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a b s t r a c t

The melamine-diethylenetriaminepentaacetic acid/polyvinylidene fluoride (MA–DTPA/PVDF) chelating
membrane bearing polyaminecarboxylate groups was prepared for the removal of Ni(II) from wastew-
ater effluents. The membrane was characterized by SEM, 13C NMR and FTIR techniques. Quantitative
adsorption experiments were performed in view of pH, contact time, temperature, the presence of
Ca(II) and lactic acid as the controlling parameters. Adsorption kinetics and equilibrium were exam-
ined regarding the single Ni(II) system, binary Ni(II) and Ca(II) system and nickel–lactic acid complexes
system. The desorption efficiency was also evaluated, and the adsorption mechanism was suggested
based on experimental data. The results show that the sorption kinetics fit well to Lagergren second-
order equation and the isotherms can be well described by Langmuir model. At 298 K, the second-order

2
inetics
sotherm

rate constant is calculated to be 4.171, 11.39, 6.203 cm /(mg min) and the equilibrium uptake is 0.0264,
0.0211 and 0.0216 mg/cm2 in the aforementioned three systems. The distribution coefficient of Ni(II)
slowly decreases from 4.27 to 2.72, and the separation factor (fNi(II)/Ca(II)) increases from 3.10 to 8.46 when
the initial Ca(II) concentration varies from 20 to 200 mg/L. This reveals the chelating membrane shows
more affinity for Ni(II) than Ca(II) ions. In the studied range of lactic acid concentration, Ni(II) uptake

mum
�G◦
decreases with the maxi
process, and the negative

. Introduction

Water contamination by heavy metals has emerged as a cru-
ial problem for environmental considerations. Emission of the
astewater effluents containing heavy metal ions has significantly

oxic influences on human beings and ecological systems [1,2]. The
mount of the discharged toxic heavy metals including arsenic,
ercury, lead, copper, nickel, chromium and cadmium every year

an attain millions of tons. Among these metals, there is a signif-
cant contamination of water resources by nickel ions [3]. Nickel
lectroless plating and electroplating industries discharge a large
mount of wastewater in China, which has posed a threat to
he ecosystem. Nickel has been identified as a carcinogen; there-
ore, nickel containing wastewater should be treated to maintain
egislative standards. Furthermore, the existent form of nickel
s metal-organic complexes and citric, lactic, tartaric, malic and
uccinic acids are found to be widely used in the nickel plating pro-

esses. It is thereby not effective for the conventional techniques
o recover nickel from complex wastewaters.

Conventional treatment methods include coagulation and fil-
ration [4,5], adsorption [6–9], ion exchange and electrodialysis

∗ Corresponding author. Tel.: +86 3358387741; fax: +86 3358061569.
E-mail address: songlz@ysu.edu.cn (L. Song).

304-3894/$ – see front matter. Crown Copyright © 2011 Published by Elsevier B.V. All ri
oi:10.1016/j.jhazmat.2011.03.061
ratio of 10%. Chemical bonding (chelation) dominates in the adsorption
and �H◦ indicate the spontaneous and exothermic nature of adsorption.

Crown Copyright © 2011 Published by Elsevier B.V. All rights reserved.

[10]. Among these methods, adsorption is recommended for the
treatment of wastewater in which metal ions are at low concen-
tration levels. Numerous adsorbents, such as activated carbon,
minerals, resins and membranes, are available for heavy metal
removal and recovery [11,12]. Activated carbon can efficiently
decrease the content of heavy metals complexed by organic acids;
however, the regeneration is difficult and thus this adsorbent is
not cost-effective [13]. Various ion exchangers are distinguished
by their functional groups, determining the different affinity and
selectivity for heavy metals. Acrylic acid, crotonic acid, nitrilo-
triacetic acid and maleic anhydride have been introduced into
polymer matrix [14–16]. These common ion exchange adsorbents
can be used to remove heavy metals from aqueous solutions, while
they cannot perform their functions for metal-organic solutes. Due
to the stability of metal complexes, the recovery of nickel from
metal plating faces challenges. Membrane techniques, especially
the chelating membrane, have found applications in the heavy
metal polluted wastewater [6,17]. Also, there are strong complex-
ing agents including ethylenediamine tetra-acetic acid (EDTA) and
diethylenetriaminepentaacetic acid (DTPA), which are adopted to
functionalize the polymeric materials for heavy metal recovery

[18–21]. However, there have been scarce investigations in relation
to the modification of polyvinylidene fluoride (PVDF) membrane
with DTPA.

