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ABSTRACT

A polyvinylidene fluoride (PVDF)-type chelating membrane bearing poly(aminophosphonic acid)
groups was fabricated and employed for the removal of Ni(Il) from the solution. Effects of pH,
injtial Ni(II) concentration, temperature and contact time on the Ni(Il) adsorption by this membrane
were evaluated; also, effects of the coexisting Ca(Il), Fe(IlI), Cd(II), Pb(Il), citrate, nitrilotriacetic acid
(NTA) and ethylenediaminetetraacetic acid (EDTA) were discussed. The adsorption kinetics and
the adsorption isotherms of the membrane toward Ni(Il) at the presence of abovementioned seven
coexisting specimens were investigated. In addition, the breakthrough curves of the membrane were
measured. The presence of coexisting cations and complexing reagents mentioned above reduced the
Ni(II) uptake of the membrane. The negative effect of the four cations was in the order of Pb(II) > Cd(II)
> Fe(III) > Ca(ll); the interference of the three complexing reagents followed the sequence: EDTA >
NTA > citrate. The Langmuir and the Lagergren second-order models were excellently competent for
the descriptions in adsorption isotherms and adsorption kinetics of the membrane toward Ni(II). The
adsorption of Ni(II) by the membrane was a spontaneous and exothermic process.

Keywords: Polyvinylidene fluoride-type chelating membrane; Nickel ion; Adsorption; Coexisting
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1. Introduction

A large volume of wastewater containing Ni(II) has been
discharged by the processes, such as mining of nickel ores,
metallurgy, manufacturing of circuit board, automobile and
aircraft, nickel electroless and electroplating. The nickel ion
has been validated as a carcinogen; it can easily accumulate
in organisms, and thereby resulting in toxicities to ecologi-
cal systems and health of human beings [1-3]. The excessive
inhalation of nickel and its compounds will lead to hazards
of lung diseases and malignant tumors. The discharged
concentration of total nickel in China is strictly limited
within 0.1 mg/L according to the published Chinese regu-
lation of “Emission standard of pollutants for electroplating
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(GB 21900-2008)” [4]. Thus, the discharged Ni(Il)-containing
effluents should be treated to meet the requirement of this
legislative standard. In effluents derived from the metal-
lurgy, circuit board manufacture and nickel electroless plat-
ing industries, the cations involving Ca(ll), Fe(Ill), Cd(II)
and Pb(II), and the organic reagents including citrate, nitri-
lotriacetic acid (NTA) and ethylenediaminetetraacetic acid
(EDTA) can coexist with Ni(II). Undoubtedly, the aforemen-
tioned cations and organic reagents coexisting with Ni(II)
can hinder the removal of this metal pollutant [5]. Therefore,
the exploitation of effective techniques with an excellent dis-
posal performance of Ni(Il) is thus of great importance for
the removal of this metal ion at the presence of above coex-
isting substances.

Up to present, numerous techniques including ion
exchange, chemical precipitation, biological treatment,
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flotation, electrocoagulation, solvent extraction and adsorp-
tion process have been employed to remove Ni(Il) from
wastewater to guarantee this metal pollutant below the limit
of discharge standard [6-14]. Of all the abovementioned tech-
niques, adsorption is an efficient and economical treatment
process for the removal of Ni(II); especially, this technique
is competent for the recycling of Ni(II) from the dilute solu-
tion. Consequently, various adsorbents such as activated car-
bon, lignite, coconut copra meal, fly ash, red mud, kaolinite
and montmorillonite, clinoptilolite, chitosan derivative and
calcium alginate have been extensively employed for the
removal of this metal [15-23].

In contrast with the above processes such as chemical
coagulation and precipitation, ion exchange and adsorption,
biosorption and electrocoagulation, the membrane separa-
tion techniques have exhibited more merits for the disposal
of Ni(I), due to the fact of time saving, lower pressure drop
and shorter axial-diffusion path [5,24]. Although some pow-
der-type chelating resin adsorbents show a high affinity to
Ni(Il), the applications of them have been limited because
they are not to be easily recovered for reuse. Compared with
the adsorption treatment of chelating exchange resins, the
membrane technique will be more feasible for the removal
of Ni(Il) from wastewater because of its advantages of low
pressure loss and easy scale-up [25]. As for the membrane
techniques of electrodialysis, liquid membrane extraction,
polymer-enhanced ultrafiltration, nanofiltration and reverse
osmosis, the drawbacks of high costs and fussy pretreatments
restrain the wide applications of these membrane techniques
[26-30]. The microfiltration and ultrafiltration may be more
suitable for removing Ni(II) than the membrane techniques
mentioned above, due to the fascinating characteristics of
high permeation flux, cost-effective investment and needless
strict pretreatments. But, these two conventional membrane
techniques cannot remove the dissolvable Ni(II). In light of the
adsorption treatment of heavy metals by the chelating resin,
the modified microfiltration- or ultrafiltration-type mem-
brane bearing the chelating groups deserves to be exploited
for the removal of Ni(Il) [5]; the incorporated chelating
groups play an important role in the Ni(II) uptake because
of their high affinities to this metal ion. Among the chelating
groups of polyacrylic acid, pentaethylenehexamine, ethyl-
amine ligand, NTA, polyethyleneimine (PEI), hyperbranched
poly(amidoamine) (HPAMAM), EDTA, diethylenetriamine-
pentaacetic acid (DTPA) and ethylenediamine tetra(methy-
lenephosphonic acid) (EDTMPA), some of them such as PEI,
DTPA and HPAMAM groups have attracted enormous atten-
tion because of their excellent affinities to metal pollutants
[31-33]. The chelating membranes bearing PEI, DTPA and
HPAMAM groups have been validated to remove Ni(II) and
other metals. However, insufficient investigations have been
made focusing on the polyvinylidene fluoride (PVDF) mem-
brane with the incorporation of EDTMPA group for the cap-
ture of metals. Hence, the PVDF-based chelating membrane
bearing EDTMPA complexing groups employed to remove
Ni(II) from the solution, deserves to be investigated.

