
Low Temperature One-Step Synthesis of Poly(barbituric acid)
Functionalized Magnetic Nanoparticles for Removal of Heavy
Metal Ions

Shi Lan, Ruiqing Li, Zhihua Leng, Na Guo, Shucai Gan
College of Chemistry, Jilin University, Changchun 130026, People’s Republic of China
Correspondence to: S. Gan (E - mail: gansc@jlu.edu.cn)

ABSTRACT: Poly(barbituric acid) functionalized magnetic nanoparticles with excellent adsorption behavior were facilely synthesized

through one-step chemical oxidation polymerization method by using sodium borohydride as the reducing agent. Structure, mor-

phology, and magnetism of the products were thoroughly investigated by means of FTIR, FESEM, EDX, X-ray photoelectron spectra,

thermogravimetric analyzer–differential scanning calorimetry, and vibrating sample magnetometer. The products were of a sphere-

shaped nanostructure with the saturation magnetization value of 7.5 emu g21, which make them reusable for adsorption application.

Removal capability for heavy metal ions were systematically evaluated using Pd (II) and Cu (II) ions as the models. The maximum

sorption capacities by applying the Langmuir equation were calculated to be 166.6 mg/g for Cu (II) and 142.8 mg/g for Pb (II). A

recycle test revealed that the PBA-MNPs have above 87.1% for Cu (II) and 82.69% for Pb (II) ion desorption efficiency after the

three regeneration cycle process. All the above experimental results demonstrated that barbituric acid-based material could be used as

a possible adsorbent for the efficient removal of heavy metals from aqueous solution. VC 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci.

2014, 131, 40957.
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INTRODUCTION

Barbituric acid (BA) is a promising heterocyclic compound

with two imide functional groups in the structure.1 Recent con-

siderable research efforts have been devoted to study its phar-

maceutical and biological effect.2 Nevertheless, this is the first

report about the adsorption behavior of BA toward pollutants.

It can be expected as a promising candidate for efficient adsorb-

ent of heavy metal ions because the BA has ample metal-

binding atoms with strong affinity for heavy metal ions. The

occurrence of heavy metals especially copper and lead in indus-

trial and ground effluents brings serious environmental pollu-

tion, threatening human being, animals, and plants. Lead is

considered to be one of the most toxic heavy metals often

found in a wide variety of industrial process, such as glass

industries, petroleum refining, and battery manufacture, etc.3–5

Copper contaminants usually present in refinery rigs or fuel-

handing systems.6,7 These heavy metals exceeding permissible

limits can cause various diseases in daily life, e.g. headache,

nausea, coryza, pharyngitis, emphysema, and lung cancer.8–10

Therefore, controlling heavy metal contamination is an impor-

tant issues. However, there is a major drawback for the applica-

tion of BA as an adsorbent originating from the separation due

to its recovery problem deriving from solubility in aqueous

solution. Hence, it is anticipated that coating of magnetic nano-

particles with BA can make these adsorbents recoverable con-

veniently. Recently, many studies have been performed to

incorporate the metal-binding functional groups, e.g. carbonyl

and amino groups, on the surface of iron oxide nanoparticles,

which can not only enhance heavy metal ions uptake but also

efficiently separate adsorbent under an external magnetic field.

Up to date, much research efforts have been directed toward the

synthesis of magnetic hybrid particles.11 Recently, a series of poly-

mer hybrid materials have been prepared including magnetic-pol-

y(divinylbenzene)-poly(N-isopropylacrylamide-co-acrylic acid),12

magnetic poly(N-isopropylacrylamide),13 magnetite chitosan,14

aminodextran coated-magnetic poly(divinylbenzene) nanopar-

ticles,15 Fe3O4-Am-N, N0-methylene bis (acrylamide) (MBA),16

magnetic polyaniline,17 polystyrene/c-Fe2O3,18 polyrhodanine-

encapsulated magnetic nanoparticles (PR-MNPs),19 c-Fe2O3-P

(glycidyl methacrylate (GMA)-ethylene glycol dimethacrylate

(EGDMA)),20 Fe3O4-SiO2-Poly(allylamine)-perfluorophenyl azides

(PAA-PFDA),21 and Fe3O4-P(methyl methacrylate-divinylbenzene

(MMA-DVB)),22 etc. Polymer encapsulation can not only provide

surface functionalization but also protect the magnetic
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nanoparticles from aggregation to increase their stability. The syn-

ergism between magnetism and adsorption may be a promising

candidate for both fundamental research and functional

applications.