In this study, MA–DTPA/PVDF chelating membrane was synthe-
sized via the covalent amide bond between DTPA and melamine

ghts reserved.
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MA) with the formation of polyaminecarboxylate compounds.
canning electron microscopy (SEM), 13C nuclear magnetic res-
nance spectroscopy (13C NMR) and Fourier transform infrared
pectroscopy (FTIR) were used to characterize the prepared mem-
rane. The chelating membrane was applied to remove nickel from
ickel–organic complexes in simulated wastewater. As a prelim-

nary work, lactic acid was chosen as the studied chelating agent
or the nickel–organic complexes system. Detailed studies regard-
ng the effects of different parameters including pH, temperature,
ontact time, the presence of calcium ions and lactic acid on the
dsorption properties of the membrane have been carried out. In
rder to have an insight into the fundamental information of the
dsorption process, batch adsorption experiments with respect to
he kinetics and isotherms were performed with the presence of
alcium ions and lactic acid, respectively. Finally, the experimental
ata were compared to the adsorption data of single nickel ions to

nterpret the results.

. Experimental

.1. Materials

PVDF powders were provided by Chen Guang Co. Ltd. (China)
ith a molecular weight of ca. 400,000. Polyvinyl pyrrolidine (PVP)
owders, as the pore-forming additive, were obtained from the

nstitute of Chemical Engineering of Beijing (China). Dimethylsul-
oxide (DMSO), DTPA, MA, lactic acid and CaCl2 were of analytical
rade and used as received. A stock solution of Ni(II) (1000 mg/L)
as prepared by dissolving weighed amounts of NiSO4·6H2O (ana-

ytical grade) in deionised water. The working solutions were
repared by diluting the stock solutions to appropriate volumes.

.2. Preparation of the PVDF chelating membrane

DTPA (1.5 g) and melamine (1.44 g) were mixed in 30 mL DMSO.
he mixture was then heated to 180 ◦C to form the covalent amide
ond between DTPA and MA. When a homogenous suspension was
bserved, this suspension was cooled to 80 ◦C. At the same time,
VDF (5 g) and PVP (0.7 g) were added to this suspension and then
gitated for 5 h with the temperature in range of 70–80 ◦C. The PVDF
helating membrane was obtained via phase inversion technique
ith deionised water as the nonsolvent. To completely leach out

he remaining solvent and PVP, the membrane was immersed in
eionised water for 48 h at room temperature and left for subse-
uent characterization and adsorption experiments.

.3. Membrane characterization

Environmental scanning electron microscopy (Model XL30,
hilips) was employed to analyze the surface morphologies of
he virgin PVDF membrane and the chelating membrane. BRUKER
VANCE III 400 NMR spectrometry (13C solid-state NMR) was used

o characterize the membrane samples.
Fourier transform infrared spectroscopy was adopted to deter-

ine the functional groups of the PVDF chelating membrane. In
articular, the FTIR spectrum of nickel-loaded chelating mem-
rane will provide some evidence about the complexing groups and
dminister to revealing the complexation mechanism. Considering

he possible effects of PVDF polymer on the peaks after complex-
tion, FTIR spectra of the polyaminecarboxylate compounds and
heir nickel-loaded form were also examined. FTIR analyses were
onducted on E55 + FRA106 FTIR spectrometer. Each spectrum was
ollected by cumulating 16 scans at a resolution of 4 cm−1.
aterials 189 (2011) 732–740 733

2.4. Adsorption experiments

All the following adsorption experiments were performed by
a batch method in which 200 mL solutions containing Ni(II) were
treated by the chelating membrane with the diameter of 10 cm. The
solutions were pH-adjusted using HAc–NaAc buffer solutions.

The effect of pH ranging from 2 to 7.5 was examined. In indus-
trial wastewaters, there exists a large amount of calcium ions in
addition to heavy metal ions. In order to elucidate the interfer-
ence of calcium ions, the nickel uptakes were measured at different
Ca(II) concentrations (0–200 mg/L). Lactic acid was chosen as the
target chelating agent for studying the removal of nickel in the
form of metal-organic complexes. Considering the practical con-
dition of the nickel plating wastewater, the concentration of lactic
acid varied from 0 to 10 mL/L. Solutions containing 50 mg/L nickel
ions, of which the temperature was kept at 298 K, were used in the
above experiments. Furthermore, the optimum pH for adsorption
derived from the experimental results of pH effect was adopted for
all experiments.