In this research, a PVDF-type chelating membrane bear-
ing the EDTMPA group was fabricated and employed for
the removal of Ni(II) from the aqueous solution. This chelat-
ing membrane was characterized using techniques of field
emission scanning electron microscope (FE-SEM), energy

dispersive X-ray spectrometry (EDS), Fourier transform infra-
red (FTIR) spectroscopy, X-ray photoelectron spectrum (XPS)
and nuclear magnetic resonance (NMR) spectroscopy. Studies
regarding the effects of pH, contact time and temperature, ini-
tial Ni(II) concentration, flow rate of solution and thickness
of membrane stack on the adsorption of Ni(Il) by the mem-
brane were conducted. Effects of the coexisting Ca(II), Fe(III),
Cd(Il) and Pb(II), as well as the complexing reagents includ-
ing citrate, NTA and EDTA on the uptake of Ni(II) were also
studied. The batch adsorption experiments with respect to
the kinetics and isotherms were performed with the presence
of the abovementioned cations and complexing reagents. In
addition, the breakthrough curves of the chelating membrane
were determined by continuous adsorption tests. Lastly, the
reused property of this membrane was evaluated.

2. Materials and methods
2.1. Materials

Themolecular weight of PVDF powders provided by Chen
Guang Co., Ltd. (Chengdu, China) was ca. 400,000. Analytical
grade polyvinylpyrrolidone (PVP) as pore-forming additive,
dimethyl sulfoxide (DMSO) as solvent, EDTMPA and tetra-
butyl orthotitanate (TBOT) were applied for the prepara-
tion of the chelating group of the membrane. Analytical
grade reagents of Ni(NO,),.6H,0, Pb(NO,),, Cd(NO,),4H,0,
CaCl,-4H,0O, Fe,(SO,),4H,0, NaOH, H,SO, (98 wt%), citrate,
NTA, ethylenediaminetetraacetic acid disodium salt (EDTA-
2Na"), absolute ethanol, sodium acetate and glacial acetic
acid were supplied by Jingchun Scientific Co., Ltd. (Shanghai,
China) and used as received. A stock Ni(Il) solution with
a concentration of 17 mmol/L was prepared by dissolving
weighed amounts of Ni(NO,),-6H,0O in deionized water. The
working solutions containing Ni(II) were prepared by dilut-
ing the stock solution to appropriate volumes. The concentra-
tions of stock solutions containing the coexisting cation and
organic acid were 0.1 and 0.2 mol/L, respectively.

2.2. Preparation of the PVDF-based chelating membrane

The schematic preparation process of the chelating mem-
brane was displayed in Fig. 1. First, 2.0 g of EDTMPA was
dissolved in 40 mL of ethanolaqueous solution (volume ratio
between C,H,OH and H,O was 1:3), and pH of the solution
was adjusted to 6.0 by 5 mol/L of NaOH solution. Then,
4.7 mL of TBOT was added dropwise into this solution; this
solution was magnetically stirred for 24 h at room tempera-
ture, and a soliquoid was obtained. After that, the soliquoid
was centrifugally separated at a rate of 3,000 rpm for 10 min,
the obtained powder (denoted as EDTMPA-TBOT) was cen-
trifugally washed three times using absolute ethanol and
DMSO. Afterward, 4.8 g of PVDF and 0.53 g of PVP were
dissolved in 25 mL of DMSO at 353 K, followed the addition
of all above fabricated EDTMPA-TBOT powder, and then the
solution was stirred for 6 h at this temperature. Lastly, the
PVDEF-based chelating membrane was prepared via a phase
inversion technique with deionized water employed as the
coagulation bath. The obtained membrane (EDTMPA-TBOT/
PVDF) was cleaned with deionized water and kept for subse-
quent characterization and adsorption experiments.
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Fig. 1. Schematic diagram of the EDTMPA-TBOT/PVDF membrane preparation process and the Ni(II) adsorption.

2.3. Membrane characterization

A FE-SEM (SUPRA55, Zeiss, Germany) with an
accelerating voltage of 5 kV was employed to characterize
the morphology of the chelating membrane; compositions of
the surface membrane were determined by the EDS (X-Max,
Oxford Instruments, UK) attached to this scanning micro-
scope. An E55+FRA106 FTIR spectrometer (Bruker, Germany)
was adopted to examine the FTIR spectra of EDTMPA-TBOT
chelating group before and after the adsorption of Ni(II). The
elements on the chelating membrane after the Ni(II) uptake

were measured by an XPS spectrometer (ESCALAB 250,
Thermo Fisher, UK) with Al Ka as the excitation source; the
C 1s peak from graphitic carbon at 284.6 eV was employed to
calibrate the binding energy. The chemical groups of the che-
lating membrane before and after the uptake of Ni(II) were
characterized with a solid-NMR spectrometer (BRUKER
AVANCE III 400, Karlsruhe, Germany). In addition, the
mean pore size of the chelating membrane was characterized
by water permeability method [34]; the point of zero charge
(pH_,) of the chelating membrane was determined using a
batch equilibration method [35].
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2.4. Adsorption experiments

Batch adsorption experiments were conducted in 200 mL
of Ni(Il) solutions with ~0.2 g addition of the chelating
membrane [36]. The effect of pH was investigated and pH
values were adjusted to 1.0-7.5 using 0.3 mol/L acetic acid
and 0.2 mol/L sodium acetate buffer, and 0.2 mol/L sodium
hydroxide solution. The determined optimal pH from this
test was adopted for all experiments. Effects of the contact
time (0—480 min), temperature (288, 298 and 308 K) and the
initial Ni(II) concentration (0.34-2.0 mmol/L) were also eval-
uated. For each test, 1 mL of aliquot was withdrawn from the
working solution to determine the residual Ni(II) concen-
tration at different time intervals (i.e., 5, 10, 30 and 60 min)
till equilibrium by an atomic absorption spectrophotometer
(AA6800, Shimadzu, Japan). The amounts of Ni(II) adsorbed
on the chelating membrane were calculated as follows [5,37]:

q, :WXSSJ 1)

where g, is the Ni(II) uptake of a unit weight of the membrane
(mg/g) at time t. ¢, and c, are the concentrations of Ni(II) at
initial and time f in the aqueous phase (mmol/L), respec-
tively. V is the volume of the aqueous phase (L), M is the dry
weight of the chelating membrane (g) and 58.7 is the molar
mass of Ni(Il) (g/mol). The effects of coexisting Ca(II), Fe(IlI),
Cd(II), Pb(I), citrate, NTA and EDTA on the Ni(Il) uptakes
were evaluated at 298 K as similar to the process of single
Ni(I) system; solutions containing 1.0 mmol/L of Ni(II) with
different concentration of the abovementioned cations and
complexing reagents (0-5 mmol/L).