In the present work, poly(BA) functionalized magnetic nanopar-

ticles were facilely synthesized through one-step chemical oxida-

tion polymerization technique. The as-synthesized magnetic

functional particles have high sorption capacity for Cu (II) and

Pb (II) ions. In addition, the magnetic property of PBA-MNPs

provides the recyclable application in the wastewater treatment.

Experimental results indicated that BA is a promising candidate

for efficient adsorbent of heavy metal contaminants.

EXPERIMENTAL

Materials

BA was purchased from Tianjin Chemical Reagent Research

Company. Ferric chloride hexahydrate (FeCl3�6H2O) and

sodium borohydride (NaBH4) were purchased from Beijing

Chemical Reagent Research Company and used without further

purification. For batch adsorption experiments, Copper nitrate

(Cu(NO3)2�3H2O) and lead nitrate (Pb(NO3)2) were purchased

from Shanghai Chemical Reagent Plant. Distilled water was

used in all experiments.

Characterization

The infrared spectra of the nanocomposites was taken in KBr

pressed pellets on a NEXUS 670 infrared Fourier transform

spectrometer (Nicolet Thermo, Waltham, MA). Scanning elec-

tron microscopy (SEM) was performed on a TESCAN

5136MMSEM at an accelerating voltage of 20 kV. The samples

were loaded onto a Si substrate previously sputter coated with a

homogenous gold layer for charge dissipation during the SEM

imaging. X-ray photoelectron spectra (XPS) measurement was

carried out on a PHI-5000CESCA system with Mg K radiation

(hm 5 1253.6 eV). The X-ray anode was run at 250 W, and the

high voltage was kept at 14.0 kV with a detection angle at 540.

All the binding energies were calibrated using the containment

carbon. Differential scanning calorimetry–thermogravimetric

analyzer (DSC/TGA 1600 LF, METTLER TOLEDO, Switzerland)

up to 800�C was performed on the sample at a heating rate of

10�C min21 while N2 gas flow rate of 60 mL min21. The hys-

teresis loops were obtained with a vibrating sample magnetome-

ter (VSM 7407, Lake Shore). The surface analysis–zeta potential

measurement was performed by Brookhaven Instruments Cor-

poration–ZetaPlus.

Synthesis of Poly(barbituric acid) Functionalized MNPs

The PBA-MNPs were synthesized by one-step chemical oxida-

tion polymerization method.23 The details were described as fol-

lows. Initially, BA monomers (0.82 g, 5 mM) were dissolved in

100 mL deionized water and the above solution was heated con-

tinuously to 83�C with vigorous mechanical stirring. After

mechanical stirred for 30 min, an aqueous solution of iron

chloride (1.35 g, 5 mM) was injected to obtain a stable solution

and followed by the addition of 15 mL sodium borohydride

solution (0.569 g) under mechanical stirring, and the process

was followed for 20 h. Finally, the brown product was collected

with the help of external magnet, then washed and vacuum-

dried for further characterization.

Adsorption Experiments

The as-synthesized PBA-MNPs can be used as potential adsorb-

ents for the removal of heavy metal ions owing to their high sur-

face area, ample active sites, and superparamagnetism. Heavy

metals such as copper and lead were selected in this study

because they were the most toxic metal contaminants to humans

and all living systems. A stock solution (1000 mg/L) of metal

ions was prepared by dissolving copper nitrate and lead nitrate

in deionized water. Solution with the desired initial concentra-

tions (Cu (II) and Pb (II): 50–300 mg/L) were obtained by suc-

cessive dilutions. Batch adsorption experiments were carried out

at 30�C in thermostat water bath under an agitation speed of

150 rpm. After the adsorption equilibration was achieved, the

adsorbents were separated with the help of external magnetic

field and the residual target ions concentration in the clear solu-

tion were calculated by flame atomic absorption spectroscopy

(FAAS). The heavy metal ions concentration before and after

adsorption were detected to determine the relative adsorption

capacity and removal efficiency. For accurate adsorption results,

the responding adsorption date were analyzed three times and

the results were averaged. The adsorption capacity (qe) and the

adsorptivity (R) were calculated using the equations as follows24:

qe5
C02Ceð Þ3V

W

R5
C02Ce

C0

where C0 is the initial concentration of metal ions (mg/L), Ce is

the equilibrium concentration of metal ions after adsorption

(mg/L), V is the volume of metal ions solution (mL), and W is

the weight of the synthesized adsorbent (mg).