Adsorption kinetics and the effect of contact time were inves-
tigated in a series of experiments at three temperatures (288 K,
298 K and 308 K). The initial Ni(II) concentration was also 50 mg/L
and pH of the solutions was maintained at 6.6. For each temper-
ature, 1 mL was withdrawn from the solution to determine the
residual Ni(II) concentrations at different intervals till equilibrium.
In addition, kinetics with the presence of calcium ions and lactic
acid were studied, respectively. The Ca(II) concentration was con-
trolled at 50 mg/L. For the kinetics with the addition of lactic acid,
the concentration of 0.01 mol/L was employed.

For single Ni(II) aqueous solutions, the effect of temperature
(288 K, 298 K and 308 K) and adsorption equilibrium were exam-
ined in one experiment at different initial nickel concentrations
(20–140 mg/L). The initial and equilibrium concentrations were
then measured by atomic absorption spectroscopy (AAS, WFX-110
spectrometer). Adsorption isotherm studies with regard to the exis-
tence of calcium ions and lactic acid were carried out by the same
method as that of the single nickel ions system. The amounts of
calcium ions and lactic acid were the same with the kinetics studies.

The amounts of nickel adsorbed on the chelating membrane,
and the distribution coefficient (KD, mL/cm2) and separation fac-
tor (fNi(II)/Ca(II)) for nickel and calcium ions were calculated as
follows[22]:

q = (c0 − ce)V
A

(1)

KD = (c0 − ce)
Ce

× V

A
(2)

fNi(II)/Ca(II) = KD(Ni)

KD(Ca)
(3)

where q is the amount of Ni(II) and Ca(II) ions adsorbed onto a
unit area of the membrane (mg/cm2). c0 and ce are the initial and
equilibrium concentrations of Ni(II) and Ca(II) ions in the aqueous
phase (mg/L), respectively. V is the volume of the aqueous phase
(L) and A is the surface area of the membrane (cm2). KD(Ni) and
KD(Ca) are the distribution coefficients (L/m2) of Ni(II) and Ca(II)
ions at adsorption equilibrium between the chelating membrane
and the solution (mg/L), respectively. fNi(II)/Ca(II) is the separation
factor of nickel and calcium ions, and fNi(II)/Ca(II) with a higher value
will benefit the Ni(II) adsorption of the chelating membrane.
2.5. Desorption experiments

Desorption efficiency of the chelating membrane was measured
with HCl solution as the elution agent. The chelating membrane
with the diameter of 10 cm loaded by the nickel ions was immersed
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Fig. 2. 13C solid-state NMR spectra: (a) the virgin PVDF membrane; (b) the chelating
membrane.

Fig. 3 presents the spectra of the virgin PVDF membrane,
ig. 1. SEM images of PVDF membrane: (a) surface of the virgin PVDF membrane;
b) surface of the chelating membrane.

n 1 mol/L HCl solution. The adsorption/desorption processes for
he same membrane were repeated for four times. The amounts of
i(II) adsorbed and eluted during the adsorption/desorption pro-
esses were determined and the desorption efficiency was then
valuated.

The desorption efficiency (DE) was expressed below:

E = q1

q0
× 100% (4)

here q1 is the desorbed amount of Ni(II) ions from the mem-
rane (mg/cm2) and q0 is the adsorbed amount of Ni(II) ions on
he membrane at equilibrium (mg/cm2).

. Results and discussion

.1. Characterization of the chelating membrane

.1.1. SEM analysis
Surface morphology of MA–DTPA/PVDF chelating membrane

as characterized by SEM. Fig. 1 presents the SEM images of the
irgin PVDF membrane and the chelating membrane. As shown in
ig. 1a, the virgin PVDF membrane possesses a uniform microp-
rous structure [23]. In comparison, it can be seen from Fig. 1b that
he PVDF chelating membrane still maintains its microstructure;
evertheless this porous microstructure is found to be partially
locked and the porosity tends to decrease. This phenomenon can
e attributable to the resultant colloidal substances during the

reparation process. The morphology of the PVDF chelating mem-
rane evidences that the polyaminecarboxylate colloid do not have
considerable influence on the micropore structure of PVDF mem-
rane.
Fig. 3. FTIR spectra: (a) the virgin PVDF membrane; (b) the chelating membrane; (c)
polyaminecarboxylate compounds; (d) nickel-loaded polyaminecarboxylate com-
pounds.