Adsorption kinetics was investigated in solutions con-
taining 1.0 mmol/L Ni(II) at 298 K. The adsorption kinetics
with the presence of Ca(II), Fe(IlI), Cd(II), Pb(Il), citrate, NTA
and EDTA were also studied; concentrations of these seven
coexisting specimens were 1 mmol/L. Adsorption isotherms
were examined in 0.34-2.0 mmol/L Ni(II) solutions with the
addition of the above coexisting specimens (1 mmol/L) at
298 K. The initial and equilibrium concentrations of Ni(II)
were measured. Each experiment was performed in triplicate
to guarantee the accuracy of experimental data, and the aver-
age value was recorded.

The continuous adsorption experiments were carried out
in a single-pass mode, the Ni(II)-containing solutions were
circulated at three different flow rates (i.e., 0.062, 0.128 and
0.166 cm/min) using a peristaltic pump (BT00-300M, Longer
Pump Co. Ltd., Baoding, China) through a membrane stack.
The detailed setup of the membrane stack was previously
described [38], where the membranes with a thickness of
267 um were sealed layer by layer into an ultrafiltration cup
with an inner diameter of 75 mm (YL-300, Yuling Filtering
Instrument Co. Ltd., Shanghai, China). Three membrane
stacks consisting of three, four and five flat-sheeted mem-
branes were structured; the total thicknesses of them were
0.8, 1.07 and 1.34 mm. The membrane stacks were placed
in a water-jacketed thermostatic incubator (GHP-80, Birgit
Experimental Instrument Factory, Jintan, China). The solu-
tion in the ultrafiltration cup was stirred by a magnetic stirrer
(HJ-5, Huanxi Medical Instrument Co. Ltd., Shanghai, China).

The concentration of Ni(IT) at the outlet was measured at
different time intervals (i.e., 10 and 30 min). Thus, the break-
through curves of the single Ni(II) system, and those of sys-
tems with the presence of Ca(II), Fe(III), Cd(II), Pb(II), citrate,
NTA and EDTA were obtained. During these tests, the trans-
membrane pressure (TMP), i.e., the difference between the
inlet pressure and the outlet pressure was also measured.

Breakthrough curves were analyzed by the model of bed
depth service time (BDST) proposed by Bohart and Adams
[39], which was described via Eq. (2) [40,41]. This model can
be employed to predict the relationship between the thick-
ness of membrane stack (Z) and breakthrough time (f,, the
time as the Ni(IT) concentration in effluent vs. its initial con-
centration is 0.05):

t —%Z—Lln(c—o—l) )
c

b
CO v Ka CO b

where N is the sorption capacity of membrane stack
(mmol/L), v is the influent linear velocity (cm/min), c, and
¢, (mmol/L) are the concentrations of Ni(Il) in influent and
in effluent at time f, respectively. K is the rate constant in
the BDST model (L/min mmol), representing the transferring
rate of Ni(II) from the solution to the chelating membrane.

2.5. Adsorption/desorption experiment

A 0.5 mol/L of H,SO, solution as the elution agent was
employed to evaluate the desorption efficiency of the chelat-
ing membrane. In the static desorption test, the membrane
loading Ni(II) with a dry weight of ~0.2 g was immersed in
200mL of H,SO, solution. After the adsorbed Ni(II) was eluted
from the surface of membrane, the chelating membrane was
again immersed into 1.0 mmol/L of Ni(Il) solution for the
capture of Ni(Il). The adsorption/desorption processes for
the same membrane were repeated 10 times. The amounts of
Ni(II) adsorbed and eluted during the adsorption/desorption
processes were determined. The desorption efficiency (DE)
was evaluated using Eq. (3) [37]:

DE=(q, / q,)x100% 3)

where g, is the desorbed amount of Ni(Il) from the mem-
brane (mg/g) and g, is the adsorbed amount of Ni(II) on the
membrane at equilibrium (mg/g).

3. Results and discussion
3.1. Characterization of the chelating membrane
3.1.1. FE-SEM and EDS analyses

The surface and sectional morphologies of the EDTMPA-
TBOT/PVDF chelating membrane are displayed in Fig. 2. As
indicated by the surface morphology (Fig. 2(a)), the chelat-
ing membrane exhibits a uniform microporous structure.
The determined average size of the micropore is 0.25 pm,
and thereby suitable for the permeation of solutions through
this membrane. As shown in Fig. 2(b), the finger-like pores
(labeled by a rectangle) can be found near the surface layer
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of the membrane, and the sponge-shaped porous structures
(described by a circle) are observed in the inner side of the
membrane.

EDS spectra of the chelating membrane before and after
Ni(Il) adsorption were examined (Figs. 2(c) and (d)). The
weight contents (wt%) of elements on the surface of the
membrane obtained by the ZAF normalization are tabu-
lated in Table 1. After the uptake of Ni(II), besides elements
of carbon, nitrogen, oxygen, fluorine, phosphorus and tita-
nium, the nickel element is also detected, illustrating the
Ni(Il) adsorption by the EDTMPA-TBOT/PVDEF chelating
membrane.

