit of copper in drinking water is 1.3 and 2.0 mg/

dm3, respectively [1, 2]. Intake of excessively large doses of copper by man leads to

severe disease such as mucosal irritation and corrosion, central nervous system

irritation followed by depression, and possible necrotic changes in the liver and

kidney [3, 4]. Therefore, the elimination of copper from wastewater is highly

important to protect public health and health of other living organisms. Conven-

tional wastewater treatment technologies such as chemical precipitation, lime

coagulation, reverse osmosis, and solvent extraction have several disadvantages

including high-energy requirements, high capital investment, and generation of

secondary toxic slurries or large volumes of sludge consisting of small amounts of

heavy metals [5–7].

Hence, there is a crucial need for developing a method that is not only cost-

effective, but can also be easily implemented. In the past years, hydrogel adsorption

has been found to be an important and effective technology for removing heavy

metal ions from aqueous solutions. The main advantages of the hydrogel adsorption

are easy recovery of the heavy metals, less sludge volume produced, simplicity of

design, and the meeting of strict discharge specifications [8–10]. However,

hydrogels prepared from either natural or synthetic sources usually exhibit poor

mechanical properties [11].

The reinforcement of the mechanical properties can be achieved by the

introduction of nano-sized inorganic particles into a hydrogel matrix. Silica

particles, which have strong surface activity due to the hydrogen groups on the

surface, can mix and react with organic polymer. Therefore, silica has been widely

applied in organic and inorganic composites [12]. Generally, addition of rigid silica

particles into a polymer matrix results in an increase in the strength, modulus, and

thermal stability of the composite. It has been found that strong interactions or

chemical bonding between the polymer components and the silica particles may

provide improvement on both reinforcement and toughening [13].

In our previous study, ion imprinting technique was employed to prepare the

composite hydrogel based on acrylamide and modified silica (SiO2–NH2). The

adsorption isotherm, kinetics, selective sorption, and regeneration ability have been

investigated [14]. Ion imprinting is an attractive method for the preparation of a

selective sorbent. Due to the interaction between monomers and template ions, the

imprinted materials possess a predetermined arrangement of ligands and tailored

binding pockets, which show stronger affinity for the template ions over other

structurally related ions [15].
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The present work was in continuation to our previous studies. The morphology

and adsorption thermodynamics of the as-synthesized ion-imprinted composite

hydrogel were investigated. Meanwhile the adsorption mechanism was elucidated

by Fourier transform infrared spectroscopy (FTIR) and X-ray photoelectron

spectroscopy (XPS) analysis.

Experimental

Materials

Acrylamide (AM) and silica nanoparticles (10 nm in size) were purchased from

Sigma-Aldrich Chemicals. N,N0-Methylene bisacrylamide (MBA) and ammonium

persulfate (APS), used as a cross-linking agent and an initiator, were purchased

from Sigma-Aldrich Chemicals and used without further purification. Copper nitrate

[Cu(NO3)2�3H2O] used in sorption experiments was purchased from Shanghai

Chemical Reagents Co., China.

Preparation of Cu21-imprinted composite hydrogel (Cu21-ICH)

The Cu2?-imprinted composite hydrogel (Cu2?-ICH) was prepared according to our

previous report [14]. Briefly, a mixture of 2.25 g of AM, 0.75 g of SiO2–NH2, and

0.66 g of Cu(NO3)2�3H2O was added into distilled water, and the mixture was

stirred vigorously for 1 h. Then 0.113 g of MBA and 0.023 g of APS were added

into the solution as the cross-linker and initiator, respectively. The solution was

heated for 24 h at 65 �C until the monomer AM polymerized completely. Then the

product was treated with 1.0 mol/L HCl to completely leach Cu2?. At last, the

composite hydrogel was washed with distilled water ill neutralization and dried at

60 �C under vacuum, resulting in the desired Cu2?-ICH.

In contrast, the non-imprinted composite hydrogel (NICH) was similarly

synthesized in the absence of Cu(NO3)2�3H2O.

Adsorption capability study

Adsorption study was carried out in cylindrical glass vessels. The sample (0.1 g)

was added into heavy metal ion solutions to determine the adsorption capacity under

non-competitive conditions. The mixture was shaken in an orbital shaker at a speed

of 150 rpm. A digital pH meter was used for pH measurements, and the pH of

solutions was adjusted using the following buffer solutions: sodium acetate/

hydrochloric acid for pH 2–3 and sodium acetate/acetic acid for pH 4–5. The pH of

the metal feed solutions was adjusted before hydrogels were applied for the

adsorption process.

