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ABSTRACT: A novel magnetic adsorbent (EDTA/chitosan/PMMS) was facilely prepared by reacting chitosan with EDTA anhydride in

presence of PEI-coated magnetic microspheres. The as-synthesized EDTA/chitosan/PMMS was characterized by XRD, SEM, TGA,

FT-IR, and VSM, and then employed in removal of heavy metals of Pb(II) from aqueous solution. The results of the batch adsorp-

tion experiments revealed that the adsorbents had extremely high uptake capacities for Pb(II) in the pH range of 2 to 5.5, and the

adsorption kinetics for EDTA/chitosan/PMMS was consistent with the pseudo–second-order kinetic model. Moreover, its equilibrium

data were fitted with the Langmuir isothermal model well, which indicated that the adsorption mechanism was a homogeneous

monolayer chemisorptions process. The maximum adsorption capacity of EDTA/chitosan/PMMS for Pb(II) was found to be 210 mg

g21 at pH 4 (308C), and further reuse experiments results suggested that EDTA/chitosan/PMMS could be a potential recyclable mag-

netic adsorbent in the practical wastewater treatment. VC 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 42384.
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INTRODUCTION

In recent years, water pollution by heavy metals has triggered a

grievous threat to ecological system as well as public health due

to their highly toxic and mutagenic properties. Within such

heavy metals, lead (Pb (II)) has been considered as one of most

harmful ions owing to its serious neurotoxicity, blood and

reproductive toxicity. Traditional technologies developed for

removal of lead from aqueous stream are chemical precipita-

tion,1 ion exchange,2 membrane filtration,3 electrolytic means,4

reverse osmosis,5 and adsorption.6 In the past few decades, bio-

sorption methods using biomass,7 natural polymers,8–10 or agri-

cultural wastes11 as adsorbents for removal of heavy metals have

been gained increasing attention on account of its good per-

formance, low cost, and eco-friendly application process.

Chitosan, deacetylation product of chitin, which is the second

most abundant biopolymer present in nature, has been proved to

be an excellent and cheap adsorbent for heavy metals because of

its large amounts of amino and hydroxyl functional groups.12 In

order to further improve its removal efficiency for heavy metals,

modification of chitosan with more effective chelating groups

such as dibenzocrown ether,13 tripolyphosphate,14 dithiocarba-

mate,15 DTPA,16 and EDTA16 is one of promising methods. How-

ever, EDTA-functionalized chitosan adsorbents are not easily

separated from aqueous media due to its notable swelling proper-

ties.17 Magnetic separation techniques might solve this problem

conveniently by incorporating magnetic cores into EDTA-

modified chitosan. Recently, one kind of chitosan-EDTA

enwrapped magnetic CoFe2O4 nanoparticles prepared via emul-

sion cross-linking method was reported by employing the water-

soluble 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydro-

chloride (EDAC) as the cross-linker,18 and a novel magnetic

EDTA-modified chitosan/SiO2/Fe3O4 adsorbent (EDCMS) was

also developed by surface modification of chitosan/SiO2/Fe3O4

(CMS) with EDTA using EDAC as the cross-linker in buffer

solution.19

In this article, a facile approach for preparation of EDTA-

functionalized chitosan magnetic adsorbent was reported, where

polyethylene imine (PEI) coated magnetic microspheres were

used as magnetic cores, and EDTA anhydride was employed as

the cross-linker of chitosan and magnetic cores in an aqueous

solution of methanol and acetic acid. In this method, not only

was chitosan cross-linked and functionalized by EDTA ligands,

but also magnetic microspheres could be embedded in chitosan
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at the same time. Moreover, the amino groups of PEI on mag-

netic microspheres could react with EDTA anhydride, which

could result in the crosslink of magnetic cores with chitosan

through chemical bonds, and inhibit it from leaking out of

crosslinked chitosan in the application processes. In this article,

the synthesized magnetic adsorbents were further characterized,

and their adsorption properties for removal of Pb(II) from

aqueous solution under various experimental conditions were

also investigated.

EXPERIMENTAL

Materials and Techniques

Ferric chloride hexahydrate and ethylene glycol were purchased

from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).

Polyethyleneimine (PEI 600) (Mw 5 600 g/mol) and polyethyle-

neimine (PEI 10,000) (Mw 5 10,000 g/mol) of 99% purity were

bought from Aladdin Industrial Corporation (Shanghai, China).

