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ABSTRACT: Three types of high molecular weight polyarylether adsorbents with different molar ratios of carboxyl and phenylene were

designed and synthesized through direct polycondensation in mixture solvents. The as-prepared polymers were characterized by FTIR,
1H-NMR, TGA, DSC, SEM, EDS, and GPC in order to study the regularity of polymeric adsorption/thermostability performances.

Because of the highest molar ratio of carboxyl and phenylene, PAES-C-Na presented the highest adsorption capacity of Cu21 com-

pared to PAESK-C-Na and PAES; therefore, PAES-C-Na was opted to study the impacts of adsorbent dosage, pH, contact time, and

initial concentration on the adsorption of Pb21 and Cd21. Moreover, a kinetic analysis revealed that the adsorption process followed

pseudo-second-order model, while the thermodynamic experimental data properly fitted with the Freundlich model. The multi-

component competitive adsorption capacity followed the order Pb21 > Cu21>Cd21. Additionally, the regeneration tests indicated

that PAES-C-Na still possessed the excellent adsorption capacity after several recycles. VC 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci.

2015, 132, 41984.
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INTRODUCTION

The removal of the heavy metal ions has been under increased

scrutiny consideration that their toxicity and nonbiodegradabil-

ity result in the serious environmental problems.1 Various tech-

niques such as chemical precipitation, solvent extraction,

nanofiltration, membrane separation, and adsorption have been

utilized to remove heavy metal ions from wastewater.2–6 Among

them, adsorption was regarded as one of the most promising

methods for heavy metal ions removal due to its high efficiency,

simple operation, and environmental friendliness.7 Up to date, a

variety of adsorbents including activated carbon, modified silica

gel, multi-walled carbon nanotubes (MWCNTs), polymers, bio-

derived materials, and sorption resins have been reported as the

suitable candidates for heavy metals ions elimination.8–13 It was

demonstrated that polymeric adsorbents exhibited the higher

adsorption capacity, compared with other adsorbents due to its

strong mechanical property, excellent thermal stability, and the

intense interaction with metal ions.14

It was well-accepted that the interaction between heavy metal

ions and the functional groups such as carboxyl, amide, sulfonyl

or imidazolyl in the polymeric structure played a key role in the

adsorption capacity of the as-prepared polymeric adsorb-

ents.15–17 In addition to the remarkable mechanical property

and stability, polymeric adsorbents with high molecular weight

might form more pores and holes.18 Thanks to all these merits,

the high molecular weight polyarylether was functionalized to

meet with the severe application conditions.7

Based on the above consideration and molecular design, three

types of high molecular weigh polyarylether adsorbents with

various molar ratios of carboxyl and phenylene were successfully

synthesized in this work. First, poly (arylene ether sulfone)

without carboxylic groups (PAES) was prepared with 4,40-
dichlorodiphenylsulfone (DCDPS) and bisphenol A (BPA).

Another two polymers containing carboxylic groups (poly (aryl-

ene ether sulfone) (PAES-C) and poly (arylene ether sulfone

ketone) (PAESK-C)) were achieved with dichloro-monomer

(DCDPS, 1-(p-chlorobenzoyl)-3-(p-chlorobenzen esulfonyl)

benzene) and bisphenol-monomer (4,40-bis(4-hydroxyphenyl)-

pentanoic acid (DPA)). The use of DPA sourced from the

renewable biomass might efficiently resolve the dwindling

resources and environmental pollution problems caused by the

Additional Supporting Information may be found in the online version of this article.
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conventional technology for polymeric materials produc-

tion.19,20 At present, DPA and its derivatives have been exten-

sively applied in polymers synthesis, but little focused on the

heavy metal ions removal such as Cu21, Pb21, and Cd21 from

wastewater with the as-prepared polymers.21–23

Furthermore, this work aimed to investigate the adsorption abil-

ities of Cu21 onto polymers containing sodium salt (poly (aryl-

ene ether sulfone) with sodium carboxylate groups (PAES-C-

Na), poly (arylene ether sulfone ketone) with sodium carboxy-

late groups (PAESK-C-Na)), and PAES which contains various

molar ratios of carboxyl and phenylene. PAES-C-Na and

PAESK-C-Na were obtained from the as-prepared PAES-C and

PAESK-C with NaOH, respectively. PAES-C-Na with the best

adsorption capacity of Cu21 was selected to further study the

removal of other ions (Pb21, Cd21) from wastewater and eluci-

dated the adsorption isotherms and kinetic model of Cu21,

Pb21, and Cd21. FTIR, SEM, EDS, GPC, and BET were used to

characterize the as-prepared polymers.

