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Abstract In this study, a series of poly acrylamide-co-acrylic acid/NaY zeolite,

poly acrylamide-co-acrylic acid/MCM-41, and poly acrylamide-co-acrylic acid/

clinoptilolite nanocomposites were synthesized. These materials were characterized

by using FT-IR spectroscopy, XRD, TGA, and SEM. Removal capacity of Pb(II)

and Cd(II) ions in aqueous solutions by using these nanocomposites was investi-

gated with controlled time, initial metal ions concentration, pH values, adsorbent

content, and temperature by using atomic absorption spectrometry. Results show

that these nanocomposites have further adsorption related to NaY, MCM-41, and

clinoptilolite. Poly(AAm-co-AAc)/NaY, poly(AAm-co-AAc)/MCM-41, and poly(-

AAm-co-AAc)/clinoptilolite exhibit superior Pb(II) (about 90–99%) and Cd(II)

(about 88–98%) adsorption behavior at room temperature and the poly(AAm-co-

AAc)/NaY nanocomposite had the best adsorption behavior. Finally, the equilib-

rium removal performance of the composites is analyzed according to the Langmuir

and Freundlich adsorption isotherm model that shows result fitted to Langmuir

model and have monolayer adsorption.

Keywords Poly acrylamide-co-acrylic acid � Porous material � Removal � Pb(II) �
Cd(II)

Introduction

Heavy metals are nowadays among the most important pollutants in source and

treated water, and are becoming a severe public health problem, can be toxic to
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aquatic life and cause natural waters to be unsuitable as potable water sources [1].

Lead is potentially toxic for humans via interaction with sulfhydryl group of

proteins and aquatic lives causing reduction in root growth and loss of apical

dominance of plants. In addition, adverse health effect due to cadmium has reported

to cause renal disturbances, lung problems, bone lesions, cancer, and hypertension

in humans. Then, removal of lead and cadmium from environments particularly

from wastewater is very important [2–7]. In order to reduce heavy metal pollution

problem, heavy metals in the environment removed by some processes such as

oxidation–reduction processes, filtration, electrochemical treatment, evaporation,

ion exchange or reverse osmosis, and adsorption [8].

Recently, the adsorption process with strong affinity and high loading capacity

for targeted metal ions has developed much attention which has paid to modification

of superabsorbent [9–11]. Superabsorbent hydrogels are loosely cross-linked

hydrophilic polymers that can absorb, swell, and retain aqueous solutions up to

hundred times their own weight. In the last several years, some attempts have been

done to modify the properties of superabsorbents the incorporation of nano or micro

particles of inorganic materials such as montmorillonite, kaolin, mica, bentonite,

and sercite and laponite clay into polymer networks have been recently investigated

[12–16]. Although, much preparation have focused on the improvement of the

swelling ability, gel strength, mechanical and thermal stability of superabsorbents

but adsorption of heavy metals by these composites is very important for selection

of suitable adsorbent to metals removal from aqueous solutions [17–19].

In this study, a series of poly acrylamide-co-acrylic acid/NaY zeolite, poly

acrylamide-co-acrylic acid/MCM-41, and poly acrylamide-co-acrylic acid]/clinop-

tilolite composites were synthesized and characterized. In addition, their removal

capacity of Pb(II) and Cd(II) ions investigated in aqueous solutions. Finally, the

equilibrium removal performance of the composites is analyzed according to the

Langmuir and Freundlich adsorption isotherm model.

Experimental

Materials and methods

NaY zeolite with molar ratio: 16 NaOH:1 Al (OH)3:15 SiO2:320 H2O [20] and

MCM-41 with molar ratio: 1 TEOS:0.13 CTMABr:5.4 HCl:150 H2O [21] were

synthesized in our laboratory and activated according to the procedure described

previously and all of them were used without further purification. Final product was

characterized with X-Ray diffractometer (Philips 8440) with radiation at room

temperature Cu Ka, FT-IR (Galaxy series FT-IR 5000 spectrometer), TGA

(Diamond TG/DTA Perkin Elmer), and SEM (Philips, XL30).