RESULTS AND DISCUSSION

Fabrication and Characterization of PBA-MNPs

The schematic illustration of the fabrication process of poly(BA)

functionalized magnetic nanoparticles is illustrated in Figure

1(a). Initially, the iron chloride was added into the BA aqueous

solution, and the metal-binding functional groups of BA mono-

mer coordinated with Fe ions. The solution color changed to

black, this indicates that the iron hydroxide form at the initial

stage of reaction. When sodium borohydride solution was added,

the solution color changed from black to brown and generated a

lot of bubble, which indicates the iron ions became magnetic

Fe2O3 MNPs through oxidation–reduction reaction. Finally, the

iron ions resulting from the surface oxidation of magnetic Fe2O3

MNPs nanoparticles triggered the oxidation of BA monomer to

obtain PBA-MNPs via oxidation polymerization. The chemical

oxidation polymerization mechanism of the BA is shown in Fig-

ure 1(b). Based on the previous study, the iron ions formed on

the surface of Fe2O3 MNPs accept the electron from BA mono-

mer and trigger the polymerization of BA.19,25,26

Results of SEM, fourier transform infrared spectroscopy (FTIR),

and energy dispersive X-ray spectrum (EDX) analysis of PBA-

MNPs composite are displayed in Figure 2. Typical SEM image

in Figure 2(a) depicts the spherical shape and relatively rough
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surface of PBA-MNPs nanoarchitecture. These spherical func-

tional particles were formed by smaller spherical agglomerates of

dimension �15 nm. It is attributed to the fact that the metal-

binding groups coordinate with the iron ions, and then limit

core nanoparticles to grow bigger. The size distribution histo-

gram is shown in inset Figure 2(a). The size distribution of the

PBA-MNPs was reasonably narrow, and the average particle size

was determined as 327 nm. The magnetic functional nanocom-

posites maintain a distributed uniform state to some extent.

FTIR was recorded to confirm the formation of PBA-MNPs as

well. As shown in the Figure 2(b), the broad characteristic band

centered around 3367 cm21 corresponds to the stretching vibra-

tion of hydroxy group. Moreover, besides FeAO bond from

Fe2O3 located at 630 cm21 and 578 cm21, peaks at around 2872,

1710, 1053, 1421, and 785 cm21 were attributed to the stretching

vibrations of CAH, C@O, CAN, CAO and out-of-plane bend-

ing of CAH bond from BA unit, demonstrating the successful

preparation of PBA-MNPs.27–29 The EDX map of PBA-MNPs

was monitored to further confirm the formation of PBA-MNPs

in Figure 2(c). EDX analysis clearly showed the existence of Fe,

O, C, and N elements, confirming the successful fabrication of

magnetic functional composite. Moreover, elemental Si observed

in the EDX spectra was derived from the Si substrate and the Au

peak corresponded to Au deposited on the tested sample before

measurement. The SEM, FTIR, and EDX result adequately veri-

fied the product in morphology and structure.

The chemical bonding states in PBA-MNPs composite were

analyzed by XPS measurement, and the corresponding results

are shown in Figure 3. The X-ray photoelectron spectrum

Figure 1. Schematic illustration of the fabrication process of poly(BA) functionalized magnetic nanoparticles (a), chemical oxidation polymerization

mechanism of the BA (b). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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survey of PBA-MNPs composite particles [Figure 3(a)] dis-

played peaks at Fe 3p (57.5 eV), C 1s (284.6 eV), O 1s (532.0

eV), and N 1s (402.9 eV) corresponding to the Fe2O3, CAC,

C@O, and A-NH2, showing the successful combination of

Fe2O3 with BA-based polymer.26,30 The chemical bonds of PBA-

MNPs composite were further illustrated from the magnified Fe

2p, C 1s, O 1s, and N 1s peaks. As shown in Figure 3(b), the

photoelectron peak of Fe 2p1/2 and Fe 2p3/2 was detected at 711

eV and 723 eV, which matched closely with that of standard

Fe2O3 recorded in the literature.31 The C 1s peak [Figure 3(c)]