3.1.2. FTIR spectra

The availability of EDTMPA-TBOT/PVDEF chelating
membrane toward Ni(Il) was validated by FTIR analysis
(Fig. 3). Compared with that of the virgin PVDF membrane,
the peaks of appearing at 890-1,400 cm™ (Fig. 3(a)) changed
obviously due to the incorporation of EDTMPA-TBOT
powder and the existence the phosphonic acid groups.
However, for the chelating membrane before and after Ni(II)
adsorption, the difference in FTIR spectra is unconspicu-
ous because of the disturbance of PVDF chains. Therefore,
in order to eliminate this disturbance, FTIR spectra of the
virgin EDTMPA and the EDTMPA-TBOT powder before and
after Ni(Il) adsorption were also measured, and the spectra
are shown in Fig. 3(b). The peaks appearing at 957 and
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1,007 cm™ are ascribed to the asymmetric stretching vibration
of P-OH groups, and the peaks locating at 1,100-1,270 cm™
are attributed to P=O stretching vibration [42,43]. The peaks
at 1,322 and 1,435 cm™ can be assigned to the stretching
vibration of C-N and P-C groups, respectively; the broad
peak at 1,670 cm™ can be identified to the plane bending of
hydroxyl group in phosphonic acid group [44]. For the spec-
trum of EDTMPA-TBOT sample, it can be observed that the
characteristic peaks of phosphonic acid group (in the range
of 900-1,270 cm™ range) change into two peaks centered at
1,030 and 1,150 cm™, which could be attributed to the for-
mation of P-O-Ti bond [45]; the broad peak at 1,670 cm™
becomes sharply and shifts to 1,650 cm™. This indicates the
interaction between TBOT and EDTMPA molecules, and
thereby suggesting the formation of P-O-Ti bond. After the
Ni(II) adsorption, in comparison with that before the Ni(II)

Table 1
The element weight content (wt%) of chelating membrane
determined by EDS before and after Ni(II) adsorption

Element (wt%) C N O F P Ti Ni

Before Ni(I) 3490 116 991 5021 280 1.02 -
adsorption

After Ni(II) 3445 138 837 51.39 245 095 1.01
adsorption
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Fig. 2. FE-SEM pictures and EDS spectra of the EDTMPA-TBOT/PVDF membrane: (a) surface morphology; (b) sectional morphology;
(c) EDS before Ni(II) adsorption and (d) EDS after Ni(II) adsorption.
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adsorption, the peak at 1,030 cm™ shifts to 1,047 cm™ and the
intensity of this peak also slightly increases. The intensity of
peak at 1,150 cm™ related to P=O stretching decreases, which
can be assigned to the formation of P=O-Ni(II) complexing
bond. The peak at 1,322 cm™ in correlation with the C-N
group almost completely disappears, thus indicating the for-
mation of the N-Ni(II) bond [37]. Also, the decreasing inten-
sity of the peak at 1,650 cm™ and the negative shift of 15 cm™
may be due to the complexing interaction between Ni(II) and
O-H in phosphonic acid groups [5,46].

3.1.3. XPS analysis

For the purpose of further elucidating the adsorption
characteristic of the chelating membrane toward Ni(II), XPS

Ni(II)-EDTMPA-TBOT/PVDF
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measurement was performed (Fig. 4). Considering the fact
that the Ni 2p signal was intensively interfered by the Auger
signal of fluorine element of PVDF, both the XPS spectrum
of EDTMPA-TBOT/PVDF chelating membrane before the
adsorption of Ni(Il) and that of EDTMPA-TBOT powder after
the Ni(Il) uptake were measured. As for the XPS spectrum
of EDTMPA-TBOT/PVDF chelating membrane (Fig. 4(a)),
in addition to the characteristic peaks of C 1s (286.3 eV) and
F 1s (688.3 eV) for the PVDF polymer chain, peaks at 132.9 eV
for P 2p (inset (1)), 400.3 eV for N 1s, O 1s (532.3 eV) and
463.1 eV for Ti 2p (inset (2)) are clearly observed, which indi-
cates that the EDTMPA-TBOT chelating group was succes-
sively incorporated into the PVDF matrix. For the spectrum
of EDTMPA-TBOT powder after Ni(II) adsorption (Fig. 4(b)),
peaks appearing at 133.3, 285.3, 400.3, 459.3 and 531.3 eV are

(b)

Ni(II)-EDTMPA-TBOT
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Fig. 3. FTIR spectra: (a) the virgin PVDF membrane and the EDTMPA-TBOT/PVDF chelating membrane before and after Ni(II)
adsorption and (b) the virgin EDTMPA and the EDTMPA-TBOT powder before and after Ni(II) adsorption.
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Fig. 4. XPS spectra: (a) the EDTMPA-TBOT/PVDF chelating membrane before Ni(Il) adsorption and (b) the EDTMPA-TBOT power

after Ni(II) adsorption.
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identified to P 2p, C 1s, N 1s, Ti 2p and O 1s, respectively.
The new peak at 857.3 eV can be attributed to Ni 2p,, [47],
suggesting that Ni(II) is complexed by the EDTMPA-TBOT
chelating ligand.

3.1.4. NMR analysis

The C and 'P solid-state NMR spectra of the chelating
membrane before and after Ni(II) adsorption were mea-
sured, and the tested spectra are shown in Fig. 5. As shown
in the ®C NMR spectrum (Fig. 5(a)), the peaks at 43.1 and
120.0 ppm can be attributed to the -CH,- and —CF - groups
of the PVDF chain [548]; peaks appearing at 18.9 and
31.0 ppm are indexed to ~CH, and ~CH,~ groups of TBOT;
the peak at 176.4 ppm is assigned to the acylamide groups
of the residual PVP (the pore-forming additive) [49]. The
two peaks appearing at 52.9 and 70.0 ppm can be assigned
to -CH,N- group and —-CH_-P group of EDTMPA molecule
[50,51]. After Ni(II) adsorption, the disappearance of peak
at 52.9 ppm and the intensity decrease of peak at 70.0 ppm
indicate that the nitrogen atoms of -CH,N- groups and
oxygen atoms of phosphonic acid groups are chelated by
Ni(I) [37,49]. In addition, as to the P NMR spectrum (Fig.
5(b)), two signals of the chelating membrane before Ni(II)
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adsorption at 6.6 and 17.9 ppm are detected, corresponding
to P, P, P, and P, atoms of EDTMPA-TBOT group (molec-
ular structure in inset (b)-1) [52]. After Ni(Il) adsorption, the
peak at 6.6 ppm was divided into two peaks (appearing at
5.3 and 7.7 ppm), which can be assigned to P, and P, and P,
(molecular structure in inset (b)-2). Also, the peak at 17.9 ppm
shifts to 16.9 ppm and the intensity of this peak decreases.
These results can be ascribed to the chelation between Ni(II)
and EDTMPA-TBOT group, and thus resulting the chemi-
cal shifts of P, and P, atoms to a low field, while those of
P, and P, atoms to a high field. Therefore, we confirm that
the EDTMPA-TBOT/PVDF chelating membrane is compe-
tent for the capture of Ni(Il), so achieving the removal of this
metal from aqueous solutions.