EDTA anhydride were purchased from Tokyo Chemical Industry

Co., Ltd., and Chitosan (90% degree of deacetylation) was

bought from Ruji Biology Technology Co., Ltd. (Shanghai,

China). All chemicals were of analytical grade or commercially

available, and were used without further purification.

X-ray diffraction analysis (XRD) was recorded on an X’Pert

PRO X-ray diffractometer (PANalytical B.V., Netherlands) at

room temperature. The morphology and the sizes of products

were characterized by a Sirion 200 field emission scanning elec-

tron microscopy (FE-SEM, FEI Co., Netherlands). Infrared spec-

tra were carried out by using an Equinox 55 Fourier transform

infrared spectrometer (FT-IR, Bruker Optics, Germany). Ther-

mogravimetric analysis (TGA) was performed with a Diamond

TG/DTA (PerkinElmer Instruments, China) and tests were con-

ducted under a dynamic nitrogen atmosphere flowing, and the

heating rate is 158C min21. The magnetic properties of samples

were measured at room temperature with a Lake Shore 7410

vibrating sample magnetometer (VSM, Lake Shore). An Agilent

4100 Microwave Plasma-Atomic Emission Spectrometer (MP-

AES, Agilent Technologies, Australia) was employed to deter-

mine the concentrations of Pb(II) ions.

Preparation of Magnetic Microspheres

The magnetic microspheres (MMS) were prepared by a modi-

fied solvothermal reduction process according to the previous

work.20 FeCl3�6H2O (5.0 g) was dissolved into ethylene glycol

(150 mL) to form orange transparent solution. Then NaAc

(13.5 g), PEG 200 (3.75 g), and PEI 600 (1.8 g) were added

into the solution to form emulsion mixture under vigorous stir-

ring for 30 min. Finally the emulsion was sealed into Teflon-

lined stainless-steel autoclaves, and kept at 2008C for 8 h. The

black products were successively washed with ethanol and

deionized water for several times, and dried at 508C in a vac-

uum oven for 12 h.

Preparation of PEI 10,000 Coated Magnetic Microspheres

The PEI 10,000 coated magnetic microspheres (PMMS) were

synthesized by a modified procedure as referred in the litera-

ture.21 1.8 g of PEI 10,000 was firstly dissolved into 40 mL of

DMF organic solvent, and then as-synthesized MMS (0.2 g)

were dispersed into the organic solution under ultrasonication

vibration for 30 min, followed by continuously stirring for 24 h.

After magnetic separation, PMMS was washed with ethanol for

several times, and dried at 508C in a vacuum oven for 12 h.

Preparation of EDTA-Functionalized Chitosan Magnetic

Adsorbent

The preparation procedure for EDTA-modified chitosan was

described in previous report.16 Based on this report, EDTA-

functionalized chitosan magnetic adsorbent (EDTA/chitosan/

PMMS) were prepared by following steps: 0.175 g of chitosan

was dissolved into 5 mL of HAc aqueous solution (10% v/v),

and then diluted with 30 mL of methanol. Then, 100 mg of

PMMS particles were dispersed into the chitosan-methanol

solution, followed by stage addition of EDTA anhydride (total

1.5 g) under ultrasonication vibration. After that, the mixture

was kept under ultrasonication vibration for another 30 min,

and then continuously stirred for 24 h. When the reaction was

over, the products (EDTA/chitosan/PMMS) were removed from

methanol solution by magnetic separation, and then dispersed

into 40 mL of ethanol by vigorously stirring for 24 h. After-

wards, EDTA/chitosan/PMMS was washed with water and then

with Na2HPO4 solution to remove unreacted EDTA. Finally,

washed with deionized water, 0.1M HCl, and again deionized

water. The products were dried at 508C in a vacuum oven for

48 h, then ground to sieve by a 300 meshes sieve, and stored in

the desiccator.

Adsorption and Desorption Experiments

Batch adsorption experiments were generally operated by agitat-

ing the flasks containing EDTA/chitosan/PMMS and solutions

of Pb(II) ion on a rotary shaker.

For the influence of pH on the adsorption, the experiment was

carried out at the following conditions: the initial concentration

of Pb(II) ions is 150 mg L21 in the pH range of 1 to 5.5 at

258C, and the dosage of the adsorbent is 0.67 g L21. The pH

values of the solutions were adjusted using 0.01M nitric acid or/

and sodium hydroxide aqueous solutions.