EXPERIMENTAL

Materials

DPA, BPA, DCDPS, anhydrous potassium carbonate (K2CO3)

and potassium hydroxide (KOH) were purchased from the

Sinopharm Chemical Reagent (China). 1-(p-chlorobenzoyl)-3-

(p-chlorobenzen esulfonyl) benzene contained carbonyl and sul-

fonyl was synthesized in our group. Prior to the preparation,

DCDPS, 1-(p-chlorobenzoyl)-3-(p-chlorobenzen esulfonyl) ben-

zene, BPA, and DPA were vacuum dried at 100�C for 24 h, while

K2CO3 was pretreated at 150�C for 24 h. N,N0-dimethylacetamide

(DMAC) and dimethyl sulfoxide (DMSO) were purchased from

the Kermel company (China) and purified by the distillation

under the low pressure over calcium hydride and stored in a vac-

uum chamber. Other solvents were used as received. All chemicals

used in this article were of A.R. grade. Stock solution (1 mg/mL)

of Cu21, Pb21, and Cd21 were prepared by dissolving the appro-

priate amounts of nitrate salt of metal (Cu(NO3)2�2H2O,

Pb(NO3)2 and Cd(NO3)2) in deionized water, respectively. The

experimental solutions of desired concentration were prepared by

successive dilution of stock solution.

Synthesis of the Polymers

Polymerization was conducted in the liquid phase with continu-

ous nitrogen flow using a 100 mL round bottomed flask

equipped with a nitrogen inlet, a stir bar, and a Dean-Stark

trap. The detailed polymerization procedure of PAES-C was

described as followed: A mixture of bisphenol-monomer DPA

(0.005 mol), K2CO3 (0.0075 mol), KOH (0.0025 mol), toluene

(15 mL), DMAC (10 mL), and DMSO (10 mL) (20 wt % solids

concentration of DMAC and DMSO mixture), was stirred at

room temperature for 2 h and then heated to 150�C under reflux-

ing for 3 h to remove the azeotropic mixture of water and tolu-

ene. After naturally cooled to room temperature, dichloro-

monomer DCDPS (0.005 mol) was added and then the mixture

was heated at 150�C for 2–3 h. The mixture was further heated to

175�C, until the solution became viscous. After cooling down to

room temperature the solution was diluted in 90 mL of tetrahy-

drofunan (THF)/HCl mixture (the volume ratio of 4/5). The

white precipitate appeared once the solution was poured into

500 mL deionized water. After washed with hot deionized water

and ethanol, the PAES-C was dried under vacuum at 100�C for

24 h. Similarly, another two polymers (PAESK-C, PAES) were

prepared by the bisphenol-monomer (DPA, BPA) and the

dichloro-monomer (1-(p-chlorobenzoyl)-3-(p-chlorobenzen

esulfonyl) benzene, DCDPS) with the above polymerization pro-

cedures. To obtain PAES-C-Na and PAESK-C-Na, the as-prepared

PAES-C and PAESK-C were put into 200 mL NaOH solution

(0.1 mol/L) with continuous stirring for 5–6 h, followed by filter-

ing and vacuum drying at 100�C for 24 h. The synthetic processes

of polymers were briefly presented in Scheme 1.

Preparation of Polymer Membranes

Polymer samples (1 g) were dissolved into NMP (10 mL) and

then cast onto the glass plate. After drying at 60�C for 10 min,

the membranes were further cured at 100�C for 24 h under vac-

uum. Subsequently, the glass plate was immersed into 500 mL

deionized water for 5 h to achieve membranes. The obtained

solid membranes were dried at 100�C for 24 h under vacuum,

showing flexible and transparent-to-gray in color, with the

thickness ranging from 30 to 50 lm.

Polymer Characterizations

Fourier transform infrared (FTIR) spectroscopy analysis was per-

formed in the region of 4000-500 cm21 (Perkin Elmer, USA).

1H-NMR (400 MHz) spectra of the polymers were recorded

using a Varian INOVA spectrometer with dimethylsulfoxide-d6

(DMSO-d6) as a solvent.

The thermal degradation processes were investigated using a

thermogravimetric analyzer (TGA, TA Instruments Q50, USA).

The samples were dried at 150�C for 24 h in a vacuum oven

prior to the measurement. The TGA measurements were carried

out under a nitrogen atmosphere at a heating rate of 10�C/min

ranging from 20 to 700�C.

Differential scanning calorimetry (DSC) measurements were under-

taken at differential scanning calorimeter (DSC 2000, TA

Instruments) equipped with a cooling unit. The samples were also

dried at 100�C for 24 h in a vacuum oven prior to the measurement.

Scheme 1. Syntheses of polymers: (a) PAESK-C-Na, (b) PAES-C-Na and (c) PAES.
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A DSC thermogram was recorded under ultra high purity nitrogen

at a heating rate of 10�C/min ranging from 25 to 300�C.