3.2. Effects of pH, contact time, initial Ni(Il) concentration,
temperature and flow rate

3.2.1. Effect of pH

The influence of pH on the Ni(II) uptake of the chelat-
ing membrane is shown in Fig. 6(a). The Ni(II) uptake of the
chelating membrane is strongly dependent on the variation
of pH; it increases when pH rises from 1.0 to 5.4, then it
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decreases with the increase in pH value, and the optimal pH
is 5.4. The determined pH  of the chelating membrane is
5.4, consistent with the optimal pH value. At low pH values,
the N atoms of EDTMPA-TBOT group are protonated and
the competition between H* and Ni(II) do not favor the che-
lating process due to the electrostatic repulsion. Whereas,
as pH increases, the adsorption process of Ni(Il) tends to
occur with the deprotonated complexing groups, thereby
resulting in the enhancement in the Ni(II) uptake. Herein,
the optimum pH of 5.4 was adopted for all the following
experiments.

3.2.2. Effect of contact time

The Ni(Il) uptakes of the chelating membrane as a
function of time at different temperatures are presented in
Fig. 6(b). As shown by Fig. 6(b), the time required to achieve
equilibrium for Ni(II) uptake is 360 min. Two stages includ-
ing rapid and slow stage can be observed in the adsorption
process. The rapid stage occurs within the first 120 min, while
the slow adsorption extends for the remaining 240 min. At the
beginning of the adsorption process, there are plentiful spare
adsorption sites on the surface of the membrane, which will
be of benefit for the uptake of Ni(II). After 120 min, the con-
sumption of adsorption sites will reduce the adsorption of
Ni(Il). In addition, as the temperature increases, the adsorp-
tion capacity of the membrane toward Ni(Il) decreases.
Hence, it can be inferred that the Ni(II) adsorption is an exo-
thermic process.

30

X. Wang et al. / Desalination and Water Treatment 71 (2017) 343-358

3.2.3. Effects of initial Ni(II) concentration and temperature

The Ni(II) adsorption on the chelating membrane varying
with the change in the initial Ni(I) concentration at different
temperature is presented in Fig. 6(c). As the initial concentra-
tion of Ni(II) varies from 0.34 to 2.0 mmol/L, the Ni(II) uptake
at 298 K increases from 18.6 to 29.6 mg/g. However, the
removal efficiency of Ni(Il) decreases from 98% to 25%. The
descending trend in the Ni(Il) uptake at the three tempera-
tures follows the order of 288 K > 298 K > 308 K (Fig. 6(c)),
indicating the exothermic nature of this adsorption process.
Thus, the low values in Ni(II) concentration and temperature
will be helpful in the capture of Ni(II).

3.2.4. Effect of flow rate

The effect of the flow rate on the Ni(Il) uptake of the mem-
brane is reported in Fig. 6(d). When the flow rate increases
from 0.062 to 0.128 and 0.166 cm/min, the Ni(Il) uptake
reduces from 29.8 to 28.6 and 27.6 mg/g, corresponding to
a decrease of 4% and 7%, respectively. The high flow rate
will shorten the adsorption time, thereby reducing the Ni(II)
uptake of the membrane. Thus, a low flow rate will be favor
to the adsorption [38]; herein, the flow rate of 0.128 cm/min
was adopted for the following tests. In addition, the equilib-
rium time for the Ni(I) adsorption is postponed when the
thickness of membrane stack increases from 0.8 to 1.07 and
1.34 mm (Fig. 6(e)); however, the change in the Ni(Il) uptake
at equilibrium is unremarkable.
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adsorption: (a) pH (c,(Ni(Il)) = 1.0 mmol/L; ¢: 360 min; membrane addition: ~0.2 g; T: 298 K); (b) contact time and temperature
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3.3. Effects of coexisting cations and complexing reagents

The coexisting cations involving Ca(Il), Fe(IlI), Cd(I) and
Pb(II), and the coexistent complexing reagents including citrate,
NTA and EDTA can hinder the Ni(II) adsorption. Ni(II) uptakes
of the EDTMPA-TBOT/PVDF membrane at the presence of
the above seven specimens were measured to elucidate the
interferences of them. Ni(Il) uptakes of the membrane reduce
with the increase in concentrations of Ca(Il), Fe(III), Cd(Il) and
Pb(II) from 0 to 5 mmol/L (Fig. 7(a)), these four coexisting cat-
ions shows a negative effect on the Ni(Il) adsorption because
they compete with Ni(Il) for occupying the active sites. When
the concentration of Ca(II), Fe(III), Cd(II) and Pb(II) is 1 mmol/L,
Ni(II) uptake of the membrane decreases by 35%, 45%, 65% and
83%. Based on this result, it can be inferred that the chelating
membrane exhibits a more excellent affinity to Pb(II), Cd(II) and
Ni(Il) than Fe(Ill) and Ca(Il), so EDTMPA-TBOT/PVDF mem-
brane will be competent for the removal of heavy metals with
a high biotoxicity. The detrimental effect of these four cations
follows the order: Pb(II) > Cd(II) > Fe(III) > Ca(Il); thus it can be
deduced that the affinity of the membrane to these four coexist-
ing cations is in the sequence of Ca(Il) < Fe(III) < Cd(II) < Pb(II).
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The influences of citrate, NTA and EDTA with differ-
ent concentrations on Ni(II) uptakes of the chelating mem-
brane are shown in Fig. 7(b). As the concentration of the
three complexing reagents increase from 0 to 5 mmol/L, the
Ni(II) uptake of the chelating membrane decreases. This can
be explained that most nickel ions are complexed with the
increasing concentration of these complexing reagents, and
the complexed form of Ni(Il) retards this metal uptake to
some extent. As citrate, NTA and EDTA coexisted at the con-
centration of 1 mmol/L, the Ni(Il) uptake of the membrane
decreases by 26%, 53% and 73%, respectively. Thus, it can
be concluded that the interference of the three complexing
reagents is in the order of citrate < NTA < EDTA. In spite
of the disturbances of coexisting cations and complexing
reagents, the chelating membrane still exhibits the ability of
Ni(II) adsorption, manifesting its potential application in the
removal of Ni(II) from aqueous solutions.