3.1.2. NMR analysis
13C solid-state NMR spectrum of the virgin PVDF membrane was

compared with that of the chelating membrane. Fig. 2 shows the
spectra of PVDF membrane and the chelating membrane. As indi-
cated in Fig. 2, the peaks at 20.1 ppm and 33.1 ppm originate from
adamantane which is used as the internal standard. The –CH2–
and –CF2– carbons of the PVDF main chains contribute to the
peaks at 44.6 ppm and 121.8 ppm, consistent with the data that
have been reported in literature [24]. In addition to the shared
peaks, it is also observed that there appear several important differ-
ences between the spectra. The peak which appears at 56.0 ppm is
assigned to –CH2N– carbon of DTPA and the peak at 158.7 ppm can
be attributed to the three carbons in the triazine ring of melamine.
The 168.5 ppm peak points to carbonyl carbon of amide or car-
boxylic groups [18]. Due to high intensity of the peak at 168.5 ppm,
it can be assumed that the content of polyaminecarboxylate com-
pounds is relatively high in the chelating membrane. Therefore,
the polyaminecarboxylate groups with the functionality of chela-
tion, as inferred from the 13C solid-state NMR spectra, have been
blended to PVDF membrane.

3.1.3. FTIR spectra
the chelating membrane, polyaminecarboxylate compounds and
nickel-loaded compounds. As indicated in Fig. 3a, the peaks appear-
ing at 471, 1200 and 3025 cm−1 derive from C–F wagging, bending
and stretching vibration of PVDF polymer, respectively [25]. Com-
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acid complexes is not promoted as the lactic acid concentration
increases. In the range studied, the maximum decrease percentage
of the uptake is 10%, which is located at the acid concentration of
10 mL/L. Consequently, with special respect to a potential applica-

Table 1
Distribution coefficient for Ni(II) and separation factor for Ni(II) and Ca(II) at different
ig. 4. Effect of pH on the adsorption of Ni(II) by the chelating membrane.
0(Ni) = 50 mg/L; t: 120 min; membrane area: 157 cm2; temperature: 298 K.

aring curve a with b and c, one should observe several new peaks
ncluding 690 and 1636 cm−1, which are due to the amide N–H out
f plane and amide carbonyl C O stretching, respectively. These
wo peaks support the formation of the amide covalent bonds
etween DTPA and melamine, indicating the polyaminecarboxy-

ate functional groups have been blended to PVDF membrane. The
eak at 1552 cm−1 is attributable to N–H bending of bridging sec-
ndary amine groups. As shown in Fig. 3c and d, the intensity of
he peak at 1390 cm−1 related to carboxylic in plane O–H bend-
ng and the peak at 1636 cm−1 shows an observable decrease due
o carboxylic O–H coordination. The decreasing intensity of the
eak at 1205 cm−1, which is as a result of C–N bonds weaken-

ng, is indicative that nitrogen atoms of DTPA skeleton are sites
or complexation. The new broad peak at 1085 cm−1 in the vicin-
ty of 1205 cm−1 also confirms the coordination of DTPA amino
roups [26]. No identifiable change for the peak at 1552 cm−1

ay mean the amide nitrogen atoms are free. Moreover, the weak
eaks at 610 cm−1 may originate from Ni–N bond [18]. Thus, the
hemical interactions during the adsorption process are evidenced
y FTIR results. One can assume that the carboxylic and amino
roups pertaining to DTPA coordinate to Ni(II), thereby forming
omplexes.

.2. Effect of variables

.2.1. Effect of pH
Adsorption of metal ions onto the chelating membrane is a pH

ependent process. The influence of pH on the adsorption proper-
ies is shown in Fig. 4. The pH range studied varies from 2.0 to 7.5. As
an be noticed, with increasing pH value, higher adsorption capac-
ties can be obtained. The optimum pH for adsorption is located
t 6.6. When the pH exceeds 7, the uptake decreases because the
ickel ions start to precipitate as Ni(OH)2. According to the results
f FTIR spectra, chelation may dominate in the adsorption process.
t lower pH values, the functional groups for coordination includ-

ng carboxylic and amine groups are protonated, which does not
avor the chelation. On the other hand, the H+ ions compete with
i(II), which also decreases the uptake. When the pH increases,

he chelation reaction tends to occur with the deprotonation of the
unctional groups for coordination.