To explore the isotherms, the batch adsorption was conducted

at the initial concentrations of Pb(II) ions varying from 160 to

420 mg L21. For the kinetic study, 50.0 mg of adsorbents were

dispersed in 50.0 mL of Pb(II) ion solution (210 mg L21) at

pH 4, and kept continuously stirring for 24 h. At designed time

intervals, 1 mL of the suspension was taken out to determine

the concentration of Pb(II) ions by MP-AES. The adsorption

capacities for Pb(II) ions (qe, mmol g21) were calculated as

follows:

qe5
C02Ce

m
V (1)

where C0 and Ce (mM) are the initial and the equilibrium con-

centrations of Pb(II) ions, respectively. V (L) is the volume of

the solution whereas m (g) represents the weight of the

adsorbent.

To explore the reusability of EDTA/chitosan/PMMS, 10 mg of

dry adsorbents were loaded with Pb(II) ions using 10.0 mL of

240 mg L21 metal ion solution at 308C and pH 4.0 for 24 h on

a rotary shaker. The Pb(II)-loaded adsorbent was collected, and

washed with water to remove the un-adsorbed Pb(II) ions. The
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adsorbent was then agitated with 10.0 mL of 0.1M Na2EDTA

for another 12 h. After desorption of Pb(II) ions, the adsorbents

were washed with 0.1M disodium hydrogen phosphate, then

with water for several times for the next step of reuse. This

adsorption–desorption cycle was repeated five times by using

the same adsorbent.

RESULTS AND DISCUSSION

Preparation and Characterization of EDTA/Chitosan/PMMS

The procedure for preparation of EDTA/chitosan/PMMS mag-

netic adsorbents is presented in Scheme 1, and the cross-linking

reaction mechanism of EDTA anhydride taking place in the

preparation procedure is shown in Scheme 2. It can be seen

that EDTA anhydride has several important roles in the prepa-

ration process. Firstly, EDTA anhydride could act as cross-linker

to react with the amino groups of chitosan, and then result in

forming chitosan gels through amide bonds; Secondly, EDTA

anhydride could act as reaction agents to modify the residue

amino groups of chitosan with EDTA chelating groups; Thirdly,

EDTA anhydride could act as coupling agents to induce the

linkage of PMMS and chitosan gels via amide bonds, which

could inhibit PMMS from leaking out of chitosan gels in the

application procedure.

The successful preparation of EDTA/chitosan/PMMS magnetic

adsorbents could be intuitively observed from the images of

field emission scanning electron microscope (FE-SEM) shown

in Figure 1. It can be seen from Figure 1(a) that PEI 600 modi-

fied magnetic microspheres (MMS) are in good spherical shape

with diameters mainly ranging from 200 to 500 nm. In order to

improve the amounts of amino groups on the surfaces of MMS,

PEI 10,000 was further coated on MMS, and the morphology of

this material (PMMS) is displayed in Figure 1(b). It is obviously

seen that the surfaces of magnetic microspheres look like more

smooth than that of MMS, and some magnetic microspheres

are clung together by slight amount of polymer, suggesting that

PEI 10,000 was deposited on MMS. As presented in Figure 1(c),

the FE-SEM image of EDTA/chitosan/PMMS illustrates that

some PMMS microspheres are embedded inside the cross-linked

chitosan, while some are mounted on the surface of the cross-

linked chitosan. However, naked PMMS has not been found,

indicating that crosslink of PMMS and chitosan by EDTA anhy-

dride is very successful due to PEI 10,000 coated on magnetic

microspheres.

The XRD patterns of the samples, including MMS, PMMS, and

EDTA/chitosan/PMMS, are depicted in Figure 2. The character-

istic diffraction peaks appeared in MMS at 30.18, 35.48, 43.18,

53.48, 56.98, and 62.58 could be assigned to be [220], [311],

[400], [422], [511], and [440] planes of magnetite (JCPDS card

No.19–0629), respectively. The XRD patterns of PMMS and

EDTA/chitosan/PMMS are both in agreement with that of

MMS, indicating that the whole synthesis processes did not

result in the significant phase change of magnetic cores.