Synthesis of poly(AAm-co-AAc)/NaY, MCM-41, clinoptilolite composites

The optimum molar ratio of initial materials for preparation of poly(AAm-co-AAc)

considered at prior work in our laboratory [22]. Several nanocomposites were
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prepared with NaY zeolite, MCM-41, and clinoptilolite by radical graft copoly-

merization. Typical preparation conditions for samples are as follows:

At first, potassium acrylate was prepared by partially neutralizing a diluted

acrylic acid solution with a predetermined amount of 50 wt% aqueous potassium

hydroxide solution which was added drop wise in an ice bath. Then, the 0.23 g

cross-linker (N,N0-methylene bis’ acrylamide) carefully added to the acrylamide

solution (3.19 g). Then, 0.2 g of NaY zeolite, MCM-41, or clinoptilolite that was

ultrasounded for 1 h before use for getting nano size was slowly added to stirring

monomer mixture. Then, the first neutralized solution was added to it. The obtained

suspension was mixed by a 300-rpm magnetic mixer for 30 min. In the next step,

TMED and APS (30 wt%) were added to the pore material–polymer mixed solution.

Finally, the temperature of the reaction mixture was rapidly increased to 90 �C

during less than 6 min. Then, the products removed from the beaker, cut to small

pieces, and dried 72 to 96 h in laboratory conditions.

Adsorption studies

Adsorption experiments were evaluated in batch equilibrium mode. All experiments

were done by mixing 25 mL of aqueous solution of Pb(II) and Cd(II) ions with

different quantities (5, 10, 15, 20, and 25 mg) of synthetic composites. The mixtures

were shaken in an orbital shaker (IKA-OS2) at 300 rpm at desired temperature and

contact time and then the suspensions were filtrated. The pH values of initial

solutions were adjusted with 0.1 M HNO3 or NaOH solution by using a (Metrohm-

744) pH meter. For kinetic studies, 25 mg L-1 was chosen as the initial

concentration of Pb(II) and Cd(II) solutions.

Adsorption experiments were also carried out to obtain isotherms at different

temperature. This was done at 283, 293, 303, 313, and 323 K, respectively. In this

study, Pb(II) and Cd(II) solutions with different initial concentration in the range of

50–2,000 mg L-1 were selected. Adsorption time of 120 min for Pb(II) and 60 min

for Cd(II) was chosen to allow attainment of equilibrium at constant temperature.

The initial and final concentration of Pb(II) and Cd(II) in the aqueous solutions

was measured with an atomic adsorption spectrophotometer. The percentage

adsorption (%) was calculated by Eq. 1:

% Adsorption ¼ Ci � Cfð Þ100=Ci ð1Þ

where Ci and Cf are the concentration of the metal ions in the initial and final

solutions, respectively.

Results and discussion

FT-IR analysis

Figure 1a–d shows FT-IR spectra in the range of 500–4,000 cm-1 for the

poly(AAm-co-AAc), poly(AAm-co-AAc)/NaY, poly(AAm-co-AAc)/clinoptilolite,

and poly(AAm-co-AAc)/MCM-41, respectively. In Fig. 1a the broad band at
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3,439 cm-1 is due to N–H groups of polyacrylamide and the peak at 1,700 cm-1

represents the carbonyl group. There is a shoulder at 1,715 cm-1 that corresponds to

the carbonyl group of polyacrylate. Also we can see two bonds at 1,384 and

1,570 cm-1 related to COO- group in polyacrylate and the peaks at 1,456 and

2,953 cm-1 represent the C–N and C–H bonding, respectively [23].

In (b), (c), and (d) spectrum, the peaks of carbonyl shifted to around 1,682 cm-1

and the intensity of the peaks at 3,400 cm-1 correspond to N–H decreased and

shifted to lower frequency. It may be because of the formation of hydrogen bonding

between COOH, NH2 of the copolymer and hydroxyl groups of Al–OH and Si–OH

in pore materials. In addition, we can see two bands at about 1,120 cm-1 due to

Si–O and 480 cm-1 related to Al–OH in the composites.