was curved into three peak components, which were attributed

to the CAC, CAN, and C@O groups, respectively.32 In Figure

3(d), the curve fitting of O 1s revealed three separate peaks cor-

responding to FeAO, FeAOH, and C@O bond, respectively.33,34

The N 1s peak observed in Figure 3(e) reflected the existence of

CONH bond in PBA-MNPs composite.35 The Fe 2p, C 1s, O 1s,

and N 1s spectrum not only exhibit the surface chemistry and

but also further verify the successful formation of PBA-MNPs

composite.

The thermal stability of the PBA-MNPs and pure BA was meas-

ured by thermogravimetric analysis. The results are shown in

Figure 4. For the PBA-MNPs, the 43.2% weight loss percentage

was observed in the range of 275–600�C, which corresponds to

the carbonized BA [Figure 4(a)]. Moreover, the weight loss

curve kept platform and the weight residue of 46.7% appeared

at 600�C, which is attributed to the magnetic materials and

decomposition of residual organic compound. It should be

noted that the weight changes of pure BA are nearly completed

at about 800�C. As shown in Figure 4(b), the initial steep

change region between 200�C and 300�C can be ascribed to the

loss of residual water adsorbed physically in the sample and the

degradation of oxygen-containing groups.36

The magnetization hysteresis loops of the PBA-MNPs and pure

Fe2O3 MNPs prepared under the same reaction conditions were

detected by vibrating sample magnetometer (VSM). The results

in Figure 5 revealed that PBA-MNPs and Fe2O3 MNPs are

super-paramagnetic at room temperature.37 From Figure 5 it

can be seen that the measured saturation magnetization (Ms)

and coercivity (Hc) for PBA-MNPs decrease to 7.5 emu g21 and

56.92 Oe compared to the pure Fe2O3 MNPs (27.8 emu g21

and 87.9 Oe), respectively, owing to the existence of PBA. For

the PBA-MNPs, there is a decrease in the magnetization, which

is related to the decrease in the content of the MNPs in the

nanocomposite. The mass radio of Fe2O3 MNPs content in

PBA-MNPs is calculated from the equation38–41:

rnanocomposite 5wt %MNPs 3rMNPs

where rnanocomposite is the magnetization of PBA-MNPs and

rMNPs is the magnetization of bare Fe2O3 MNPs at 5 kOe and

room temperature. The amount of magnetic material is found

to be about 26.9 wt % calculated from the saturation magnet-

ization of PBA-MNPs. The magnetic property is significant for

magnetic separation of magnetic adsorbent from aqueous solu-

tion by a magnetic field within a few seconds (inset in the Fig-

ure 5) and which provides recyclable application in the

wastewater treatment.

Batch Adsorption Experiments

Effect of pH Value. It is well known that the solution pH value

is one of most important parameters affecting the adsorption

property due to its influence on the aqueous chemistry and the

surface charge of the adsorbent. The effects of pH value on the

adsorption of PBA-MNPs toward Cu (II) and Pb (II) ions were

studied by varying the pH value from 3 to 7 by adjusting with

0.1M HCl or NaOH, and the results are presented in Figure

Figure 2. (a) SEM image and particle size distribution (the inset in a), (b) FTIR spectra, and (c) EDX map of the PBA-MNPs composite. [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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6(a). It can be seen that the adsorption quantity of Cu (II) and

Pb (II) ions increased with increasing the pH value from 3 to 5.

As pH value increased to 6, the adsorption capacity was approxi-

mately constant. This phenomenon can be stated as follows.