The weight proportion of organic polymers grafted on PMMS

could be estimated from TGA analysis, which is given in Figure

3. The TGA curve of MMS shows the weight loss over tempera-

ture ranging from 2008C to 9008C is about 2.9% (Figure 3,

curve a), which might be related to the escape of PEI 600 modi-

fied on MMS. For PMMS, the weight loss from 2008C to 9008C

is about 5.2% (Figure 3, curve b), which is attributed to the

degradation of PEI 10,000 and PEI 600 coated on magnetic

microspheres. As organic polymers were usually decomposed

completely over the temperature ranging from 2008C to 7008C,

the weight percentage of EDTA modified chitosan on EDTA/

chitosan/PMMS could be estimated to be 64.4%, based on the

weight loss from curve c.

The evidence of existence of EDTA/chitosan/PMMS could be

further achieved by FT-IR analysis. For MMS magnetic cores,

the strong absorption peak at 577 cm21 is observed in Figure 4

(curve a), which is attributed to the stretching vibration of

FeAO bond of magnetite. However, apart from this typical

peak, the characterized absorption peaks for PEI 600 on MMS

Scheme 1. The procedures for preparation of magnetic adsorbents of

EDTA/chitosan/PMMS. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

Scheme 2. Cross-linking reaction mechanisms of EDTA anhydride in the

process of preparation of EDTA/chitosan/PMMS. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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can not be seen obviously due to very low PEI grafted ratio

(about 2.9%). Although the strength of a pair of absorption

peaks appeared at 2922 and 2853 cm21 (symmetric and anti-

symmetric CAH stretch of CH2) increase slightly (shown in

curve b), the peak attributions for PEI on PMMS can not be

observed very clearly either, because PEI-coated on MMS is

about 5.2% based on TGA results. Nevertheless, as given in Fig-

ure 4 (curve c), the major characterized absorption peaks for

EDTA/chitosan/PMMS could be observed obviously and

assigned as follows: 1738 cm21 (the carbonyl stretch of COOH

groups from EDTA modified adsorbents); 1633 cm21 (C@O

stretching vibrations of amide groups generated from the cross-

linking of chitosan with EDTA anhydride);22 1396 cm21 (CAO

stretching vibration of the ACOO2 groups from EDTA modi-

fied chitosan);18 1067 cm21 (CAOAC stretching vibration in

chitosan ring backbone);23 1031 cm21 (skeletal vibration of

CAO stretching). Moreover, compared with curve a and curve

b, the area for the stretching vibrations of FeAO bond in

EDTA/chitosan/PMMS becomes more broad, suggesting the fur-

ther oxidation of PMMS during the cross-linking reaction in

HAc solution.

Figure 1. FE-SEM micrographs of (a) MMS, (b) PMMS and (c) EDTA/

chitosan/PMMS.

Figure 2. XRD patterns of (a) MMS, (b) PMMS, and (c) EDTA/chitosan/

PMMS. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]

Figure 3. TGA curves of (a) MMS, (b) PMMS and (c) EDTA/chitosan/

PMMS. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]
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The magnetic hysteresis loops of samples are shown in Figure 5.

The saturation magnetizations are found to be 78.9, 73.5, and

20.1 emu g21 for MMS, PMMS, and EDTA/chitosan/PMMS,

respectively. The decreases in saturation magnetizations might

be mainly responsible for the deposition of PEI 10,000 and

coating of EDTA modified chitosan on the surfaces of the mag-

netic microspheres. Additionally, the surfaces of PMMS might

be partially oxidated in the preparation process of EDTA/chito-

san/PMMS under acid conditions, which might result in the

decrease of saturation magnetization. Furthermore, physical

water and structure water adsorbed on EDTA/chitosan/PMMS

might also reduce the saturation magnetization.19 However,

from the upper and the nether insets of Figure 5, it can be seen

that EDTA/chitosan/PMMS are attracted strongly toward the

permanent magnet within several seconds, demonstrating

directly that they possess excellent magnetic separability in

aqueous solution.