A wide-angle X-ray diffraction ranging from 4 to 80� was con-

ducted to determine the polymers’ physicochemical property

using Cu-Ka X-radiation at room temperature (D/Max-3B X-

ray diffractometer, Japan).

Relative molecular weight was obtained using Gel permeation

chromatography (GPC) (WatersVR Corporation, USA) equipped

with a refractive index detector(WatersVR 2414). Degassed THF

was used as eluent at a flow rate of 0.6 mL/min towards StyrogelVR

column. A set of monodisperse polystyrene standards covering

the range of 103-106 were used for the molecular weight calibra-

tion. Samples were dissolved into THF and filtered over a 0.45-

lm filter membrane before injected into the GPC.

Flame atomic absorption spectrometry (FAAS) (HG-9602)

equipped with a flame burner was employed to determine the

absorbance of metal ions. As to the determination of Cu21,

Pb21, and Cd21 ions, corresponding lamp wavelength was set at

324.7 nm, 283.3 nm, and 228.8 nm, respectively, and all lamp

currents were 3 mA.

The microstructure, morphology and elemental composition of

the polymers were investigated using a scanning electron micro-

scope (SEM, JEOL JSM-6380) along with Energy dispersive X-

ray spectroscopy (EDS).

Brunauer-Emmett-Teller (BET) specific surface area and pore

volume were measured from N2 adsorption-desorption iso-

therms at -196�C with a model NOVA-2200E automated gas

sorption system (Quantachrome, USA).

The mechanical property of the membranes was measured at a

rate of 10 mm min-1 using an electronic universal testing

machine (UTM model RGT-5, Reger Instrument, Shenzhen).

The samples had the following dimensions: 15 mm length 3

4 mm width. The tests were conducted three times.

Optimal Adsorbent Selection

The adsorption abilities of Cu21 onto PAESK-C-Na, PAES-C-Na

and PAES were performed by shaking 0.01 g adsorbents with

40 mL Cu21 (3.5 mg/L) with the pH values ranging from 1.0 to

7.0 at 200 rpm for 15 h at 30 6 2�C. The suspension was

filtered and the metal ions concentration in the filtrate was

measured using the FAAS.

Adsorption of Various Metal Ions on PAES-C-Na

In a typical procedure, the batch adsorption studies of Cu21,

Pb21, and Cd21 onto the PAES-C-Na were performed in differ-

ent concentrated Cu21, Pb21, and Cd21 solutions, and different

dosage of the PAES-C-Na within the pH values ranging from

1.0 to 7.0 under shaking at 200 rpm for 0.5-15 h at 30 6 2�C.

The detailed experiment parameters were shown in Table I.

The standard deviations calculated from each experiment were

less than 5.0% in all cases. Both the adsorption percentage of

metal ions and the adsorption capacity were calculated in terms

of following equations:

Adsorptionð%Þ5 C02Ce

C0

3100 (1)

qe5
ðC02CeÞV

m
(2)

where C0 and Ce represent initial and equilibrium metal ion

concentrations (mg/L), respectively. V is the volume of metal

ion (mL), m is the amount of adsorbent (mg), and qe means

the equilibrium adsorption capacity of metal ions (mg/g).7

Competitive Adsorption of Metal Ions on PAES-C-Na

Competitive adsorption of Cu21, Pb21, and Cd21 with the

fixed concentration (10 mg/L) was conducted by shaking

0.01 g adsorbents with 40 mL solution (pH 5 5.0) at 200 rpm

for 15 h at 30 6 2�C. The suspensions were filtered and the

metal ions concentration in the solutions was measured using

the FAAS.

Regeneration of PAES-C-Na

To recycle PAES-C-Na, the samples loaded with heavy metal

ions were added into HCl solution (0.1 mol/L) with stirring for

5 h and then washed with deionized water until the neutral.

During this process, the adsorbed metal ions were decomposed

and subsequently released from solid adsorbents into desorption

medium.7 After further stirring for 5 h in NaOH solution

(0.1 mol/L), PAES-C-Na were obtained by filtration and vac-

uum dried at 100�C for 24 h.

