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Abstract: A novel nano-fibrous adsorbent from imino-acetic acid (IDA) and polyvinyl alcohol
(PVA) mixture solution was prepared by electro-spinning technique. The nano-fibrous
adsorbents with imino-acetic acid functional groups were characterized and demonstrated by
fourier transform infrared spectrometry (FT-IR) and the scanning electron microscopy (SEM).
The effect of the adsorbents to remove heavy metals such as lead (Pb) and copper (Cu) ions
from the aqueous solution was studied. The maximum adsorption percentage (SP) of the metal
ions can reach 93.08% for Cu (I1) and 96.69% for Pb(ll), respectively. Furthermore, it shows
that the adsorption procedure of the adsorbents is spontaneous and endothermic, and adsorption
rate fits well with pseudo-second-order kinetic model. Most importantly, the reusability of the
nanofibers for removal of metal ions was also demonstrated to be used at least five times.

1. Introduction

Heavy metal pollution growing rapidly with industrial growth and development has seriously
threatened the public health and safety in recent years [1-4]. Therefore, many techniques (such as
precipitation, ion exchange, membrane separation and adsorption) have been applied to deal with
heavy metal ions in the waste water. Among them, the adsorption technique has been considered as the
effective and promising method due to its low-cost and application convenience [5-8]. The properties
of adsorbents (such as surface area, functional group type and density on the adsorbent surface) have
significant effect on the adsorption efficiency. Hence, the mophology and the functional group type
are the two key factors of adsorbents. Therefore, adsorbents of chelating nano-fibers have been widely
studied, such as the adsorption of heavy metal ions from the polluted water. Great surface area, high
porosity, and small pore size would have the influence on this efficiency [9,10]. Electrospinning is an
efficient method of preparing chelating nano-fibers, which could even yield desirable sub-100-nm
spinning fibers [11].Regarding to types of functional groups, imino-acetic acid (IDA) has been widely
used for the removal of metal ions as it could simultaneously complex with many kinds of metal ions
[12-15]. Unfortunately, most reported IDA type adsorbents were in the form of granule or fiber in
micro-meter [16,17], so the applications were limited owing to some disadvantages from adsorbent’s
dimension. So far, there is no report on IDA type adsorbents in the form of nano-fibers.

The functionalized polymer with imino-acetic acid (IDA) functional group was synthesized in this
study. It was applied to prepare IDA type chelating nano-fibers through electro-spinning [18-20]. In
order to get nano-fibers with better morphology and more IDA functional groups available, the effects
of spinning solution composition, the spinning parameters and the cross-linking conditions on nano-
fibers have been investigated and optimized. In addition, the influence of nano-fibers on adsorption of
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copper and lead ions from the agueous solutions were investigated and analyzed by the kinetic and
thermodynamic models.

2. Experimental

2.1. Materials

PVA polymers (99% hydrolyzed; 87-89% hydrolyzed) were purchased from Shanghai Aladdin
Reagent Co. Ltd. (China). Polymer with imino-acetic acid as functional group (IDA) was synthesized
in our lab. The other chemicals such as glutaraldehyde (GA), epichlorohydrin (ECH), copper nitrate
(Cu(NO3)2 3H20) and lead nitrate (Pb(NO3)2) were all analytical grade.

2.2. Synthesis of IDA Type Polymer

IDA type polymer was synthesized from polyethyleneimine (PEI) according to the method described
previously [15]. Mixing PEIl (average Mw 70000), sodium chloroacetate and sodium hydroxide
(NaOH) solutions in the molar ratios of 1:1.1:1.1 in 100 mL three-necked flask, and then, it was stirred
at 60<C for 12 h. After it was cooled to the room temperature, the solution pH was adjusted to 2, and
then it was washed by methanol and dried in the vacuum oven.

2.3. Preparation of IDA Type Chelating Nano-fibers

10 wt% PVA99 solution was prepared at 90 <C (solution a). 15 wt% PV A88 solution was provided by
dissolving 4.5 g of PVA88 in 30 mL deionized water at 45<C for 4 h (solution b). IDA type polymer
was dissolved in sodium hydroxide solution (2mol/L) and it was stirred at 30<C for 2 h to obtain
30wt% homogeneous solution (solution c). The spinning solution was consisted of three solutions
mentioned above, and the volume ratio of a:b:c= 3:4:2. The mixture solution was stirred at the room
temperature for more than 1h, and then it was spun under the optimized conditions of voltage 24 kV,
and its working distance remained 8 cm, and its feeding rate was 0.5 mL/h. The nano-fibers (pristine
nano-fibers) were collected finally.