Effect of pH on Adsorption of Pb(II)

The pH of the aqueous solution is an important operational

parameter in the adsorption process, since pH values affect not

only protonation of the functional groups of the adsorbent, but

also the speciation of heavy metal ions in solution.16 Effect of

initial pH value on Pb(II) ions adsorbed by EDTA/chitosan/

PMMS is described in Figure 6. The removal efficiency of the

adsorbent for Pb(II) increases sharply with the pH value

increasing from 1 to 2, then reaches a plateau at pH beyond

2.0, which presents a similar trend as that obtained from

EDTA-modified chitosan-silica hybrid materials.17

The pHzpc of EDTA/chitosan/PMMS was determined by simple

batch equilibrium method24 using NaCl (0.1 and 0.01M) as

background electrolyte, and found to be 6.5 6 0.2, which is

shown in the inset of Figure 6. In generally speaking, the

adsorption capacities for cationic metal ions (Pb21 or

[Pb(OH)]1) on the adsorbent would increase gradually until

solution pH> pHzpc.25 For example, the higher adsorption

capacity for Pb21 on CMS19 (an unmodified magnetic chitosan

adsorbent) was achieved at solution pH value >4, and its

adsorption capacity was nearly zero when solution pH <3.

However, as presented in Figure 6, the uptake capacity of Pb21

on EDTA/chitosan/PMMS reaches a plateau at pH beyond 2.0

(<pHzpc), which is attributed to the excellent chelating proper-

ties of EDTA groups for Pb(II) at low pH values. The main spe-

cies of lead-EDTA complexes could be hypothesized as complex

A and complex B, which are shown in Figure 7. There are four

chelating rings in complex A and three chelating rings in com-

plex B, which is the reason why lead-EDTA complexes were so

stable at very low pH values. Besides, in the complex A or B,

the positions of water could be also replaced by hydroxyl groups

or amino groups of chitosan on the adsorbent of EDTA/chito-

san/PMMS, which might improve the stability of the lead-

EDTA complexes further.

As the erosion of the magnetic cores embedded in the adsorb-

ents under strong acid conditions should be considered, and the

Figure 4. FT-IR spectra of (a) MMS, (b) PMMS and (c) EDTA/chitosan/

PMMS. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]

Figure 5. Magnetic hysteresis loops of (a) MMS, (b) PMMS, and (c)

EDTA/chitosan/PMMS (insets: magnetic separation of EDTA/chitosan/

PMMS from aqueous suspensions). [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

Figure 6. Effect of pH on the adsorption of Pb(II) ions by EDTA/chito-

san/PMMS (inset: determination of pHzpc of EDTA/chitosan/PMMS in

NaCl solutions). [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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probability of the formation of metal hydroxide precipitates for

Pb(II) might be happened at pH above 5.5, pH 4.0 was selected

as the optimum pH value in the following experiments.

Effect of Contact Time on Adsorption and Kinetic Studies

The effect of contact time on the adsorption of Pb(II) by

EDTA/chitosan/PMMS is shown in Figure 8. It can be seen that

adsorption was rapid initially, and slowed down thereafter,

finally reached equilibrium. In order to investigate the rate-

controlling step in the adsorption mechanisms, the kinetic

experimental data presented in Figure 8(a) were dealt with

Lagergren’s pseudo–first-order,26 Ho’s pseudo–second-order,27

intraparticle diffusion kinetic models,28 respectively, and the lin-

ear form equations of the three models can be written as

follows:

The pseudo–first-order model:

ln ðqe2qt Þ5ln qe2k1t (2)

The pseudo–second-order model:

t

qt

5
1

k2q2
e

1
1

qe

t (3)

The intraparticle diffusion kinetic model:

qt 5kit
1=21c (4)

where qt and qe (mg g21) are the uptake capacity of Pb(II) onto

the adsorbent at any time t and at equilibrium, respectively. The

parameters of k1 (min21) and k2 (g mg21 min21) are the rate

constants of the pseudo–first-order and pseudo–second-order

models, respectively. kid (mg g21 min21/2) is the intraparticle

diffusion rate constant. C is the thickness of the boundary layer.