RESULTS AND DISCUSSION

Structures of Polymers

All polymers were confirmed by 1H-NMR spectra (Figure 1)

for their chemical structures. For PAES-C spectrum, the peaks

Table I. Adsorption Experimental Conditions for Metal Ions on PAES-C-Na

Experiments
Initial metal ions
concentration (mg/L) PH Adsorbbent dosage (g/L) Contact time (h)

Effect of adsorbent
dosage

10 5 0.17, 0.2, 0.25, 0.33, 0.5, 1 15

Effect of pH 10 1, 2, 3, 4,
5, 6, 7

0.25 15

Effect of contact time 10 5 0.25 1, 1.5, 2, 2.5, 3, 3.5, 4,
4.5, 5, 6, 7, 8, 9,
10,11,12,13,14,15

Effect of initial metal
ions concentration

3.5, 5, 10, 20,
30, 40, 50

5 0.25 15
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at 1.5–2.5 ppm are due to the vibration of aliphatic protons

in polymeric chain, and the peaks observed in the region of

6.5–8.5 ppm corresponds to the aromatic protons. Compared

with the spectrum of PAES, a new peak appears at 12 ppm,

confirming that the carboxylic group was successfully incorpo-

rated into PAES-C structure.22 As to PAESK-C spectrum, the

aromatic protons peaks centering at 7.74, 7.95, and 8.17 ppm

are observed due to the effect of the carbonyl groups in

molecular main-chain. As shown in Figure 1(d,e), the absence

of the peak at 12 ppm suggested the formation of sodium

salt of polymers (PAES-C-Na and PAESK-C-Na).

The IR spectra of polymers were presented in Figure 2(a). For

PAES-C, the peak at 3430 cm21 is the characteristic peak of

hydroxyl in carboxylic groups,24 representing the existence of

the carboxyl group (–COOH) in polymer. The peaks at 1143

and 1294 cm21 illustrate the asymmetric and symmetric stretch-

ing vibration of O@S@O group, while the absorption bands

around at 690 and 1737 cm21 are attributed to the stretching

vibration of CAS and C@O in carboxylic groups, respectively.21

Moreover, the bands at 1238 and 1013 cm21 are assigned to the

asymmetric and symmetric stretching vibration of PhAOAPh

group. Compared with the PAES-C spectrum, the adsorption

band at 1662 cm21 could be ascribed to the stretching vibration

of C@O group in the main-chain of PAESK-C. However, the

bands around at 1737 cm21 (C@O) and 3430 cm21 (AOH) are

not observed because of the absence of ACOOH groups in the

structure of PAES. As shown in Figure 2(b), the formation of

the sodium salt of polymers25 resulted in the intensity decline

Figure 1. 1H-NMR spectra of polymers: (a) PAES-C, (b) PAESK-C, (c) PAES, (d) PAES-C-Na, and (e) PAESK-C-Na.

Figure 2. FTIR spectroscopes of polymers: (a) PAES-C, PAESK-C and PAES(b) PAES-C-Na, and PAESK-C-Na.
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of the peak at about 1737 cm21 and the change of the peak

intensity at about 1403 cm21. In line with the 1H-NMR spectra,

the FTIR results clearly indicated the successful synthesis of the

targeted polymers.

Molecular Weight of Polymers

PAES-C-Na and PAESK-C-Na with the highly molecular weight

were prepared by direct polycondensation in mixed solvent

(DMSO/DMAc). During the polymeric synthesis process, the

decline of solubility together with the chain growing might lead

to the two-phase separation in the single solvent system.26

Therefore, the mixture solvent (VDMSO/VDMAc 5 1/1) with the

better solubility of polymers could efficiently weaken the degree

of two-phase separation. As presented in Table II, the obtained

polymers possessed the higher molecular weight and the more

rational distribution, compared with the reported polymer,27

which was helpful to improve the thermal stability and mechan-

ical property of the polymer. Hence, it also supplied the possi-

bility to form pores and holes in order to enhance the

adsorption capacity.18

Mechanical Properties of Polymers

The membranes obtained from PAES-C-Na, PAESK-C-Na, and

PAES exhibited the tensile strength of 87.34 MPa, 76.38 MPa,

and 83.96 MPa, respectively. It illustrated that the larger molec-

ular weight resulted in the stronger mechanical property.

Compared with PAES sample, PAES-C-Na polymer presented

the stronger tensile strength because of its more flexible car-

boxyl groups.

Morphologies of Polymers

Only a broad peak was observed in the XRD patterns

(Supporting Information Figure S1 (ESI)). It indicated the

amorphous structure of the polymers, which were in concert

with the DSC results.

The surface morphology of polymers was investigated by SEM

technique (Supporting Information Figure S2 (ESI)). The

roughly uniform pores with the size about 5-20 lm (PAES-C-

Na) and 10-20 lm (PAESK-C-Na) respectively are observed.

The pore structure could efficiently avoid mass transfer limita-

tion and diffusion resistance during the adsorption process in

comparison with the PAES sample with smaller pores.18 Figure

3 presented the spectra for PAES-C-Na loaded with heavy metal

ions, where Cu21 was selected as model ions. The surface mor-

phology of PAES-C-Na remained unchanged before and after

Cu21 sorption.