XRD analysis

X-ray diffraction patterns of NaY, MCM-41 and clinoptilolite, poly(AAm-co-AAc)/

NaY, poly(AAm-co-AAc)/clinoptilolite, and poly(AAm-co-AAc)/MCM-41 are

shown in Fig. 2a–e, respectively. Some diffraction peaks at 2h: 20�–80� are clearly

Fig. 1 FT-IR spectrum of poly(AAm-co-AAc) (a), poly(AAm-co-AAc)/clinoptilolite (b), poly(AAm-co-
AAc)/NaY (c), and poly(AAm-co-AAc)/MCM-41 (d)
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seen and can be indexed as the NaY (Fig. 2c) and clinoptilolite (Fig. 2d) phase.

Also, Fig. 2e shows some diffraction peaks at 2h: 1�–5� are clearly seen and can be

indexed as the MCM-41.

The wide peaks show that the size of NaY, MCM-41, and clinoptilolite particles

is very small. The mean size of the particles is about 2 nm which is according to

Scherr’s equation [24]. In addition, decrease of intensity corresponds to covering

particles with polymer. Hence, two broad peaks at 2h: 12.3� and 20� can be

observed are due to poly(AAm-co-AAc) [23].

TGA analysis

Figure 3a–d shows TGA thermograms of poly(AAm-co-AAc), poly(AAm-co-AAc)/

NaY, poly(AAm-co-AAc)/clinoptilolite, and poly(AAm-co-AAc)/MCM-41, respec-

tively. In Fig. 3a, degradation of polymeric network of poly(AAm-co-AAc) in a

multi-step can be clearly seen, which is completed at temperature about 889 �C.

Figure 1b, c, and d shows degradation of poly(AAm-co-AAc)/NaY, poly(AAm-co-

AAc)/clinoptilolite, and poly(AAm-co-AAc)/MCM-41 completed at 958, 943, and

905 �C, respectively. These results show that the thermal stability of polymeric

network increased with the addition of NaY, clinoptilolite, and MCM-41 nanopar-

ticles [25]. It may be because of the formation of some bonds between COOH, NH2

of the copolymer and hydroxyl groups of pore materials.

Fig. 2 X-ray diffraction patterns of NaY (a), clinoptilolite (b), MCM-41 (c), poly(AAm-co-AAc)/NaY
zeolite (d), poly(AAm-co-AAc)/clinoptilolite (e), and poly(AAm-co-AAc)/MCM-41 (f)
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Morphology

SEM images of the NaY zeolite, clinoptilolite, MCM-41, poly(AAm-co-AAc)/NaY

zeolite, poly(AAm-co-AAc)/clinoptilolite, and poly(AAm-co-AAc)/MCM-41 are

shown in Fig. 4a–f, respectively. There is a considerable change between two

samples. From the micrographs, it was found that the NaY, clinoptilolite, and

MCM-41 were dispersed in the polymer network. Several areas show fine network

structure. It means that NaY, clinoptilolite, and MCM-41 have good collaboration

with poly(AAm-co-AAc) and improves the network of it, which may be favorable

for cadmium and lead adsorption [26].

Adsorption study of lead and cadmium

The effect of contact time

Figure 5a, b shows the adsorption percentage of Lead and Cadmium versus time in the

solution of Pb(II) and Cd(II) with 50 mg L-1 as initial concentration. The adsorption

increases up to 120 min for Pb(II) and 60 min for Cd(II) and then saturated. Thus, it

appears that time equilibrium of 120 and 60 min for Pb(II) and Cd(II) ions are

required, respectively.

Fig. 3 TGA thermograms of poly(AAm-co-AAc) (a), poly(AAm-co-AAc)/NaY (b), poly(AAm-co-
AAc)/clinoptilolite (c), and poly(AAm-co-AAc)/MCM-41 (d)
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The effect of initial concentration

Figure 6a, b shows the effect of initial concentration of heavy metal ions on the

percentage adsorption. Results show that the amount of adsorption was significantly

increased with initial heavy metal concentration especially in the case of Pb(II) and

also for Cd(II) in the studied initial concentration range (50–500 mg L-1). Also, we

can see with increasing the initial concentration of Pb(II) and Cd(II) from 500 to

2,000 mg L-1 adsorption decreased due to saturation of the adsorption sites at the

adsorbents. However, even in 2,000 mg L-1 of heavy metal ions the synthetic

composites can be adsorbed about 60–83% of Pb(II) and 44–63% of Cd(II) in the

solutions with different adsorbent.