The kinetic parameters obtained from simulating the experi-

mental data with the three models aforementioned are listed in

Table I, and the plot of t/qt vs. t based on linear form of the

pseudo–second-order kinetic model is shown in the inset of Fig-

ure 8(a). It can be clearly seen that the correlation coefficient

Figure 7. The main species of lead-EDTA complexes formed in aqueous solution of Pb(II) ions with EDTA/chitosan/PMMS. [Color figure can be viewed

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

Figure 8. (a) Effect of contact time on adsorption of Pb(II) ions by

EDTA/chitosan/PMMS (inset: The pseudo–second-order kinetic model

plot for the adsorption of Pb(II) ions on the adsorbent); (b) intraparticle

diffusion kinetic model fits for the adsorption of Pb(II) ions on EDTA/

chitosan/PMMS. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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(R2) value of the pseudo–second-order model is much higher

than that of the pseudo–first-order model, and the theoretical cal-

culated qe,cal values predicted from the pseudo–second-order

model are much more close to the experimental ones (qe,exp) than

that from the pseudo–first-order model. The results indicate that

the adsorption mechanism described by the pseudo–second-order

model is more reasonable than that of the pseudo–first-order

model, and chemical adsorption might be the rate determining

step for the adsorption of Pb(II) ions on EDTA/chitosan/PMMS.17

The plot of the intraparticle diffusion model for Pb(II) ions

adsorption on EDTA/chitosan/PMMS is given in Figure 8(b). It

may be seen that there are three separate linear portions

appeared in the plot. The first straight portion is attributed to

the film diffusion17 or boundary layer diffusion effect,29 and the

second or third slopes might be due to intraparticle diffusion

effect.17,29 Moreover, the diffusion rate constants in the three

portions follow the order of kid, 1> kid,2> kid, 3, which are pre-

sented in Table I. These results indicate that the film diffusion

plays very important role in the initial stage of adsorption,

which suggests that fast boundary layer diffusion of Pb(II) ions

in the solutions was taken placed. Thereafter, the diffusion rates

became very slow for Pb(II) to migrate into the pores of the

adsorbents, which were the least accessible sites of adsorption.

However, as presented in Figure 7(b), the intraparticle diffusion

plots do not pass through the origin, and multilinear portions

are observed, indicating that intraparticle diffusion is not the

only rate-limiting step in the adsorption, This is further con-

firmed by intraparticle diffusion coefficient (D, cm2 s21), which

could be calculated from the following equation:29,30

D5
0:03r2

t1=2

(5)

where r (cm) is the average radius of the sorbent particle and

t1/2 (min) is the time for half of the sorption.

According to the Michelson et al.,29,30 a D value of the order of

10211 cm2 s21 is indicative of intraparticle diffusion as rate

determining step. In this work, the mean particle diameter (dp)

of EDTA/chitosan/PMMS was determined to be 57.5 mm by

laser particle analyzer, the time for half of the sorption was 225

min [calculated from the second linear portion shown in Figure

8(b)], therefore, D value for this investigation is calculated to

be 1.102 3 1029 cm2 s21, which is more than 2 order of mag-

nitude higher compared with 10211 cm2 s21. This result indi-

cates that the intraparticle diffusion is not the only rate

controlling step, other mechanism such as boundary layer diffu-

sion is also involved.29

Adsorption Isothermal Study

The adsorption isotherm of Pb(II) ions adsorbed on EDTA/chi-

tosan/PMMS is presented in Figure 9, and the experimental

data were further fitted by three common adsorption isotherm

models: Langmuir, Freundlich, and Dubinin–Radushkevich

(D–R). The Langmuir isotherm model31 predicts that a mono-

layer adsorption happens on a homogeneous surface, and its

linear form equation can be expressed as follows:

Ce

qe

5
1

qmKL

1
Ce

qm

(6)

where qe is the uptake capacity of Pb(II) at equilibrium concen-

tration (mg g21), and qm is the maximum adsorption capacity

of adsorbent (mg g21); Ce represent the equilibrium concentra-

tion of Pb(II) ions in solution; KL is the Langmuir binding con-

stant which is related to the energy of adsorption (L mg21).

The Freundlich isotherm model32 is based on the assumption of

the adsorption on the heterogeneous surfaces, and the amount

of solute adsorbed on adsorbent increase infinitely with the

concentration rise. The model can be represented by the follow-

ing equation:

ln qe5
1

n
ln Ce1ln KF (7)

where KF is Freundlich constant (L mg21) related to adsorption

capacity, and n is the heterogeneity factor related to adsorption

intensity.