.2.2. Effect of Ca(II)
The occurrence of calcium ions is ubiquitous in wastewater

ffluents. The polyaminecarboxylate chelator tends to bind almost

ll the metal ions due to its high complexing capability. Therefore,
a(II) ions may occupy the active sites for complexation to compete
ith Ni(II). The effect of Ca(II) ions is highly dependent on the rela-

ive complexation strength that the chelating membrane shows for
a(II) and Ni(II) ions. In this respect, a series of adsorption experi-
Fig. 5. Effect of Ca(II) on the adsorption of Ni(II) by the chelating membrane.
C0(Ni) = 50 mg/L t: 120 min; membrane area: 157 cm2; temperature: 298 K; pH: 6.6.

ments were carried out to examine the interference of Ca(II) ions,
with the initial Ni(II) concentration of 50 mg/L.

Fig. 5 shows the variation of Ni(II) uptake as a function of
Ca(II) concentration. Table 1 gives out the distribution coefficient
for Ni(II) and separation factor for Ni(II) and Ca(II) at different
Ca(II) concentrations. At lower Ca(II) concentration, an identifiable
change occurs to the Ni(II) uptake compared to the single nickel
ions system. As the concentration of Ca(II) ions increases from 20
to 50 mg/L, the uptake decreases by 18–27%. For larger concen-
trations (100–200 mg/L), the increase of Ca(II) concentration has
a moderate impact on the variation of Ni(II) uptake. When the con-
centration of Ca(II) is 200 mg/L, the reduction percentage of the
adsorption capacity is 43%. As indicated in Table 1, the distribution
coefficient (KD(Ni)) decreases from 4.27 to 2.72, and the separa-
tion factor (fNi(II)/Ca(II)) increases from 3.10 to 8.46 at increased
Ca(II) concentrations (20–200 mg/L). This reveals that competitive
adsorption exists in the sorption process with the simultaneous
presence of Ni(II) and Ca(II) ions. What is more, nickel adsorption
dominates over calcium ions, indicating that the chelating mem-
brane shows more affinity and selectivity for Ni(II) than Ca(II) ions.
Thus, the chelating membrane can be applied to treat the nickel
plating wastewater containing calcium ions.

3.2.3. Effect of lactic acid
Lactic acid, as a chelating agent, is widely used in the nickel plat-

ing industries. With comparatively small stability constants, lactic
acid is a weak chelating agent containing two coordination sites.
The stronger complexation strength of the chelating membrane
towards Ni(II) than lactic acid induces that the adsorption process
experiences low steric hindrance which will otherwise hamper the
Ni(II) uptake of the chelating membrane.

The adsorption profile for different lactic acid concentrations at
pH 6.6 is shown in Fig. 6. The Ni(II) uptake decreases insignificantly
with increasing lactic acid concentration. It is also should be noted
that the profile tends to be more smooth at larger lactic acid con-
centrations. This may be because all the nickel ions are complexed
and the crowding effect relating to the formation of nickel–lactic
Ca(II) concentrations.

C0(Ca) (mg/L) 0 20 50 100 150 200

KD(Ni) 5.66 4.27 3.72 3.11 2.93 2.72
fNi(II)/Ca(II) – 3.10 4.78 5.85 7.56 8.46
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ig. 6. Effect of lactic acid on the adsorption of Ni(II) by the chelating membrane.
0(Ni) = 50 mg/L; t: 120 min; membrane area: 157 cm2; temperature: 298 K; pH: 6.6.

ion, this property facilitates the use of this chelating membrane to
he recovery of nickel from organic acid complexes.

.3. Adsorption studies

Adsorption kinetics and equilibrium, as the two important
hysicochemical aspects, play a significant role in parameterized
valuation of the sorption process. In this section, the adsorp-
ion characteristics of the chelating membrane towards Ni(II) were
xamined for the following three systems: (1) the single Ni(II) ions
ystem, (2) the binary Ni(II) and Ca(II) system, (3) the Ni(II)–lactic
cid complexes system. Some comparisons were made to inter-
ret the influence of calcium ions and lactic acid on the adsorption
inetics and thermodynamics. Finally, the thermodynamic param-
ters, including �H◦, �S◦ and �G◦ were calculated based on the
xperimental data.