The Ni(II) uptakes of some reported adsorbents are tabu-
lated in Table 2. By comparison of the reported Ni(II) uptakes
[12,17,20,23,53,54], the fabricated EDTMPA-TBOT/PVDF
chelating membrane shows an excellent performance in the
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Fig. 7. Effects of concentrations for the coexistent cations and complexing reagents on Ni(Il) adsorption: (a) coexistent cations and
(b) complexing reagents. c,(Ni(II)) = 1.0 mmol/L; t: 360 min; membrane amount: ~0.2 g; T: 298 K; pH: 5.4.

Table 2
Comparison in Ni(II) uptake of different adsorbents
Adsorbent Test condition Ni(II) Refs.
pH  Ni(Il) concentration  Temperature Time Adsorbent uptake
(mmol/L) (K) (h) addition (g/L) (M8/8)
EDTMPA-TBOT/PVDF 54 1.0 298 6 1 24.0 This test
chelating membrane
Irish peat moss 4.5 1.70 298 24 4 15.0 [12]
Coconut copra meal 5.0 1.0 299 2 20 1.7 [17]
Montmorillonite 5.7 0.85 303 3 2 12.7 [20]
Kaolinite 52
Calcium alginate 5.0 1.70 Room temperature 1.5 1.5 62.0 [23]
Sulphuric acid-treated 5.0 0.43 296 9.47 [53]
Parthenium carbon
Red mud 50 043 303 4 10 2.24 [54]
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adsorption of Ni(Il). Except for the high affinity to Ni(II),
the EDTMPA-TBOT/PVDF membrane also shows the excel-
lent capture behavior of Cd(II) and Pb(II). From this point
of view, we confirm that this fabricated chelating membrane
will be applicable for the removal of metals with a high toxic-
ity from the aqueous solution.

3.4. Studies of adsorption kinetics and adsorption isotherm

In order to evaluate the adsorption characteristic of the
EDTMPA-TBOT/PVDF chelating membrane toward Ni(II),
the adsorption kinetics and adsorption isotherm of the che-
lating membrane toward Ni(II) in eight systems: single Ni(II),
Ni(II)-Ca(II), Ni(II)-Fe(III), Ni(II)-Cd (I), Ni(II)-Pb(II), Ni(II)-
citrate, Ni(II)-NTA and Ni(II)-EDTA were investigated. The
experimental kinetics data for abovementioned systems were
described in Fig. 8 and analyzed by Lagergren first-order
and Lagergren second-order equations [17,20]. The analyzed

18
. m—u—1
15 (a) P b Ni(II)-Ca(Il)
s | " oo o @ ¢
o 2T / L Ni(1I)-Fe(III)
b= -
= ot #
e —ArA A A A
S 4 A
6| t Ni(II)-Cd(II)
3'_ Y-V VY VvV V-V
i Ni(11)-Pb(1I)
0 L
o 120 240 360 480 600
t /(min)

X. Wang et al. / Desalination and Water Treatment 71 (2017) 343-358

parameters are reported in Table 3, where g, (mg/g) is the
amount of adsorbed Ni(II) at equilibrium; and k, (1/min) and
k, (g/(mg min)) are the rate constants of these two kinetic
equations. Compared with the single Ni(II) system, the coex-
isting cations (Ca(II), Fe(III), Cd(II) and Pb(II)) and complex-
ing reagents (citrate, NTA and EDTA) results in the decrease
in Ni(II) uptake of the membrane (Figs. 8(a) and (b)), showing
the disturbances of them. The disturbance of these four cat-
ions follows the sequence: Pb(II) > Cd(II) > Fe(III) > Ca(II). As
indicated by Table 3, the Lagergren second-order adsorption
model is more suitable than the Lagergren first-order model
for describing the adsorption kinetics of the membrane
toward Ni(II) because of the higher coefficient of determina-
tion (R*>0.99). Therefore, in the adsorption process of Ni(II),
the chemisorption may play a more important role than
physisorption [37]. By the comparison of k,, it can be con-
cluded that the competitive adsorption between Ni(II) and
the four coexisting cations accelerates the sorption process,
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Fig. 8. Adsorption kinetics for Ni(II) onto the EDTMPA-TBOT/PVDF membrane: (a) the cation coexisting systems and (b) the
complexing reagent coexisting systems. ¢ (Ni(II)) = ¢ (Ca(Il)) = ¢ (Fe(II)) = c,(Cd(II)) = c,(Pb(Il)) = c/(citrate) = ¢ (NTA) = ¢ (EDTA) =

1.0 mmol/L; T: 298 K; pH: 5.4; membrane addition: ~0.2 g.

Table 3

Adsorption parameters of Lagergren first-order and Lagergren second-order models for the chelating membrane toward Ni(II) at 298 K

System Lagergren first-order model Lagergren second-order model

In(q, —q,) =Ing, —kt LA 12 + b

9 kg, 9.

k, (1/min) 9. (Mg/8) R? k, (<107 g/(mg min)) g, (mg/g) R’
Single Ni(II) 0.0173 22.12 0.982 0.824 26.83 0.996
Ni(II)-Ca(lI) 0.0135 10.36 0.983 2.166 16.39 0.998
Ni(II)-Fe(III) 0.0126 8.05 0.967 2.879 13.92 0.999
Ni(IT)-Cd(II) 0.0111 6.68 0.973 3.233 9.05 0.998
Ni(II)-Pb(II) 0.0091 3.41 0.987 3.448 4.26 0.998
Ni(II)—citrate 0.0156 16.59 0.989 1.338 20.61 0.997
Ni(II)-NTA 0.0121 11.21 0.989 1.653 12.79 0.995
Ni(II)-EDTA 0.0106 593 0.994 2.205 7.57 0.995
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due to the large values of k, for Ni(II)-Ca(II), Ni(II)-Fe(II),
Ni(II)-Cd(II), Ni(II)-Pb(II) systems; similar results for the
three complexing reagent-containing systems can also be
attested. In addition, for the three complexing reagent coex-
isting systems, the value of g, follows the sequence of single
Ni(II) > Ni(I)—citrate > Ni(I)-NTA > Ni(II)-EDTA, indicating
the interference of those three complexing reagents on the
Ni(II) uptake. The negative effect of EDTA is much higher
than those of other two complexing reagents.