Table I. Pseudo–First-Order, Pseudo–Second-Order, and Intraparticle Diffusion Kinetic Model Parameters Obtained from the Sorption of Pb(II) on

EDTA/Chitosan/PMMS at pH 4 and 308C

Pseudo–first-order model Pseudo–second-order model
Intraparticle diffusion

model (mg g21 min21/2)

C0

(mg L21)
qe,exp

(mg g21)
qe,cal

(mg g21)
k1 3 103

(min21) R2
qe,cal

(mg g21)
k2 3 104

(g mg21 min21) R2 ki,1 ki,2 ki,3

210.2 190.4 76.88 3.41 0.944 192.9 1.867 0.999 11.44 3.73 0.49

Figure 9. Adsorption isotherm for Pb(II) ions on EDTA/chitosan/PMMS

(inset: Langmuir isotherm plot for adsorption of Pb(II) on EDTA/chito-

san/PMMS). [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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Dubinin2Radushkevich (D–R) model33–35 is generally used to

predict whether the adsorption process is physical adsorption or

chemical adsorption. The D–R equation is expressed as follows:

ln qe5ln qm2KDe2 (8)

where KD is the constant related to the mean free energy of

sorption (mol2 kJ22), qm is the theoretical saturation capacity

(mg g21) of the D2R model, and e is the Polanyi potential.

The values of e can be calculated from the following equation:

e5RT ln 11
1

C

� �
(9)

The adsorption isotherm parameters simulated from the three

isothermal models mentioned above are listed in Table II, and

the plot of Ce/qe versus Ce based on the linear form of the

Langmuir model are given in the inset of Figure 9. According to

the inset of Figure 9 and Table II, the Langmuir model fits bet-

ter with the experimental data of isothermal study due to the

highest correlation coefficients (0.999), which indicates a mono-

layer adsorption of Pb(II) ions on EDTA/chitosan/PMMS.

Moreover, the maximum uptake capacity (qm) for Pb(II) ions

on the adsorbent estimated from the Langmuir equation is

210.8 mg g21, which is very consistent with that of experimen-

tal ones (qe,exp).

On the other hand, from the D2R isothermal model, the mean

free energy of the adsorption (E) related to the D2R constant

KD provides information about chemical or physical adsorp-

tion,33–35 which is expressed in the following equation:

E5
1

ð2KDÞ1=2
(10)

If the value of E is between 8 and 16 kJ mol21, the adsorption

process could be predicted as a chemical adsorption, but if it is

lower than 8 kJ mol21, physical adsorption process is fol-

lowed.34,35 The E value for the adsorption of Pb21 on EDTA/

chitosan/PMMS was calculated to be 13.96 kJ mol21 from the

KD value in Table II, which indicates the adsorption processes

were chemisorptions. This is in agreement with the results

aforementioned in the kinetic studies, and further confirms that

strong chelating effects existed between Pb21 and EDTA/chito-

san/PMMS.

The comparison of the maximum adsorption capacities of

Pb(II) onto different chitosan derivatives are summarized in

Table III. It can be seen that the maximum uptake capacity (qm,

mg g21) of EDTA/chitosan/PMMS for Pb(II) is much higher

than that of most of the adsorbents in Table III, however, it is

lower than that of chitosan-EDTA complex, which was simply

synthesized by reacting chitosan with EDTA anhydride.40 It is

notable that EDTA-modified chitosan grafted on EDTA/chito-

san/PMMS was mainly responsible for adsorption of Pb(II)

ions, and the organic polymer grafted ratio on the adsorbent

was about 64.4% according to TGA analysis results. Therefore,

the maximum adsorption capacity based on the weight of

EDTA-modified chitosan on the adsorbent is estimated to be

327.6 mg g21, which is slightly higher than that of chitosan-

EDTA complex (310.8 mg g21). Moreover, EDTA/chitosan/

PMMS also showed excellent magnetic separability.

Table II. Parameters Obtained from the Langmuir, Freundlich, and Dubinin–Radushkevich Isothermal Models for Adsorption of Pb(II) on EDTA/Chito-

san/PMMS at pH 4 and 308C

Langmuir Freundlich Dubinin–Radushkevich model

T (8C)
qm,exp

(mg g21)
KL

(L mg21)
qm,cal

(mg g21) R2 KF n R2
qm,cal

(mg g21)
KD 3 103

(mol2 kJ22) R2

30 210.6 1.4098 210.8 0.999 220.8 16.04 0.716 217.4 2.57 0.902

Table III. Comparison of the Maximum Adsorption Capacities of Chitosan Derivatives