When pH value was lower than 3, sorption capacity of metal

ions decreased due to the increased competition with H1 ions

for active adsorption sites.42,43 In acid solution, the as-prepared

PBA-MNPs show positive zeta potentials and the positive zeta

potentials decrease with increasing the pH value, indicating the

surface amino groups became cationic groups in the lower pH

value solution. However, the zeta potential decreased and even

became negative as the pH increased. This is because the more

hydroxyl groups were found on the particle surface with increase

in the pH values. The pHzpc (pH value at zero point charge, Fig-

ure 6(b) of PBA-MNPs was close to 6.5. Therefore, at

pH> pHzpc the surface charge of PBA-MNPs was negative, and

the electrostatic interactions between the metal ions and adsorb-

ent become stronger.44,45 When pH value was higher than 6, a

decline in metal ions uptake was observed. It was believed that

the solubility of metal ions is also one of the major factors in

metal ion removal. Metal ions in water solution can form various

speciation at different pH values. The formation of precipitation

of metal hydroxides must be taken into account as well.46,47 In

the case of Pb (II) and Cu (II) ions, the slight decrease of

adsorption in the range of pH 6–7 can be explained by the for-

mation of hydroxide complexes (Pb(OH)1, Cu(OH)1) due to

the equilibrium constants (logK Pb(OH)1 and Cu(OH)1 are

27.46 and 27.95 at 25�C, respectively).48–50 For Pb (II) and Cu

(II) ions, one can calculate that Pb (II) ions are partially hydro-

lyzed at pH 8.2 and Cu (II) ions at pH 6.4. Accordingly, all

experimental pH values were adjusted to 6 for further studies.

Effect of Adsorbent Dosage. The effect of adsorbent dosage on

the removal efficiency of PBA-MNPs for Cu (II) and Pb (II)

Figure 3. (a) XPS survey spectra of PBA-MNPs. High-resolution XPS spectra of Fe2p (b), C 1s (c), O 1s (d), and N1s (e). [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]
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ions is shown in Figure 7. It can be seen that at a fixed initial

concentration of metal ions, the sorption percentage efficiency

increased rapidly from 53.6% to 65.2% for Cu (II) and 51% to

62.8% for Pb (II) when PBA-MNPs dose increased from 1 g/L

to 2 g/L because that the availability of active surface sites for

the adsorption of metal ions increased with an increasing con-

centration of PBA-MNPs. However, the removal efficiency

changed relatively little when the adsorbent weight was beyond

2 g/L. Thus, when the initial concentration of target metal ions

was 100 mg/L, the adsorbent weight of 2 g/L was more appro-

priate. According to HSAB theory, the imide groups of the pol-

y(BA) are regarded as metal-binding groups with strong affinity

for heavy metal ions. Thus, the oxygen and nitrogen atoms pro-

vide lone electron pair which involved in the chelation between

the poly(BA) and heavy metal ions (Figure 8).51–54

Effect of Initial Concentration and Adsorption Isotherms

Study. Effect of initial concentration on the capacity of heavy

metal ions adsorbed onto PBA-MNPs at optimum contact time

was studied. The equilibrium isotherm for the sorption of Cu

(II) and Pb (II) ions on PBA-MNPs was determined by agitat-

ing 100 mg PBA-MNPs with 50 mL of Cu (II) and Pb (II) ions

solution of various concentrations. The heavy metal ions uptake

performance of the PBA-MNPs was evaluated as a function of

the initial metal ions concentration at pH value of 6.0. The

adsorption experimental data were analyzed by the typical iso-

therm models for designing a desired adsorption system. In this

study, the Frendlich and Langmuir isotherms are selected to

describe the adsorption behaviors of heavy metal ions on PBA-

MNPs. The Langmuir model can be expressed by equation55:

qe5
KLqmce

11KLce

The linear form of Langmuir isotherm is as follows:

Figure 4. TGA–DSC curves of the PBA-MNPs (a) and the pure BA (b). [Color figure can be viewed in the online issue, which is available at wileyonline-

library.com.]