Based on the BET results of polymers, PAES-C-Na presented an

adequate surface area (21.832 m2/g) and pore volume (0.032 cc/

g); Nevertheless, both PAESK-C-Na and PAES exhibited a

smaller surface area (12.879 m2/g, 8.684 m2/g) and pore volume

(0.012 cc/g, 0.009 cc/g), respectively. The highest surface area

and pore volume might improve the adsorption capacity of

PAES-C-Na for the metal ions from wastewater.29

Thermal Analysis of Polymers

The thermal stability of polymers was investigated by TGA mea-

surement. A single step degradation peak at around 380�C

Table II. GPC Data of Polymers, as Calculated towards Polystyrene Standards

Dist name Mn Mw Mp Mz Mz11 Polydispersity

PAESK-C 16,579 36,425 40,341 54,442 66,733 2.19

PAES-C 54,614 128,482 94,737 234,585 331,183 2.33

PAES 21,205 43,808 59,350 59,439 69,479 2.07

Figure 3. SEM images of PAES-C-Na: (a) before Cu21 adsorption and (b) after Cu21 adsorption.
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(PAES-C), 392�C (PAESK-C), and 461�C (PAES) within a 5%

weight loss were screened in Supporting Information Figure S3

(ESI), which probably were related to the degradation of poly-

meric chain. Obviously, the polymers with the higher molar

ratio of carboxyl and phenylene showed the lower degradation

temperature, that is, the presence of carboxyl groups decreased

the degradation temperature.

The glass transition temperature (Tg) of polymers were meas-

ured by DSC technique. As shown in Supporting Information

Figure S4 (ESI), it illustrated that the midpoints of the heat

capacity step change were ca. 177�C (PAESK-C), ca. 165�C
(PAES-C), and ca. 170�C (PAES), respectively. The presence of

carboxylic acid groups into PAES-C branched-chain reduced the

regularity and crystallinity of molecular chain,12 compared with

PAES. And, PAESK-C possessed structurally more rigid groups

than PAES-C. Hence, Tg followed the order PAESK-C-

Na>PAES>PAES-C-Na. Additionally, no obvious endothermic

or exothermic peaks were observed except one peak correspond-

ing to the glass transition of polymer, which illustrated that no

cross-linked side-reaction occurred.30 This demonstrated the as-

prepared polymers exhibited the well thermal stability.

Comparison of Adsorption Performances Between PAES-C

and PAES-C-Na

The result showed that the adsorption efficiency of PAES-C-Na

(97%) was much higher than the value of PAES-C (10.6%)

probably due to electrostatic attraction31—the lone-pair elec-

trons in the oxygen atom may be shared by the oxygen atom

and Cu21. PAES-C-Na possessed more lone-pair electrons caus-

ing stronger electrostatic attraction in aqueous solution, com-

pared to PAES-C. In consequence, the sodium salt of polymer

was selected to further investigate the influence of various reac-

tion parameters.

Evaluation of Different Adsorption Materials

PH Effects of Cu21 on PAES-C-Na, PAESK-C-Na and

PAES. The pH value of solution has been regarded as the most

important controlling factors in the heavy metal elimination

process. It strongly affected the surface charge of the adsorbent

as well as the degree of ionization and speciation of the heavy

metal in the solution.32 The tests were conducted in the pH

range (1.0-7.0), and the influence of pH on the adsorption

capacity for Cu21 was demonstrated in Supporting Information

Figure S5 (ESI). For PAES-C-Na and PAESK-C-Na, no obvious

difference of the adsorption capacity is observed at pH value

below 3.0, and the adsorption percentage rapidly increases with

further increasing pH value to 5.0, but then levels off (5.0-6.0).

Because at lower pH values (1.0-3.0), the solution contains high

concentration of H1 ions, which had high mobility and then

competed with the metal ions for active sites on the adsorb-

ents.23 Another reason may be ascribed to the fact that the

extensive repulsion of metal ions and protonated carboxylic

groups of the adsorbent surface weakened the ion-exchange

interaction. With increasing pH values (3.0-6.0), the formation

of ionized carboxylic groups created the strong electrostatic

interaction with the metal ions, resulting in high uptake.

Figure 4. EDS spectra of PAES-C-Na: (a) before adsorption, (b) after Cu21 adsorption, (c) after Pb21 adsorption, (d) after Cd21 adsorption and (e)

after competitive adsorption. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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However, a slight decline of the adsorption performance upon

rising pH from 6.0 to 7.0 was probably assigned to the forma-

tion of Cu(OH)2(s) at a pH value above 6.2.1 An unobvious

change of the adsorption capacity of Cu21 on PAES was

screened with increasing pH value due to no carboxylic func-

tional groups in PAES. The difference in adsorption capacity of

different adsorption materials could be explained on the basis

of the difference of molar ratios between carboxyl and phenyl-

ene, namely, the adsorbents with the higher molar ratios

(PAES-C-Na>PAESK-C-Na>PAES) had the larger adsorption

capacities.