Fig. 4 SEM images of NaY (a), clinoptilolite (b), MCM-41 (c), poly(AAm-co-AAc)/NaY zeolite (d),
poly(AAm-co-AAc)/clinoptilolite (e), and poly(AAm-co-AAc)/MCM-41 (f)

Fig. 5 Adsorption percent of Pb (a) and Cd (b) versus time by different composites with 25 mg of
adsorbents in 50 mg L-1 solution of Pb and Cd at room temperature
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Effect of pH on Pb(II) and Cd(II) adsorption

Figure 7a and b shows the effect of equilibrium pH on the amount of Pb(II) and

Cd(II) adsorbed on various adsorbents. The adsorption removal of both metal ions

strongly depends on solution pH. Results show that the adsorption capacity of heavy

metal ions decreased at low pH. Also, the optimum pH for removal of Pb(II) and

Cd(II) was determined about 5, 6, respectively. The pH of solution is one of the

important factors in adsorption process. The smaller amount of metals adsorbed at

low pH is probably due to competitive adsorption of H? with metal ions. These

results confirmed that both the metal sites in the NaY zeolite and carboxylate groups

in the poly(AAm-co-AAc) play a critical role for absorption metal ions [27–29].

Effect of adsorbent content

Figure 8a, b shows the percentage adsorption of Lead and Cadmium at different

content of adsorbent. The results show that with increasing of adsorbent content

from 5 to 25 mg for 25 mL Cd(II) and Pb(II) solution (50 mg L-1) at optimum pH,

time, and temperature, the removal of Cd(II) and Pb(II) increased. In addition,

Fig. 6 Adsorption percent of Pb (a) and Cd (b) versus initial concentration by different composites with
25 mg of adsorbents in pH 5, 6 for Pb and Cd, respectively, at room temperature

Fig. 7 Adsorption percent of Pb (a) and Cd (b) versus pH by different composites with 25 mg of
adsorbents in 50 mg L-1 solution of Pb and Cd at room temperature
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further increasing the adsorbent content had negligible effect on the adsorption of

metals. Literature review shows that the content of our adsorbent was less than

adsorbents’ content in many other works and it can be economical [6, 18, 30].

Effect of temperature

Figure 9a, b shows the effect of temperature in the range of 283–323 K on the

adsorption of heavy metals on the various absorbent. We can see with increasing of

temperature until 303 K the adsorption of heavy metals increased. Then, the

adsorption process has endothermic nature. In addition, with increasing temperature

up to 323 K adsorption of heavy metals decreased that may be due to some

desorption of heavy metals [6].

Comparison between the poly(AAm-co-AAc)/NaY zeolite, poly(AAm-co-AAc)/

MCM-41, and poly(AAm-co-AAc)/clinoptilolite

Figures 10 and 11 show that NaY zeolite has higher adsorption behavior related to

clinoptilolite and MCM-41. This can be explained by ability of porous material in

ion-exchange interaction. It seems, NaY zeolite with Na56 (Al56 Si136 O384) formula

and by almost spherical cages (12A� of diameter) tetrahedral interconnected through

smaller windows (7.4A� of diameter) defined by 12 oxygen rings is a good

adsorbent for Pb(II) and Cd(II) related to clinoptilolite with (Ca4 Mg18 Na4 K28)

(Al8.16 Si27.84 O72) (H2O)25.52 formula by smaller channel. Furthermore, there are no

any cation sites in the MCM-41 for that exchange with Pb(II) and Cd(II) and there

are only interaction between Si–O- in calcinated MCM-41 and metal cations.