.3.1. Adsorption kinetics
Sorption kinetics, which is associated with solute uptake rate

nd determines the residence time of the adsorption reaction, is
n important property defining the sorption efficiency [27]. Hence,
xperiments were performed to have a clear insight into the kinet-
cs of nickel removal by the chelating membrane. The uptakes as

function of time for different temperatures are shown in Fig. 7.
n the single nickel ions system, as inferred from Fig. 7a, the time
equired to achieve equilibrium is 60 min, which is used as the
quilibration time for subsequent experiments. It can also be seen
hat two stages, including rapid and slow stage, occur in the nickel
dsorption processes. The rapid stage extends for the first 10 min
hile the slow adsorption for the remaining 50 min. During the first

0 min, 85% of the total Ni(II) uptake has been attained for these
hree temperatures, displaying a fast adsorption characteristic of
he chelating membrane.

As for the binary Ni(II) and Ca(II) system, Fig. 7b displays that the
quilibrium time is shortened in addition to the uptake decrease.
onsequently, the competitive adsorption of calcium ions can inter-

ere with nickel sorption significantly and have an influence on
he kinetics. From Fig. 7c, a decrease of the uptake can be also
bserved in nickel–lactic acid complexes system. In comparison
ith the single nickel adsorption, the equilibrium time shows no

dentifiable change. The binding strength of lactic acid is incon-
iderable, compared to the polyaminecarboxylate groups of the
helating membrane.

In order to reveal the adsorption mechanism, the kinetic data

nder these three systems were fitted to Lagergren first-order,
econd-order equation and intraparticular diffusion model. The lin-
ar form of these three models can be written as follows [28]:

irst-order equation : ln(qe − qt) = ln qe − k1t (5)
Fig. 7. Adsorption kinetics for Ni(II) on the chelating membrane in different sys-
tems: (a) the single Ni(II) ions system; (b) the binary Ni(II) and Ca(II) system; (c)
the Ni(II)–lactic acid complexes system. C0(Ni) = 50 mg/L; C0(Ca) = 50 mg/L; C0(lactic
acid) = 0.01 mol/L; t: 120 min; membrane area: 157 cm2; pH: 6.6.

Second-order equation :
t

qt
= 1

k2q2
e

+ t

qe
(6)

Intraparticular diffusion model : qt = kidt1/2 (7)

where qe and qt are the amounts of adsorbed Ni(II) (mg/cm2),
at equilibrium and at time t, respectively. k1 (min−1), k2
(cm2/(mg min))and kid (mg/(cm2 min1/2)) are the rate constants.

The parameters of the three models are summarized in
Table 2. As the correlation coefficient (R2 > 0.99) indicates, Lager-
gren second-order model can be representative of the adsorption
process, pointing to a chemical sorption character. What is more,
the calculated uptake of equilibrium derived from the data fitting is
consistent with the experimental adsorption capacity. Intraparticu-
lar diffusion equation, which can identify the diffusion mechanism,
confirms that two stages occur as mentioned above. The rapid stage

is due to the membrane diffusion where the intraparticular dif-
fusion is the rate-limiting step. Comparatively, the slow stage is
the equilibrium step where intraparticular diffusion starts to slow
down. In conclusion, nickel ions are transported to the surface of
the membrane via membrane diffusion and then intraparticular
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Fig. 8. Adsorption isotherm for Ni(II) on the chelating membrane in different sys-
tems: (a) the single Ni(II) ions system; (b) the binary Ni(II) and Ca(II) system; (c) the
Ni(II)–lactic acid complexes system. C0(Ca) = 50 mg/L; C0(lactic acid) = 0.01 mol/L; t:
120 min; membrane area: 157 cm2; pH: 6.6.

diffusion facilitates the ions to retain on the complexation sites.
As can be seen in Table 2, calcium ions presence affects Lager-

gren second-order rate constant. The rate constant is larger than
that of single nickel ions system, indicating the competitive adsorp-
tion of calcium ions accelerates the sorption process and shortens
the residence time. In the case of nickel–lactic acid complexes sys-
tem, the formation of complexes has a considerable effect on the
rate constants as the calcium ions does. This effect indicates the
nature of solute is changed as the complexes form and this nature
interferes in the kinetic process.