Adsorption Isotherms of Cu21 on PAES-C-Na, PAESK-C-Na,

and PAES. For better understanding the adsorption process,

three adsorption isotherm models were investigated.29 The lin-

ear isotherm (or Henry isotherm) [eq. (3)], Freundlich isotherm

[eq. (4)] and the Langmuir isotherm [eq. (5)] were applied:

qe5Kd � Ce (3)

log ðqeÞ5log ðKÞ1 1

n
log ðCeÞ (4)

Ce

qe

5
1

b � qm

1
Ce

qm

(5)

where Kd is the linear adsorption coefficient (L/g), K and n are

Freundlich constants related to adsorption capacity (L/g) and

adsorption intensity of adsorbents, qm is a Langmuir parameter

that expresses the maximum metal uptake (mg/g), b is the

Langmuir constant related to the adsorption energy (L/mg), qe

is the Cu21 adsorption density (mg/g) at equilibrium, and Ce is

the equilibrium metal ion concentration in the solution (mg/L).

As presented in Supporting Information Supporting

Information Figure S6 and Table S1 (ESI), the Freundlich iso-

therms model with a higher correlation coefficient made it as a

suitable candidate to describe the adsorption equilibrium for

the tested materials and the order of Cu21 sorption capacity of

PAES-C-Na, PAESK-C-Na, and PAES was as followed: PAES-C-

Figure 5. Effect of pH on the adsorption of Cu21, Pb21, and Cd21 onto

PAES-C-Na. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 6. Effect of contact time on the adsorption of Cu21, Pb21, and

Cd21 onto PAES-C-Na. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

Figure 7. Effect of adsorbent dosage on the adsorption of Cu21, Pb21,

and Cd21 onto PAES-C-Na. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

Figure 8. Effect of initial concentration on the adsorption of Cu21, Pb21,

and Cd21 onto PAES-C-Na. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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Na>PAESK-C-Na>PAES. It was known that the factors such

as the higher molar ratios of carboxyl and phenylene in the

polymers, the stronger ion-exchange and electrostatic attraction

between Cu21 and the carboxylic functional groups played an

important role in adsorption capacity.23 It also was noticed that

the values of K and n were relatively high for three different

materials (Supporting Information Table S1), indicating an

increased adsorption capacity and adsorption intensity.

Meanwhile, the fact of Langmuir isotherm model that failed to

apply in this instance indicated that the adsorption of Cu21

ions was not limited to a simple monolayer mechanism.1

Far more significant, further evidence to confirm the adsorption

capacity order PAES-C-Na>PAESK-C-Na>PAES was carried

out using EDS (Supporting Information Figure S7, ESI), the high-

est content of Cu21 in the local region of polymeric materials

explained that the PAES-C-Na possessed the best adsorption

capacity. Simultaneously, the contents of various metal ions in

the local region of PAES-C-Na also were identified (Figure 4),

which indicated that the adsorption capacity of PAES-C-Na were

followed in the order: Pb21>Cd21> Cu21, whereas the order

was taken in the competitive adsorption: Pb21>Cu21>Cd21.

Adsorption Kinetics of Cu21 on PAES-C-Na, PAESK-C-Na,

and PAES. In order to investigate the kinetics of metal ion

adsorption, two kinetic models were applied7: the pseudo-first

order model (equation of Lagergreen) [eq. (6)], the pseudo-

second order model [eq. (7)]:

log ðqe2qt Þ5log ðqeÞ2
j1

2:303
t (6)

t

qt

5
1

j2q2
e

1
t

qe

(7)

where j1 and j2 are the pseudo-first order, pseudo-second

order adsorption rate constants, respectively, qe and qt are the

amounts of metal ion adsorbed, per adsorbent mass unit at

equilibrium and at time t, respectively.

The results indicated that the pseudo-second-order kinetic

model well described the Cu21 adsorption for the PAES-C-Na,

PAESK-C-Na, and PAES (Supporting Information Figure S8,

Table S2, ESI), based on the correlation coefficients (R2 > 0.99)

and the comparison between the calculated equilibrium adsorp-

tion capacity (qe,calc) and the experimental adsorption capacity

(qe,exp). Therefore, the rate-limiting step was chemical sorption

between the adsorbents and metal ions.1

As suggested above, the adsorption capacities of Cu21 were

obtained in the order: PAES-C-Na (117.92 mg/g)>PAESK-C-Na

(48.9 mg/g)>PAES (26.39 mg/g). Both the high specific area and

the precipitates which are easy to be separated due to their set-

tling characteristics also suggested that the PAES-C-Na selected as

the optimum adsorbent for the removal of Cu21, was used to fur-

ther study the adsorptive properties of Pb21 and Cd21 ions.