Nevertheless, results show that the adsorption ability of NaY zeolite, MCM-41, and

clinoptilolite increased with added poly(AAm-co-AAc). It seems, carboxylic groups

of the copolymer are good sites for trapping the Pb(II) and Cd(II). These data

indicate that the poly(AAm-co-AAc)/NaY, poly(AAm-co-AAc)/MCM-41, and

poly(AAm-co-AAc)/clinoptilolite exhibit superior Pb(II) (about 90–99%) and

Cd(II) (about 88–98%) adsorption behavior. It is because there are a lot of charges

on the NaY zeolite, MCM-41, clinoptilolite, and poly(AAm-co-AAc) which

Fig. 8 Adsorption percent of Pb (a) and Cd (b) versus adsorbent content by different composites in
50 mg L-1 solution of Pb and Cd and pH 5, 6 for Pb and Cd, respectively, at room temperature
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adsorbed Pb(II) and Cd(II) (Fig. 12). Therefore, the composites have good porosity

and flexibility for metal ions that can be introduced into network easily and

interacted with NaY, MCM-41, clinoptilolite, and poly(AAm-co-AAc).

Desorption study

The prepared composite materials should be making the adsorbent economically

complete. As mentioned, the poly(AAm-co-AAc)/NaY nanocomposite had the best

adsorption behavior of Pb(II) and Cd(II). Therefore, we selected it to desorption

study. It was investigated that this nanocomposite could adsorb about 99% of the

Pb(II) and Cd(II). Therefore, in the first cycle, it was treated with 0.01 N H2SO4 and

stirred for 1 h. Then, it was shown 96% of Pb(II) and 94% of Cd(II) desorption.

Adsorbed Pb(II) and Cd(II)could be stripped in 1 h by the introduction of protons

that competed with metal ions for binding sites. In the next step from this cycle, the

same poly(AAm-co-AAc)/NaY nanocomposite could remove 95% Pb(II) and 92%

Cd(II).

Fig. 9 Adsorption percent of Pb (a) and Cd (b) versus temperature by different composites with 25 mg
of adsorbents in 50 mg L-1 solution of Pb and Cd and pH 5, 6 for Pb and Cd, respectively
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It is presented in Fig. 13 that the removal effect decreased per cycle but even in

the 10th cycle the adsorbent could remove 60% Pb and 54% Cd ions, which could

be desorbed to 46% Pb(II) and 39% Cd(II). Hence, it appeared that during

desorption just the metal ions which were adsorbed by physical forces get desorbed.

Adsorption isotherm studies

Adsorption isotherm studied by fitted data to the Langmuir and Freundlich

isotherms that show have monolayer or multilayer sorption [31]. The Langmuir

isotherm is valid for monolayer sorption due to a surface of a finite number of

identical sites and expressed in the linear form as Eq. 2

Ce=qe ¼ 1=bqmax þ Ce=qmax ð2Þ

where Ce is the equilibrium concentration (mg L-1) and qe is the amount of

adsorbed ion at equilibrium (mg g-1). The Langmuir constant qmax (mg g-1)

represent the monolayer adsorption capacity and b (L mg-1) relates to the heat of

adsorption. The Langmuir isotherm plots for adsorption of Pb(II) and Cd(II) on the

various absorbent from aqueous solutions are shown in Figs. 14 and 15,

respectively.

The essential feature of the Langmuir adsorption can be expressed by RL factor.

A dimensionless constant referred to as separation factor or equilibrium parameter

for predicting whether an adsorption system is favorable or unfavorable. Also, RL is

calculated by using the Eq. 3

RL ¼ 1=1þ bCo ð3Þ

where b is the Langmuir constant and Co is the initial heavy metal ions

concentration (mg L-1) which if RL values are between 0 and 1, the adsorption is

favorable [32]. For all of the synthesized nanocomposites, RL was calculated

between 0 and 1, thus adsorption by them is favorable.
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The Freundlich isotherm describes the heterogeneous surface energies by

multilayer adsorption and is expressed in linear form as Eq. 4

lnqe ¼ ln Kf þ 1=nlnCe ð4Þ

where Kf indicates adsorption capacity (mg g-1) and n is an empirical parameter

related to the intensity of adsorption, which varies with the heterogeneity of the

adsorbent. The Freundlich isotherm plots for the adsorption of Pb(II) and Cd(II) on

synthetic materials in aqueous solutions are shown in Figs. 16 and 17, respectively.