Adsorbent Adsorption capacity (mg g21) Condition References

Chitosan modified by benzaldehyde 3.2906 258C, pH 4 36

Chitosan/magnetite 63.3 258C, pH 6 37

EDTA-Chi : TEOS 2 : 15 126.4 228C, pH 3 17

EDTA-Chi : TEOS 2 : 30 89.1 228C, pH 3 17

CMS 9.32 258C, pH 5 19

EDCMS 123 258C, pH 5 19

m-Chitosan/PVA/CCNFs 171 258C, pH 4.5 38

Triethylene-tetramine grafted

Magnetic chitosan 370.63 258C, pH 6.0 39

Chitosan-EDTA complex 310.8 40

EDTA/chitosan/PMMS 211 308C, pH 4 This work
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Although the maximum adsorption capacity of triethylene-

tetramine grafted magnetic chitosan (370.63 mg g21 at pH 6) is

much higher than that of EDTA/chitosan/PMMS. Its adsorption

capacity for Pb(II) ions would decease to half of its maximum

value at pH 4 due to protonation of triethylene-tetramine.39

Similarily, the uptake capacity of m-chitosan/PVA/CCNFs would

decrease to a quarter of its maximum value when solution pH

was 2. Nevertheless, the adsorption capacities of EDTA/chito-

san/PMMS for Pb(II) ions would be kept almost unchanged in

the pH range of 2 to 6, because EDTA groups have excellent tol-

erance to low pH value according to the results of pH effects

mentioned above.

Effect of Temperature and Thermodynamics Study

It is well known that temperature plays an important role in

adsorption. The results of the effect of adsorption temperature

(ranged from 298 to 318 K) are shown in Table IV, and the

thermodynamic parameters were predicted by using the follow-

ing equations:41–43

Kc5
CA

Ce

(11)

DG�52RT ln Kc (12)

ln Kc52
DH�

RT
1

DS�

R
(13)

where CA is the concentration of Pb(II) adsorbed on the

adsorbent, while Ce represent the equilibrium concentration of

Pb(II) ions. Kc is the thermodynamic equilibrium constant.41 R

is the gas constant (8.314 J mol21 K21), and T is the absolute

temperature (K). DG8, DH8, and DS8 are the standard Gibbs

free energy, enthalpy and entropy changes, respectively.

DH8 and DS8 were obtained from the slope and the intercept of

the plot of lnKc versus 1/T based on the van’t Hoff equation

[eq. (13)], which is depicted in Table IV. The negative value of

DH8 reveals an exothermic nature of the adsorption, and the

negative value of DS8 suggests the decreasing randomness at the

adsorbent/adsorbate interface during the adsorption processes.44

Moreover, the negative values of DG8 presented in Table IV

indicates that all the adsorption processes are spontaneous, and

the value increase with the increasing of temperature, which

means a greater driving force for adsorption at low

temperatures.45

Desorption and Reusability Studies

From practical point of view, reusability is an important feature

of an advanced adsorbent. Although the adsorption capacities

of EDTA/chitosan/PMMS are very high in the acid conditions,

erosion of magnetic cores might be taken place in the strong

acid solution. Therefore, 0.1M of Na2EDTA solution instead of

acid was selected as eluent for regeneration of the adsorbents.

The relative percentage changes of the adsorption capacities of

Pb(II) on EDTA/chitosan/PMMS during 5 times reuse are illus-

trated in Figure 10. It is observed that the adsorption capacity

of the recycled adsorbent still retains above 90% of capacity of

the fresh adsorbent after the fifth adsorption-desorption cycle,

which indicates that EDTA/chitosan/PMMS can be used repeat-

edly as efficient adsorbents for practical wastewater treatment.

CONCLUSION

A novel magnetic adsorbent of EDTA/chitosan/PMMS was sim-

ply synthesized by reacting chitosan with EDTA anhydride in

presence of PEI-coated magnetic microspheres. The characteri-

zation results of the adsorbents by FESEM, FT-IR, and TGA

confirmed that EDTA modified chitosan was successfully grafted

on the magnetic cores. The magnetic adsorbents of EDTA/chito-

san/PMMS showed excellent adsorption properties for removal

of Pb(II) ions from aqueous solution due to its high uptake

capacities at low pH values. Moreover, good magnetic separabil-

ity and reusability of the adsorbent will make it become a

promising candidate for heavy metal pollution cleanup in the

practical wastewater treatment.
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