Effect of pH on PAES-C-Na

As seen in Figure 5, with the increasing pH values, the adsorbed

metal ions onto PAES-C-Na presented the similar phenomenon

with the above-mentioned pH effects of Cu21 onto PAES-C-Na.

Whereas, the difference in adsorption capacity of different metal

ions could be due to the basis of the difference of binding capabil-

ity between the functional groups onto the surface of adsorbent

and metal ions, it tended to be related to charge number of metal

ion, charge density onto the adsorbent surface, and extent of metal

ion hydrolysis.33 With regard to hydrolysis and precipitation of the

metal ions, an optimal pH of 5.0 was chosen for further studies.

Effect of Contact Time on PAES-C-Na

Figure 6 presented the effect of contact time on Cu21 ions

removal. The rate of adsorption increases significantly during a

Figure 9. (a) Henry, (b) Langmuir, and (c) Freundlich adsorption isotherm curves for the adsorption of Cu21, Pb21, and Cd21 onto PAES-C-Na.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Table III. Isotherm Parameters for the Adsorption of Cu21, Pb21, and Cd21 onto PAES-C-Na

Linear model Langmuir model Freundlich model

Metal ion Kd R2 qmax b R2 n j R2

Cu21 0.86 0.9357 47.98 0.2566 0.9686 3.39 15.22 0.9955

Pb21 1.57 0.8113 69.54 0.7824 0.9837 5.32 35.09 0.9969

Cd21 1.36 0.8042 64.43 0.3846 0.9926 2.99 20.10 0.9935
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first period of about 12 h, and then slowly increases over the all

remaining testing period. At higher contact time, the less avail-

able surface active sites led to a slight increase of the heavy

metal removal capactity.34

Effect of Adsorbent Dosage on PAES-C-Na

To fully optimize the reaction conditions, the effects of adsorb-

ent dosage on adsorption of Cu21, Pb21, and Cd21 were also

investigated. As shown in Figure 7, the adsorption capacities

increase progressively with adsorbent dosage. More specially, the

increase rate of this parameter was high for higher adsorbent

dosages, due to the great availability of active sites on the sur-

face of the PAES-C-Na, and low for lower adsorbent dosages,

due to the progressive saturation of these active sites.1 No sig-

nificant change was observed as the adsorbent dose was further

increased due to the equilibrium status of the concentration of

metal ions between the solid and solution phase.

Effect of Initial Concentration on the Polymer PAES-C-Na

Initial metal ion concentration played an important role in

the adsorption mechanism investigation.1 As presented in

Figure 8, increasing the initial metal ion concentration

resulted in an increase adsorption of Cu21, Pb21, and Cd21

per adsorbent mass unit to the equilibrium, which could be

interpreted that a higher initial copper ion concentration pro-

vided a bigger driving force to overcome mass transfer resist-

ance of the metal ion in a concentration gradient form.34

Hence a higher initial concentration of metal ion would

enhance the adsorption amount of metal ions. However, the

removal efficiency of Cu21, Pb21, and Cd21 decreased from

87.24% to 23.32%, 97.78% to 35.24% and 92.19% to 30.65%,

respectively, as initial metal ion concentration increased, due

to the saturation of the active sites on the surface of synthe-

sized polymers.

Adsorption Isotherms of Metal Ions on PAES-C-Na

As seen in Figure 9 and Table III, Freundlich isotherms model

(R2>0.99) fitted much better with the adsorption equilibrium

compared with the other models. The reason might be that

Freundlich isotherm model based on the assumption of the stron-

ger binding sites were occupied firstly, and the binding strength

decreased with an increase in the degree of sorption.7 The K val-

ues of Freundlich isotherm model showed that the adsorption

capacity increased in the order Cu21 < Cd21<Pb21 and the n

values from 1 to 10 indicated favorable adsorption condition, in

line with the EDS results aforementioned. On the other hand,

Langmuir isotherm model was inferior application in the adsorp-

tion of the metal ions onto PAES-C-Na, due to a restrictive

monolayer mechanism and the lack of interaction between the

adsorbed species. Also, its monolayer maximum adsorption

capacity of PAES-C-Na for metal ions followed the order Cu21

Figure 10. (a) Pseudo-1st-Order and (b) Pseudo-2nd-Order kinetics plots for the adsorption of Cu21, Pb21, and Cd21onto PAES-C-Na. [Color figure