The amount of the residual Cu2? in the solution was determined using a Thermo

Elemental-X Series inductively coupled plasma-mass spectrometer (ICP-MS) after

24 h. The amount of adsorbed metal ion (q, mmol/g) was calculated from the

following equation:
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q ¼ ðC0 � CÞV
m

;

where C0 (mmol/L) and C (mmol/L) were the metal ion concentrations in the initial

solution and after the adsorption for different periods of time, respectively.

V (L) was the volume of the solution added and m (g) the amount of sample used.

Selective sorption study

Selective sorption study was carried out by a dynamic procedure. The imprinted and

non-imprinted composite hydrogels were, respectively, used as a column-filling

material for dynamic extraction of metal ions. Hydrogels were poured into a glass

column, and solutions containing Cu2?, Pb2?, Cd2?, and Ni2? with a concentration

of 0.005 mol/L for each kind of metal ion were passed through the column. Then the

metal ions retained on the column were eluted with 1.0 mol/L HCl solutions. The

concentration of the eluted metal ions was determined by ICP-MS.

Results and discussion

Preparation of Cu21-imprinted composite hydrogel (Cu21-ICH)

One of the most established procedures for the preparation of effective ion-

imprinted polymers is trapping of non-polymerizable ligand in polymeric matrices.

According to this method, the ion-imprinted polymeric materials containing metal

ion recognition sites are synthesized via cross-linking polymerization in the

presence of at least one imprint metal ion in the form of complex with a suitable

ligand [16]. In the present work, template ion Cu2? firstly coordinated to the –NH2

from acrylamide (AAm) and modified silica (SiO2–NH2). Then the Cu2?-ICH was

synthesized by thermal-initiated free radical polymerization of the complex Cu2?–

AAm with MBA as a cross-linker in the presence of Cu2?-(SiO2–NH2). Finally, the

product was stirred in 1.0 mol/L HCl solutions and then filtered. The process was

repeated until no Cu2? in the filtrate was detected by ICP-MS, leaving behind some

specific binding sites with functional groups in a predetermined orientation and

cavities with special size of templates.

Morphology study

The cross-sectional morphology of the Cu2?-ICH before and after Cu2? adsorption

was evaluated by scanning electron microscopy (SEM). Figure 1 shows that the

Cu2?-ICH exhibited three-dimensional porous structure before adsorption, while the

copper-loaded Cu2?-ICH became rougher and the pore size became smaller, which

suggested the uniform distribution of Cu2? on the sorbent. The results indicated that

the Cu2? binding exerted fundamental effect on the morphological feature of the

adsorbent. Similar results were found in the previous reports, such as Pb2?

adsorption onto ion-imprinted poly(vinylimidazole)–silica hybrid copolymers [17],
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Hg2? adsorption onto the poly (methacrylic acid)-based sorbents [18], and Cu2?

adsorption onto the ion-imprinted polymeric nanoparticles [19].

Adsorption behavior

The adsorption capacity of the Cu2?-ICH is an important parameter to determine

how much sorbent is required to quantitatively adsorb a specific amount of Cu2?

from aqueous solutions. According to our previous report [14], the maximum

adsorption capacity was observed at pH 5.0. Therefore, an initial pH value of 5.0

was selected as the experimental condition.

As shown in Fig. 2, the adsorption capacity of the Cu2?-ICH linearly increased

when the initial concentration of Cu2? was between 0.001and 0.005 mol/L, and

reached a plateau in the adsorption profile at 0.005 mol/L. The maximum amount of

Cu2? adsorbed by Cu2?-ICH was found to be 542.72, 512.00 and 493.38 mg/g,

respectively at 298, 308, and 318 K.

Fig. 1 SEM photographs of a Cu2?-ICH and b Cu2?-ICH with Cu2? adsorption (magnitude: 50009)
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Fig. 2 Effect of initial Cu2?

concentration on the adsorption
capacity of Cu2?-ICH at pH 5.0
with an adsorption time of 24 h
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According to our previous report [20], the maximum sorption capacity of the

non-imprinted composite hydrogel (NICH) was 474.88 mg/g at 298 K when the

initial concentration of Cu2? was as high as 0.01 mol/L. It was clearly indicated that

the Cu2?-ICH developed in this study had a great potential for the treatment of

wastewater containing Cu2? from various industries.

Figure 2 also indicated that the adsorption capacity of Cu2?-ICH decreased as

the temperature rose from 298 to 318 K. Because adsorption is an exothermic

reaction, the high temperature is disadvantageous to the adsorption process. This

result was very similar to the previous work in which the adsorption capacity of

carboxymethyl-chitosan was found to decrease with the increase of temperature

below 328 K [21].

Adsorption thermodynamics study

As related to temperature effect, the thermodynamic parameters such as Gibbs free

energy (DG0), enthalpy (DH0), and entropy (DS0) were calculated for this adsorption
system.