The equilibrium data fitted to Langmuir model better than Freundlich model

indicating monolayer adsorption. The values of Langmuir and Freundlich constants

are presented in Tables 1 and 2.

Fig. 12 Schematic representation of formation of ionic interaction between metal ions and the
carboxylic group in polymer network and the surface of zeolite, MCM-41, and clinoptilolite
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Table 1 Langmuir and Frundlich constant for the adsorption of Pb(II)

Adsorbent Langmuir isotherm Freundlich isotherm

qmax (mg g-1) b (L mg-1) R2 n Kf (mg g-1) R2

Poly(AAm-co-AAc) 1428.57 0.003 0.9676 1.51 14.77 0.9907

Zeolite Y 1428.57 0.012 0.9704 1.86 53.76 0.9792

Clinoptilolite 1666.66 0.007 0.9738 1.65 34 0.9813

MCM-41 769.23 0.001 0.9642 1.42 3.67 0.9789

P-Zeolite Y 2,000 0.018 0.9798 1.58 59.48 0.9322

P-Clin 1666.66 0.001 0.9879 1.77 54.07 0.9785

P-MCM 1428.57 0.005 0.9906 1.54 19.52 0.9791
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As shown in Table 3 different adsorbents have been compared regarding to Pb

ions’ removal capacity. The qmax of synthesized nanocomposite in current study is

significantly higher than other reported adsorbents. Also, the removal capacity of

synthesized nanocomposite and other adsorbent in adsorption of Cd(II) is shown in

Table 4 that qmax of the nanocomposite we prepared is comparable with the reported

adsorbents.

Conclusion

The poly acrylamide-co-acrylic acid/NaY zeolite, poly acrylamide-co-acrylic acid/

MCM-41, and poly acrylamide-co-acrylic acid]/clinoptilolite composites were

synthesized and the removal effect of Pb(II) and Cd(II) was determined in them.

Results show that the adsorption increases up to 120 min for Pb(II) and 60 min for

Cd(II). The studied temperature was in the range of 283–323 K and adsorption

process is endothermic process. Also, the poly(AAm-co-AAc)/NaY nanocomposite

had the best adsorption behavior of Pb(II) and Cd(II) about 99%. Desorption study

shows that even after 10 cycle have a good adsorption behavior for metal ions.

Finally, the equilibrium removal performance of the composites is analyzed

Table 2 Langmuir and Frundlich constant for the adsorption of Cd(II)

Adsorbent Langmuir isotherm Freundlich isotherm

qmax (mg g-1) b (L mg-1) R2 n Kf (mgg-1) R2

Poly(AAm-co-AAc) 833.33 0.040 0.9907 1.86 21.15 0.9276

Zeolite Y 1,000 0.100 0.9909 1.96 47.77 0.9652

Clinoptilolite 1,250 0.106 0.9828 1.89 33.27 0.9509

MCM-41 322.58 0.005 0.9791 1.81 6.52 0.8746

P-Zeolite Y 1428.57 0.016 0.9945 2.03 68.54 0.9511

P-Clin 1,250 0.013 0.9925 1.88 48.26 0.9342

P-MCM 1,000 0.007 0.9950 1.70 21.22 0.9440

Table 3 Removal capacities

of Pb(II) by various adsorbents
Adsorbent qmax (mgg-1) References

Activated carbon 31.2 Machida et al. [33]

Crop milling waste 49.97 Saeed et al. [34]

PHEMA/chitosan

membranes

68.81 Genc et al. [35]

Wheat bran 87 Bulut et al. [36]

Palm shell activated carbon 95.2 Issabayeva et al. [37]

Natural phosphate 115.3 Mouflih et al. [38]

Activated phosphate 155 Mouflih et al. [38]

HAp/PAAm gel 178 Hyun Jang et al. [39]

Synthesized composites 769–2000 This work
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according to the Langmuir and Freundlich adsorption isotherm model that shows

results fitted to Langmuir model and have monolayer adsorption.
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