The thermodynamic behaviors of the chelating mem-
brane toward Ni(II) in the single Ni(II), and the seven cations
and complexing reagent coexisting systems are interpreted
by Freundlich, Langmuir and Dubinin-Radushkevich (D-R)
isotherm models [55,56]. The isotherm experimental data of
the single Ni(II), four cations and three complexing reagents
coexisting systems are shown in Figs. 9(a) and (b).
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The analyzed parameters of the abovementioned three
models are listed in Table 4, where g, (mg/g) is the amount
of Ni(Il) adsorbed at equilibrium, g, (mg/g) is the maximum
adsorption capacity of the membrane. K, and 1/n are the
Freundlich constants related to the adsorption capacity
and the adsorption intensity; b (L/mg) is the Langmuir
adsorption constant. E (kJ/mol) is the mean free energy of
adsorption. In view of the determination coefficients (R?),
the Langmuir isotherm model (R? > 0.99) is more compe-
tent than Freundlich and D-R models for the description
in the thermodynamic behavior of the Ni(II) uptake. As
demonstrated by the data (Table 4), the value of g, at 298 K
derived from the Langmuir model is slightly greater than
the experimental value because of some adsorption sites
of the membrane are unoccupied. The Langmuir parame-
ter b associated with the adsorption affinity for the above
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Fig. 9. Adsorption isotherm for Ni(II) onto the EDTMPA-TBOT/PVDF membrane: (a) the cation coexisting systems and (b) the
complexing reagent coexisting systems. ¢ (Ca(Il)) = c,(Fe(IIl)) = c,(Cd(II)) = c,(Pb(II)) = c(citrate) = ¢ (NTA) = ¢ (EDTA) = 1.0 mmol/L;

t: 360 min; T: 298 K; pH: 5.4; membrane addition: ~0.2 g.

Table 4

Adsorption parameters of Langmuir, Freundlich and D-R models for the chelating membrane toward Ni(II) at 298 K

System Freundlich model Langmuir model D-R model

lgq, =1gk, +%lgcg ;—i:ﬁ ;—; Ing, =Ing, - 21152 [RTln(lJr%)]2

K, n R? q,(mg/g) b(L/mg) R g,(mg/g) E(KJ/mol) R
Single Ni(II) 17.74 0.11 0.985 28.90 0.397 0.998 40.18 14.12 0.974
Ni(II)-Ca(II) 5.72 0.22 0.991 23.49 0.156 0.998 25.48 11.01 0.991
Ni(II)-Fe(III) 3.68 0.33 0.976 17.47 0.0725 0.999 23.79 11.81 0.973
Ni(II)-Cd(I) 1.86 0.36 0.979 11.52 0.0483 0.999 15.77 11.08 0.986
Ni(II)-Pb(II) 0.43 0.53 0.983 7.34 0.0204 0.992 13.83 9.03 0.988
Ni(II)—citrate 10.40 0.15 0.989 20.82 0.209 0.999 27.47 12.68 0.993
Ni(II)-NTA 2.21 0.42 0.990 17.44 0.0516 0.996 21.42 10.48 0.994
Ni(II)-EDTA 1.06 0.45 0.993 11.25 0.0266 0.999 14.95 9.89 0.994
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four cations coexisting systems follows the trend of Ni(II)-
Ca(Il) > Ni(II)-Fe(IIl) > Ni(II)~Cd(II) > Ni(II)-Pb(Il), indi-
cating that the highest interference of Pb(II), followed by
Cd(II), Fe(IIl) and Ca(Il) in turn. Similarly, the parameter b
for the above three complexing reagents coexistent systems
is in order of Ni(Il)-citrate > Ni(II)-NTA > Ni(I[)-EDTA,
suggesting that EDTA shows a more significant influence
on Ni(II) adsorption than citrate and NTA. The value of
1/n derived from the Freundlich model is smaller than 1,
which indicates that Ni(II) is easily adsorbed by the che-
lating membrane. It should be noted that the value of E
for all adsorption systems analyzed by the D-R isotherm
model varies in the range of 8-16 kJ/mol, indicating the
chemisorption characteristic of Ni(II) adsorption by the
chelating membrane [5,56].

In addition, the thermodynamic parameters including
standard free energy change (AG®), standard enthalpy change
(AH®) and standard entropy change (AS°) were employed to
evaluate the adsorption nature of the EDTMPA-TBOT/PVDEF
membrane toward Ni(II). The calculated values of AG®°, AH°
and AS° were summarized in Table 5. The negative AH® and
AG® indicate that Ni(II) adsorption is an exothermic and
spontaneous process [38,57]. The positive AS® shows the
slight increase in randomness during adsorption process,
which may be attributed to the release of water molecules
from the hydrated nickel ions.

3.5. Analysis of breakthrough curves

The breakthrough curves were obtained by varying of
the thickness of the EDTMPA-TBOT/PVDF membrane stack
(0.8, 1.07 and 1.34 mm) for single Ni(II), and four cations
and three complexing reagents coexisting systems. During
the tests, the concentrations of Ni(Il) and all coexisting
specimens were kept at 1.0 mmol/L. The flow rate of influ-
ent was fixed at 0.128 cm/min, the operating pressure was
20 kPa. The determined TMP values of membrane stacks at
Z =0.8,1.07 and 1.34 mm were 8, 10 and 15 kPa; thus, TMP
rises with the increase in thickness of the membrane stack.
Among the eight systems with the same membrane-stacked
thickness, the differences in operating pressure and TMP
can be ignored. Breakthrough curves of these eight systems
are shown in Fig. 10. As evidenced by Fig. 10, all break-
through curves exhibit an S-shaped character. The values

of breakthrough time (t,, the position at c/c, = 0.05) as well
as the exhaustion time (t, the position at c/c, = 0.9) [40,41]
can be obtained from these curves (Table 6). The extended
trends of f, and t, can be observed when the thickness of
the membrane stack increases from 0.8 to 1.34 mm. In addi-
tion, compared with the single Ni(II) system, the ¢, and ¢,
are shortened at the presence of Ca(Il), Fe(III), Cd(II), Pb(II),
citrate, NTA and EDTA. Values of ¢, and ¢, for the mem-
brane stack with the same thickness descend in the order:
Ni(IT)~citrate > Ni(Il)~Ca(Il) > Ni(II)-Fe(IIl) > Ni(I)>NTA >
Ni(II)-Cd(II) > Ni(I)-EDTA > Ni(II)-Pb(II), suggesting the
remarkable disturbances of EDTA and Pb(II). The plots of
breakthrough time against the thickness of membrane stack
for the eight systems are all linear (R? > 0.99), indicating the
validity of BDST model for the present eight systems.