The Gibbs free energy change DG0 could indicate the degree of the spontaneity

of the adsorption process. For significant adsorption to occur, the free energy

changes (DG0) of adsorption must be negative. The values of the standard Gibbs

free energy were estimated using the following equation:

DG0 ¼ �RT ln K;

where R is the universal gas constant (8.314 J mol-1 K-1) and T is the Kelvin

temperature. K is the thermodynamic equilibrium constant for the adsorption pro-

cess, which was determined using the method of Wu and Yu [22] by plotting ln (qe/

Ce) versus qe and extrapolating to zero qe as suggested (Fig. 3).

Adsorption equilibrium constant K for varying temperatures has been used to

evaluate the thermodynamic parameters of this adsorption process and all the

thermodynamic parameters of the adsorption process are shown in Table 1. It was
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Fig. 3 Plots of ln (qe/Ce) as a
function of qe for the adsorption
of Cu2? by Cu2?-ICH
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clear that the equilibrium constant K decreased with increasing temperature above

298 K. This suggested that this adsorption process was exothermic [23].

The negative values of free energy change (DG0) indicated that this adsorption

process was spontaneous in nature, whereby no energy input from outside of the

system was required. The higher negative value reflected a more energetically

favorable adsorption [23]. The Gibbs free energy value at 318 K was the highest

negative value than the values of other temperatures. For that reason more

energetically favorable, adsorption occurred at 318 K.

The enthalpy change upon adsorption can be calculated from the following

equation:

lnK ¼ �DH0

RT
þ constant:

Therefore, the plot of ln K vs. 1/T gave a straight line whose slope was equal to

-DH0/R (Fig. 4). The negative value of DH0 (-136.05 kJ/mol) as shown in Table 1

suggested that the adsorption was exothermic and the adsorption process was

enthalpically favored.

The standard change in entropy can be calculated from the following equation:

DS0 ¼ DH0 � DG0

T
:

Table 1 Thermodynamic parameters of Cu2? adsorption onto Cu2?-ICH

Temperature (K) ln K DG0 (kJ/mol) DH0 (kJ/mol) DS0 (J/mol K)

298 19.15 -47.45 -136.05 297.32

308 16.55 -42.38 304.12

318 15.55 -41.11 298.55

0.0031 0.0032 0.0033 0.0034

16

17

18

19

ln
 K

1/T

Fig. 4 Plot of ln K versus 1/
T for the adsorption of Cu2?

by Cu2?-ICH
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The positive values of DS0 indicated the increased randomness at the composite

hydrogel/solution interface during the adsorption of metal ions onto composite

hydrogels and significant changes occurred in the internal structure of the adsorbent

during adsorption.

Selectivity study

Selectivity study was carried out by a dynamic procedure. The equilibrium sorption

of Cu2? on both of the Cu2?-ICH and NICH was measured in the presence of

several other metals, such as Pb2?, Cd2?, and Ni2?. Figure 5 shows the recovery

result of each metal ion by the imprinted and non-imprinted composite hydrogels. It

was evident that only a small amount of Pb2?, Cd2?, and Ni2? was retained by the

Cu2?-ICH. That was to say, the imprinted hydrogel was favorable to separate Cu2?

from the coexistence of other metals. In contrast, the NICH exhibited nearly

identical sorption capacity for all metal ions.

For ion-imprinted hydrogels, the imprinting metal ions were removed after

polymerization, leaving cavities or ‘‘imprinted sites’’ in the hydrogels, which were

complementary in shape and size of the imprinting metal ions. Therefore, the

resultant imprinted hydrogels could be used as extractants for selective separation

and enrichment of imprinting metal ions from dilute aqueous solutions by batch or

column experiments.

FTIR spectra study

Fourier transform infrared spectroscopy spectra are a useful tool to identify the

presence of certain functional groups in a molecule, as each specific chemical bond

often has a unique energy absorption band [24]. To understand the nature of copper

adsorption and identify the possible sites of copper binding to Cu2?-ICH, FTIR

spectra were obtained for Cu2?-ICH before and after copper adsorption. As shown

in Fig. 6, the strong absorption band at the wavenumber of 3414 and 1616 cm-1

was characteristic of the N–H and C=O stretching vibration. The absorbance at
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1385 cm-1 was associated with the C–N stretching. The absorption peaks at

wavenumber of 838 and 1099 cm-1 could be assigned to the presence of the Si–C

and Si–O groups, respectively [25]. After the copper sorption onto Cu2?-ICH, the

respective vibration intensity of the N–H, C–N, and C=O groups at 3414, 1385, and

1616 cm-1 weakened significantly.