3.3.2. Equilibrium adsorption
Fig. 8 presents nickel adsorption isotherms as a function of the

equilibrium concentration of nickel ions under three systems. It can
be seen from Fig. 8a that the adsorption capacity decreases with the

increasing temperature. Therefore, lower temperature favors the
adsorption process. However, the temperature does not exert a sig-
nificant influence on the adsorption capacity as the uptake shows
no considerable difference among the three temperatures. As can
be seen in Fig. 8b, the noticeably different trend of the isotherm
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ith the presence of calcium ions demonstrates that the calcium
ons affect the nickel adsorption when the ionic strength or compet-
tive adsorption are taken into consideration. Conversely, the effect
aused by the addition of lactic acid on the adsorption isotherm, as
an be noted in Fig. 8c, is insignificant despite of the formation of
he nickel–lactic acid complexes.

Freundlich, Langmuir and D–R isotherm models were employed
or adsorption data correlation to quantify the adsorption capacity
f the membrane. The linear forms of these three models are listed
s follows [29,30]:

reundlich model : ln qe = ln KF + 1
n

ln ce (8)

angmuir model :
ce

qe
= 1

qmb
+ ce

qm
(9)

–R model : ln qe = ln qm − kε2 (10)

= RT ln
(

1 + 1
ce

)
(11)

= 1

(2k)1/2
(12)

here qe (mg/cm2) is the amount of adsorbed Ni(II) at equilibrium,
e (mg/L) is the concentration of Ni(II) at equilibrium. KF and n
re associated with the adsorption capacity and adsorption inten-
ity, respectively. Langmuir parameter b (L/mg) is related to the
dsorption affinity. ε is Polanyi potential; E (kJ/mol) is the mean
ree energy of adsorption.

As Table 3 displays, because of the relatively high correla-
ion parameters, the experimental data can be well described by
he three models, in which the Langmuir model gives the best
t (R2 > 0.99). In the single nickel component, Freundlich param-
ter, the KF value, supports the order of nickel uptake is 288
> 298 K > 308 K, which is confirmed by the corresponding 1/n val-
es. Langmuir isotherm model is based on the assumption that
he dynamic adsorption–desorption processes occur on homo-
eneous surface, taking no account of the interaction between
he membrane and the solute. Thus, the adsorption of nickel on
he membrane can be explained as mono-molecular layer of the
dsorption. The calculated maximum adsorption capacities (qm)
re slightly greater than the experimental values regarding that
here are still unoccupied adsorption sites. Moreover, the adsorp-
ion affinity (b) in the order of 288 K > 298 K > 308 K reflects that
ow temperature is more preferable for the nickel adsorption. The
dsorption mechanism of nickel ions on the chelating membrane
s predicted by D–R isotherm model. Values of E relating to the

ean free energy of adsorption vary from 8 to 16 kJ/mol, which is
ndicative of the ion-exchange adsorption [30].

The isothermal parameters of the single nickel ions system
re compared to that of the system with the presence of calcium
ons and lactic acid, respectively. As indicated in Table 3, it is
pparent that the presence of calcium ions affects the adsorption
sotherm significantly, whereas lactic acid has a moderate effect
n the isotherm. The higher 1/n values than that of single nickel
ons system demonstrate that calcium ions interfere with nickel
dsorption; the value of b reflects the same trend. However, in the
ickel–lactic acid complexes, the values of 1/n and b associated
ith the adsorption capability exhibit no considerable difference.
ence, the chelating membrane can be applied to treat the nickel
lating effluents without considerable loss of the uptake.
.3.3. Thermodynamic parameters
Thermodynamic parameters, properly assessed, could provide

etailed information with regard to the inherent energy. The final
apacity of the membrane and the adsorption mechanism can Ta
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Table 4
Adsorption thermodynamic parameters of the chelating membrane for Ni(II).