Figure 5. Magnetic hysteresis loops of the Fe2O3 MNPs (a) and PBA-

MNPs (b) at 298 K and photographs of the PBA-MNPs dispersed in aque-

ous solution without and with external magnetic field (inset in the Figure

5). [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 6. (a) Effect of pH value on the adsorption capacity of PBA-MNPs for Cu (II) and Pb (II) ions. (b) The zeta potential of PBA-MNPs in different

pH value solution. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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ce=qe
51
�

KLqm
1ce=qm

where qe is the equilibrium adsorption capacity of adsorbent

(mg/g), ce is the equilibrium concentration of metal ions (mg/

L), qm is the maximum amount of metal ions adsorbed (mg/g),

and KL is the constant that refers to the bonding energy of

adsorption (L/mg). The Langmuir equation assumes that all the

adsorption surface sites with adsorbate affinity do not affect

each other so each adsorbate molecule has been located on a

single site, and hence it can be considered the monolayer for-

mation of an adsorbate onto the adsorbent surface. On the con-

trary, the Freundlich model is based on a heterogeneous

adsorption. The Freundlich isotherm is given as55:

qe5KF ce
1 n=

The linear form of Freundlich model can be described as equation:

Log qe5Log KF1Log ce
�

n

where qe is the equilibrium adsorption capacity of the adsorbent

(mg/g), ce is the equilibrium concentration of metal ions (mg/

L), KF is the constant related to the adsorption capacity of the

adsorbent (mg/L), and n is the constant related to the adsorp-

tion intensity. The relationship between the target ions concen-

tration and the adsorption capacity was analyzed with two

different models (Figure 9). The isotherm parameters (KL, qm,

n, and KF) and linear correlation coefficient (R2) values for the

typical adsorption isotherm models are shown in Table I. The

sorption data were found to obey Langmuir and Freundlich

adsorption isotherms but Freundlich isotherm proved to be a

better mathematical fit for Cu (II) and Pb (II) ions equilibrium

data than Langmuir isotherm, based on the linear correlation

coefficient (R2) values. The maximum sorption capacity qm

(mg/g) of PBA-MNPs by applying the Langmuir equation was

found to be 166.6 mg/g for Cu (II) and 142.8 mg/g for Pb (II).

In the adsorption isotherm study, the plots of adsorption

capacity (qe) versus the equilibrium concentration (Ce) are

shown in Figure 10. As shown in Figure 10, a dotted Freundlich

isotherm line fit the experimental data for the sorption of Cu

(II) and Pb (II) ions very well. The values of correlation coeffi-

cients are all extremely high 0.99.

Effect of Contact Time and Adsorption Kinetics Study. The

contact time between the metal ions and the adsorbent was a cru-

cial parameter affecting the removal activity of contaminants from

the wastewater via adsorption. The effect of contact time on the

amount of Cu (II) and Pb (II) ions adsorbed on the PBA-MNPs

was studied at 100 mg/L initial concentration of both metal ions.

At various time intervals, adsorbents were taken from the aqueous

solution and the concentration of residual target ions in solution

was measured. Effects of contact time on the adsorption process

were studied with the time ranging from 10 min to 120 min. The

kinetic of adsorption process was studied using the pseudo-first-

order and pseudo-second-order rate adsorption kinetic models.

The pseudo-first-order equation was used as56:

qt 5qe 12e2K1tð Þor

ln ðqe2qt Þ5ln qe2K1t

where qt and qe are the amount of metal ions adsorbed (mg/g) at

time t (min) and at equilibrium, respectively, and K1 is the rate

constant of the pseudo-first-order adsorption process (min21).

The straight line plots of ln(qe – qt) against t were used to deter-

mine the rate constant K1 and correlation coefficient R2 values.

The pseudo-second-order model equation is given as56:

qt 5
q2

2
K2t

11q2K2t
or

t

qt

5
1

K2q2
2

1
1

q2

t

Figure 7. Effect of adsorbent dosage on the adsorptivity of Cu (II) and

Pb (II) ions onto the PBA-MNPs. (T 5 30�C, the concentration of metal

ions: 100 mg/L and for 10 h). [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

Figure 8. The mechanism for heavy metal ions (M21 5 Cu21, Pb21) adsorption onto PBA-MNPs. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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where K2 is the constant of pseudo-second-order rate (g mg21