Copper adsorption was found to affect all of the bonds with N and O atoms,

indicating that N and O atoms were the main adsorption sites for copper adsorption

[26]. The major change in the transmittance for the other adsorption peaks was not

obvious. For example, the absorption peaks at wavenumber of 621, 838, and

1099 cm-1, which were ascribed to the C–H, Si–C, and Si–O groups, respectively,

showed little difference before and after adsorption. According to the observed

changes in FTIR spectra of the free and copper-loaded hydrogel, it seemed that

–NH2 and C=O groups were involved in the Cu2? adsorption.

XPS spectra study

X-ray photoelectron spectroscopy spectra are widely used to distinguish the

different forms of the same element and to identify the existence of a particular

element in a material [27]. Figure 7 shows the wide-scan results of XPS spectra for

the Cu2?-ICH before and after copper adsorption. A small peak around binding

energy (BE) of 934 eV after the copper sorption clearly indicated the accumulation

of copper on the sorbent.

The high-resolution XPS spectra of N 1s are shown in Fig. 8a, b. The deconvoluted

N 1s spectrum of the Cu2?-ICH is shown in Fig. 8a and comprised two peaks with BEs

of 394.4 and 396.3 eV. The peak at 394.4 eV was attributed to the N atom in the R–

NH2 group. The peak at 396.3 eV was assigned to a high oxidation state of nitrogen

with positive charges (R–NH3
?). After the copper sorption, the BEs of the two peaks of

N 1s shifted to 395.3 and 397.1 eV, respectively, as shown in Fig. 8b. This was likely
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Fig. 6 FTIR spectra of a Cu2?-
ICH and b Cu2?-ICH with Cu2?

adsorption
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due to the formation of R–NH2Cu
2? complexes as shown in Eqs. (1) and (2) [21]. A

lone pair of electrons in the nitrogen atomwas donated to the covalent bond between N

and Cu2?. As a consequence, the electron cloud density of the nitrogen atom was

reduced, resulting in a higher BE peak.

R�NH2 þ Cu2þ ! R�NH2Cu
2þ; ð1Þ

R�NH3 þ Cu2þ ! R�NH2Cu
2þ þ Hþ: ð2Þ

The deconvolution of C 1s spectra in Fig. 8c produced three peaks with BE of

277.5, 279.1, and 282.0 eV, respectively. These peaks could be assigned to the C

atom in forms of C–C, C=O, and C–N. The carbon atoms in these three respective

organic functional groups were typical in Cu2?-ICH and had different electron

density. After copper adsorption, the binding energy of C=O and C–N shifted to

279.8 and 283.2 eV, respectively, as shown in Fig. 8d. It indicated that C=O and C–

N groups were involved in the Cu2? sorption, in which oxygen and nitrogen atoms

donated electrons to Cu2? and thus the electron density at the adjacent carbon atom

in C=O and C–N decreased [21].

In addition, the O 1s spectra could be deconvoluted into only a single peak, as

shown in Fig. 8e. The peak at the binding energy of 528.9 eV could be assigned to

the oxygen atom in the form of C=O groups. Figure 8f showed that the binding

energy of the peak for the copper-loaded sorbent had a certain degree of shift, which

was due to the copper ions bound onto the oxygen atoms and thus the electron

density toward the oxygen atoms was decreased. The changes in the BE of C=O

indicated that the C=O group was involved in the sorption of copper, which was

consonant with the observations in C 1s analysis.

Conclusions

In the present study, Cu2?-imprinted composite hydrogel (Cu2?-ICH) has been

prepared by in situ free radical polymerization. The morphology study indicated that

the Cu2?-ICH exhibited flat and smooth surface, while after Cu2? adsorption Cu2?-

200 400 600 800
Binding energy, eV

C 1s

N 1s

O 1s(a)

200 400 600 800
Binding energy, eV

O 1s

N 1s

C 1s
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Fig. 7 XPS wide-scan spectra of a Cu2?-ICH and b copper-loaded Cu2?-ICH
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ICH presented a rough surface. The Cu2? sorption on Cu2?-ICH was temperature

dependent, and the adsorption capacity decreased as the temperature rose from 298

to 318 K. The results of the thermodynamic study indicated that the metal ion

adsorption was a spontaneous and exothermic process that had positive entropy.

FTIR and XPS spectra showed that amine and carbonyl groups were involved in the

sorption of copper. The ion-imprinted composite hydrogel was favorable to separate
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Fig. 8 XPS spectra of a N 1s of Cu2?-ICH; b N 1s of copper-loaded Cu2?-ICH; c C 1s of Cu2?-ICH;
d C 1 of copper-loaded Cu2?-ICH; e O 1s of Cu2?-ICH; f O 1s of copper-loaded Cu2?-ICH
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Cu2? from the coexistence of other metals. In contrast, the non-imprinted composite

hydrogel exhibited nearly identical sorption capacity for all metal ions.
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