System �H◦ (kJ/mol) �S◦ (kJ/mol K) T (K) �G◦ (kJ/mol) R2

Single nickel ions
system

−11.11 0.0149 288 −15.41 0.9964
298 −15.56
308 −15.71

Binary Ni(II) and Ca(II)
system

−20.86 0.0005 288 −21.00 0.9630
298 −21.01
308 −21.02

Ni(II)–lactic acid
complexes system

−12.90 0.0300 288 −21.54 0.9340
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ig. 9. Repeated adsorption/desorption curve for the chelating membrane towards
i(II).

lso be evaluated based on these parameters [31]. These param-
ters including the standard free energy change (�G◦), standard
nthalpy change (�H◦), and standard entropy change (�S◦) were
alculated and summarized in Table 4 [32].

n KD = −�H◦

RT
+ �S◦

R
(13)

G◦ = �H◦ − T �S◦ (14)

here KD is the distribution coefficient (mL/m2), and R is the gas
onstant. It can be seen from Table 4 that the values of �H◦ are
egative, indicating the exothermic nature of the adsorption pro-
ess. This is reasonable as the adsorption capacity decreases with
ncreasing temperature. The positive entropy change shows the
ncreasing randomness during the adsorption process, in which
he hydrated nickel ions tend to liberate water molecules. This lib-
ration is essential for the occurrence of the chelation reaction,
romoting the disorder of the system. The standard Gibbs free
nergy change displays negative values under all systems, which
eans that the adsorption process is spontaneous.

.4. Desorption of the chelating membrane

Taking account of the reuse of the chelating membrane, the
dsorption/desorption property of the membrane is fundamen-
al for practical applications. As mentioned above, the chelation
eaction is not favored at lower pH values. Through experimental
stimation, 1 mol/L HCl solution was thereby used to regenerate
he membrane. Fig. 9 depicts the adsorption/desorption curves
f four cycles. It can be recognized that the adsorption capac-

ty of the membrane is better maintained after four cycles of the
dsorption/desorption processes. The total uptake still exceeds
.022 mg/cm2 and the desorption efficiency is more than 90%.
herefore, the membrane can be repeatedly used without signif-
cant loss of the uptake.
298 −21.84
308 −22.14

4. Conclusion

The PVDF chelating membrane was synthesized via the
covalent amide bond between DTPA and melamine to form
polyaminecarboxylate compounds. The adsorption performances
of prepared membrane were measured under three conditions:
the single Ni(II) system, binary Ni(II) and Ca(II) system and
nickel–lactic acid complexes system. The conclusions are shown
below.

(1) SEM elucidates that the surface of the chelating membrane
is still composed of a microporous structure with identifiable
difference from that of the virgin membrane. NMR and FTIR con-
firm the successful blending of polyaminecarboxylate groups to
PVDF membrane. FTIR also shows that chemical bonding exists
in the adsorption process.

(2) The optimum pH for adsorption is 6.6 and the contact time
required to achieve equilibrium is 60 min. Increasing the
concentration of Ca(II) induces a considerable change in adsorp-
tion capacity of Ni(II). The distribution coefficient of Ni(II)
(KD(Ni)) decreases from 4.27 to 2.72, and the separation fac-
tor (fNi(II)/Ca(II)) increases from 3.10 to 8.46 when the initial
Ca(II) concentration varies from 20 to 200 mg/L. This reveals
that nickel adsorption dominates over calcium ions, and the
chelating membrane shows more affinity and selectivity for
Ni(II) than Ca(II) ions. In the studied range of lactic acid con-
centration, the uptake decreases with the maximum ratio of
10%. Therefore, the chelating membrane can be applied to treat
the nickel plating wastewater containing coexisting cations and
organic chelating agents.

(3) Lagergren second-order equation can represent sorption of
Ni(II) onto the chelating membrane, indicating the chemisorp-
tion nature. This property is confirmed by the Langmuir and
D–R models which fit well to the equilibrium data. The adsorp-
tion process is spontaneous (�G◦ < 0) and exothermic (�H◦ < 0).
Ca(II) ions compete with Ni(II) for the same sorption sites,
inducing the change of rate constant and equilibrium uptake in
the binary mixture. The relatively weak binding ability of lactic
acid towards Ni(II) does not affect the sorption characteristics
significantly. This result means that the chelating membrane
is capable of recovering nickel from wastewater effluents. In
addition to lactic acid, citric acid and succinic acid are also
the commonly used chelating agents. A further research will
include the effect of these chelating agents with respect to
the size and stability of these nickel–organic complexes. The
treatment of spent solution from nickel plating will be also

considered.

(4) When the nickel-loaded membrane was immersed in 1 mol/L
HCl solution to liberate Ni(II), the desorption efficiency still
exceeds 90% after four cycles of adsorption/desorption oper-
ations.
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