Parameters of N, and K can be calculated from the slope
and intercept of the BDST plot, the values of them are also
shown in Table 6. With the presence of Ca(ll), Fe(IlI), Cd(II)
and Pb(Il), the decrease in N, value validates the negative
effects of these cations on the Ni(II) uptake. The order of N is
Ni(IT) > Ni(II)-Ca(II) > Ni(IT)-Fe(III) > Ni(IT)-Cd(II) > Ni(II)-
Pb(II), indicating that Pb(II) shows a higher interference than
other three cations. The decrease in N, with the presence of
citrate, NTA and EDTA is manifested, also showing the inter-
ferences of these three complexing reagents on the capture
of Ni(Il), and the detrimental effect of EDTA is most remark-
able. In addition, at the presence of cations and complexing
reagents, the decrease in K, value (Table 6) elucidates the
requirement of high membrane stack thickness for avoiding
breakthrough in the capture of Ni(II). Based on the above
analyses, we can confirm the negative effects of coexisting
cations and complexing reagents on the Ni(II) adsorption by
the EDTMPA-TBOT/PVDF membrane.

3.6. Reuse of the chelating membrane

In this research, 0.5 mol/L of H SO, solution was adopted
to regenerate the chelating membrane. The adsorption/
desorption processes were performed 10 times (Fig. 11). After
10 cycles of adsorption/desorption processes, the adsorption
capacity of the EDTMPA-TBOT/PVDF membrane is well
maintained, the Ni(II) uptake still exceeds 21 mg/g, and the
loss of the adsorption capacity is smaller than 10%. Besides,
the DE value of the membrane is higher than 93%. Thus,

Table 5

Adsorption thermodynamic parameters of the membrane toward Ni(II) at 298 K
System AH?® (kJ/mol) AS° (kJ/(mol K)) AG®° (kJ/mol) R?

288 K 298 K 308 K

Single Ni(II) -14.87 0.0411 -26.71 -27.12 -27.53 0.993
Ni(IT)-Ca(II) -12.52 0.0283 —20.67 -20.95 —21.24 0.994
Ni(IT)-Fe(III) -10.79 0.0249 -17.96 -18.21 -18.46 0.998
Ni(IT)-Cd(II) -8.14 0.0263 -15.71 -15.98 -16.24 0.990
Ni(II)-Pb(II) -7.31 0.0186 -12.67 -12.85 -13.04 0.998
Ni(II)—citrate -13.26 0.0342 -23.11 -23.45 -23.79 0.992
Ni(II)-NTA -8.77 0.0238 -15.62 -15.86 -16.10 0.993
Ni(II)-EDTA -7.56 0.0216 -13.78 -14.00 -14.21 0.998
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Fig. 10. The breakthrough curves of chelating membrane toward Ni(II): (a) single Ni(II) system; (b) Ni(II)-Ca(II) system; (c) Ni(II)-
Fe(IlI) system; (d) Ni(II)-Cd(II) system; (e) Ni(II)-Pb(II) system; (f) Ni(II)-citrate system; (g) Ni(II)-NTA system and (h) Ni(I[)-EDTA
system. ¢ (Ni(Il)) = c,(Ca(II)) = ¢ (Fe(III)) = c,(Cd(II)) = c,(Pb(II)) = ¢ (citrate) = ¢ (NTA) = ¢ (EDTA) = 1.0 mmol/L; T: 298 K; flow rate:
0.128 cm/min; pH: 5.4.

the chelating membrane can be repeatedly used for the e
removal of Ni(II) from aqueous solutions on account of the

insignificant loss of Ni(II) uptake.

4. Conclusions

The fabricated EDTMPA-TBOT/PVDEF chelating mem-
brane was employed to remove Ni(II) from the aqueous solu-
tion. The behavior of this chelating membrane toward Ni(Il)  ®
was investigated at the presence of Ca(Il), Fe(Ill), Cd(II),
Pb(II), citrate, NTA and EDTA. The conclusions are shown

as follows:

¢ The interferential influence of Pb(II) on the Ni(II) adsorp-
tion is higher than those of Ca(Il), Fe(Ill) and Cd(II);
EDTA shows a more detrimental effect on the Ni(Il)

uptake than citrate and NTA.

The presence of coexisting cations and complexing
reagents does not alter the adsorption nature of the

chelating membrane toward Ni(Il). The Lagergren sec-
ond-order equation and the Langmuir model are suit-
able for the descriptions in the adsorption kinetics, and
the adsorption isotherms. The adsorption of Ni(II) by the
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Table 6
Analyzed parameters of breakthrough curves for the chelating membrane toward Ni(II) at 298 K
System Z (mm) t, (min) t (min) BDST model
N, (mmol/L) K (L/min mmol) R*
Single Ni(II) 0.8 50.4 188.1 86.5 0.87 0.999
1.07 69.3 212.5
1.34 86.9 225.4
Ni(II)-Ca(II) 0.8 40.5 108.7 70.6 0.77 0.997
1.07 54.9 142.8
1.34 70.3 176.6
Ni(II)-Fe(III) 0.8 247 105.9 46.7 0.70 0.998
1.07 35.4 132.9
1.34 444 168.8
Ni(II)-Cd(II) 0.8 15.6 92.4 33.2 0.60 0.998
1.07 23.3 108.6
1.34 29.6 136.1
Ni(II)-Pb(II) 0.8 7.6 57.3 20.9 0.51 0.999
1.07 10.9 68.2
1.34 16.4 78.5
Ni(II)-citrate 0.8 45.1 115.9 78.7 0.78 0.998
1.07 62.7 147.8
1.34 78.3 183.7
Ni(II)-NTA 0.8 17.5 98.2 35.8 0.62 0.998
1.07 25.4 109.0
1.34 32.6 142.3
Ni(II)-EDTA 0.8 13.2 79.8 30.1 0.56 0.997
1.07 20.7 90.2
1.34 259 101.9
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