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

Table IV. Kinetic Parameters for the Adsorption of Cu21, Pb21, and Cd21 onto PAES-C-Na

Pseudo-first-order model Pseudo-second-order model

Metal ion qe,exp(mg/g) qe,calc j1 R2 qe,calc j2 R2

Cu21 22.53 21.89 0.0982 0.9921 23.75 0.0058 0.9946

Pb21 35.42 26.25 0.2066 0.9791 36.86 0.0136 0.9907

Cd21 24.32 21.12 0.1278 0.9771 24.39 0.01 0.9935
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(47.98 mg/g)<Cd21 (64.43 mg/g)<Pb21 (69.54 mg/g). It could

be found that the adsorption capacity of PAES-C-Na were higher

compared with other reported adsorbents, such as chelating resin

poly(HEA/MALA) hydrogel (14.5 mg/g of Cu21, 50.6 mg/g of

Cu21, 20.2 mg/g of Cu21),11 and (25.6 mg/g of Cu21, 38.9 mg/g

of Pb21, 41.3 mg/g of Cd21)35. Therefore, PAES-C-Na exhibited a

significant potential for metal ions removal.

Adsorption Kinetic of Metal Ions on PAES-C-Na

The fitting curves and results are displayed in Figure 10 and

Table IV. It was observed that the pseudo-second-order

kinetic model was more suitable to describe the adsorbent

systems based on both the correlation coefficients (R2 >

0.99) and a good agreement between the calculated equilib-

rium adsorption capacity (qe,calc) and the experimental

adsorption capacity (qe,exp), demonstrating that the rate-

limiting step was chemical sorption through sharing the elec-

trons between the adsorbent and metal ions. Similar results

have also been reported.32

Competitive Adsorption of Metal Ions on PAES-C-Na

The competitive adsorption of the metal ions on PAES-C-Na

was investigated in an aqueous solution containing the same

concentration (10 mg/L) of Cu21, Cd21, and Pb21. As shown

in Figure 11, the adsorption capacities of three metal ions

decrease under coexistent condition compared to the respective

single-component metal ion adsorption. Under the noncompeti-

tive condition, the competitive adsorption capacities of Pb21

(47.91 mg/g), Cd21 (16.73 mg/g), and Cu21 (30.06 mg/g) were

decreased 31.1%, 74.03%, and 37.35%, respectively. And the

results also demonstrated that the adsorption of Cd21 ions was

significantly affected by the presence of other ions in the solu-

tion, Cu21 came secondly, and Pb21 was less impacted. Thus, it

could be included that the competitive adsorption of metal ions

might be in the order Pb21>Cu21>Cd21.

Regeneration of PAES-C-Na

The reusability of the adsorbents was important for commercial

feasibility. The PAES-C-Na samples were investigated after three

cycles of consecutive adsorption-desorption procedure and the

results were listed in Table V. It elucidated that PAES-C-Na

could be used repeatedly without obvious decline of its adsorp-

tion capacity, and there were high desorption percentages for all

metal ions studied here. After three cycles, the PAES-C-Na

(84.58% of Cu21, 92.83% of Pb21, 89.67% of Cd21) with the

low cost exhibited the better regeneration capacity, compared to

the PEK-L (90.0% of Pb21, 85.0% of Cd21)7 and chitosan

nanofibril (73.3% of Cu21, 80.2% of Pb21, 82.7% of Cd21).36

CONCLUSIONS

In this study, three kinds of high molecular weight of PAES-C,

PAESK-C, and PAES, with different molar ratios of carboxyl

and phenylene, were successfully synthesized by direct polycon-

densation in mixture solvent. Compared with PAESK-C-Na and

PAES, the PAES-C-Na possessed the largest adsorption capacity

of Cu21 and therefore was selected to further explore the

adsorption properties of Pb21and Cd21 ions. The adsorption

results indicated that the adsorption mechanisms of Pb21,

Cd21, and Cu21 on PAES-C-Na were due to the combined

action of electrostatic interaction and ion-exchange between

functional groups and metal ions. The kinetics study revealed

that adsorption was more likely modeled by a pseudo-second-

order equation. The thermodynamic study illustrated that

Freundich model fitted well with the adsorption data.

Monolayer adsorption capacity of PAES-C-Na for metal ions

was found in the order Pb21>Cd21 > Cu21. Conversely, the

priority order in multi-component adsorption was

Pb21>Cu21>Cd21. It was also studied that PAES-C-Na was

easily regenerated and reused without visible loss of adsorption

performance in removing metal ions. These findings suggested

that PAES-C-Na was a promising adsorbent to adsorb and

recover heavy metal ions from wastewater.
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