min21), q2 is the amount of metal ions adsorbed at equilibrium

and qt is the amount of metal ions adsorbed at any time. The

equilibrium adsorption amount (q2) and the pseudo-second-

order rate parameters (K2) can be given from the slope and

intercept of plot of t/qt versus t. The fitting results obtained

from different models are summarized in Table II. Figure 11

shows the kinetic results of target ions adsorbed onto PBA-

MNPs. The highest correlation coefficient for Cu (II) and Pb

(II) are 0.994 and 0.998, respectively, indicating that pseudo-

second-order model provides an excellent correlation for the

adsorption of Cu (II) and Pb (II) ions on PBA-MNPs. Hence,

the results stated that the chemical adsorption was the rate-

limiting step involving the strong surface complexation between

metal ions and the metal-binding groups on the surface of

PBA-MNPs. In the kinetic study, the plots of adsorption

capacity (qt) against contact time (t) for the pseudo-second-

order model are shown in Figure 12. The fits of the experimen-

tal results show that the pseudo-second-order model fit the data

for the sorption of Cu (II) and Pb (II) ions very well. Therefore

it is further illustrated that the rate of heavy metal ions sorption

process is controlled by the chemical process.

Regeneration and Reuse of the PBA-MNPs Composite

The magnetic property of the magnetic nanocomposites pro-

vides recyclable adsorption performances. In order to recover

the metal binding property, the desorption studies of the

adsorbed Cu (II) and Pb (II) ions from PBA-MNPs were carried

out by 0.1M HCl solution at 30�C. Desorption percentage was

calculated as follows57:

Desorption efficiency %ð Þ5 Ce
1V

qm
3100%

where q is the adsorption capacity (mg/g), m is the mass of

the adsorbent (mg), V is the volume of the aqueous solution

(mL), Ce
1 is the concentration of metal ions aqueous solutions

after desorbed from the adsorbent. A sample of 50 mg of

PBA-MNPs adsorbed with Cu (II) and Pb (II) ions was added

in the 15 mL 0.1M hydrochloric acid solution then shaken at

150 rpm using thermostat water bath for 5 h. Recycling

adsorption/desorption experiments were repeated three times

to establish the reusability of the adsorbents. As shown in Fig-

ure 13, the PBA-MNPs showed above 87.1% for Cu (II) and

82.69% for Pb (II) ions desorption efficiency after the three

regeneration cycle process.

Figure 9. Adsorption isotherm of Cu (II) and Pb (II) ions onto the PBA-MNPs: (a) Langmuir model and (b) Freundlich model. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

Table I. Adsorption Parameters of the Langmuir and Freundlich Models

for the Adsorption of Cu (II) and Pb (II) Ions onto the PBA-MNPs

Langmuir model Freundlich model

qm (mg/g) kL (1/mg) R2 KF N R2

Cu (II) 166.6 0.008 0.980 2.64 1.383 0.986

Pb (II) 142.8 0.021 0.925 1.87 1.19 0.992

Figure 10. Isotherms for the sorption of Cu (II) and Pb (II) ions using

PBA-MNPs. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Table II. Kinetic Adsorption Parameters Obtained Using Pseudo-First-

Order and Pseudo-Second-Order Models for the Adsorption of Cu (II)

and Pb (II) Ions onto the PBA-MNPs

Pseudo-first order Pseudo-second order

qe (mg/g) K1 R2 qe (mg/g) K2 R2

Cu (II) 18.3 0.01 0.978 45.4 0.002 0.994

Pb (II) 12.8 0.011 0.912 50 0.005 0.998
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CONCLUSION

Poly(BA) functionalized magnetic nanoparticles were prepared

via a simple chemical oxidation polymerization process and

used as adsorbents for removal of heavy metal ions. The pre-

pared products were a sphere-shaped nanostructure with mag-

netic properties of 7.5 emu g21, which make the magnetic

nanocomposites recyclable for adsorption application. The

adsorption capacity was strongly dependent on initial metal

ions concentration, adsorption contact time, pH value, and

adsorbent dose. The as-prepared PBA-MNPs showed that the

maximum sorption capacities by applying the Langmuir equa-

tion were calculated to be 166.6 mg/g for Cu (II) ions and

142.8 mg/g for Pb (II) ions. The sorption isotherm is fitted bet-

ter by the Freundlich model than by the Langmuir model, sug-

gesting that sorption of metal ions on PBA-MNPs is

heterogeneous adsorption. The pseudo-second-order model fit-

ted the adsorption kinetic process of Cu (II) and Pb (II) on

PBA-MNPs, indicating the chemical adsorption was the rate-

limiting step. A recycle adsorption/desorption test revealed that

PBA-MNPs can maintain the great adsorptive performance after

three recycle experiments.
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