The pristine nano-fiber was pre-cross-linked in GA vapor at 35<C for 18 h (pre-cross-linked nano-
fibers), and then it was cross-linked with 20% (mass fraction) ECH solution (pH=3) for 4 h [20-22],
then it was washed with the distilled water, and then it was dried in the vacuum oven at the room
temperature. The harvest cross-linked nano-fibers (IDA type chelating nano-fibers) was got.

2.4. Analysis and Characterization

The functional groups of nano-fibers (pristine, pre-cross-linked and cross-linked nano-fibers) were
determined in the range of 400-4000 cm-1 by FR-IR (Fourier Transform Infrared Spectrometry, IR
Affinity-1, SHIMADZU, Japan). The morphology of the nano-fibers was observed by SEM (scanning
electron microscope, JSM-7800F, Japan).

To investigate the stability of IDA type chelating nano-fibers in the aqueous solution, the dissolve-
loss studies were carried out by the immersion of nano-fibers in the distilled water for 6 h. All
experiments were repeated for three times. The dissolve-loss percentage can be calculated by the
following equation [23].

MM 100%

m M)

Where m; and m; are the masses of the dry nano-fibers before and after being soaked, respectively.

Dissolve - loss percentage (%) =

2.5. Adsorption Experiments

2.5.1. Batch Adsorption Experiments. The effects of adsorption experimental parameters, pH (2-6),
time (0-150 mins.), the initial metal ion concentration (50-250 mg/L), and temperature (298-318 K)
were studied in the batch mode. In which 0.1 g cross-linked nano-fibers was immersed into 50 mL of
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copper or lead ion solution with stirring for 2.5 h (Fibrous adsorbents loaded Cu(ll) or Pb(ll) ions).
The concentration of metal ions in the solution was determined by atomic absorption spectrometry
(AAS, Hitachi, Japan).

The adsorption percentage (SP) and adsorption capacity of metal ions (gqe (mg/g)) can be calculated
by the following equations [8].

SP = G -C.) x100%
G 2)
_(C,-C)Vv
. m (3)

Where CO and Ce are the concentration of metal ions in the solution before and after the adsorption
(mg/L), respectively. And V (L) is the volume of the solution, m(g) is the mass of nanofibers.

2.5.2. Adsorption/desorption Experiments. Fibrous adsorbents loaded Cu(ll) or Pb(ll) ions were
immersed into HCI solution (0.1 mol/L) at the room temperature with stirring. Then, the fibers were
filtrated out, and they were washed with the distilled water for three times, and then they were dried in
the vacuum oven at the room temperature. The regenerated nanofibers were reused in the next cycle
utilization of the adsorption experiments in the same coditions (50 mg/L, pH value of 3 and pH value
of 5.5 for Cu(ll) and Pb(Il) ions solutions, respectively.). Residual ions in solution were determined by
AAS. The relative adsorption percentage (RSP) of metal ions on nano-fibers can be calculated by the
following equation.
SPy
RSP = —™ x100%

Py @)

Where SP (1) and SP(n) denote the sorption percentage (%) of adsorption/desorption cycle one and
cycle n, respectively.

3. Result and Discussion

3.1. Characterization of Nano-fibers

The functional groups of nano-fibers were characterized by FT-IR (Fig. 1). A broad band at 3300-
3500 cm™was assigned to N-H and O-H stretching vibrations of IDA type polymer and PVA, the
carboxyl group peaked at 1720 cm™ was attributed to the type of amino acetic acid functional groups.
The results showed that the IDA type polymer was successfully synthesized and introduced into the
composite nano-fibers. Compared with spectrum (a) and (b), the intensity of peaks at 1096 cm™ and
1250 cm™ corresponding to the stretching motions of C-O-C and C-O in spectrum (b) was increased as
the part of hydroxyl groups of pristine nano-fibers cross-linking with GA. In spectrum (c), the sharp
peak at 1399 cm-1 was typical stretching vibration of epichlorohydrin. It is observed that the intensity
of peak at 1630 cm-1 corresponding to N-H bond was decreased with epichlorohydrin as the cross-
linking of imino group, which indicated that N-H bond has not been converted into the type of IDA
functional group completely, and the remaining imino group has been successfully crosslinked with
ECH [8,21].
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Figure 1. FTIR spectra of IDA type composite chelating nano-fibers: (a) pristine nano-fibers; (b) pre-
cross-linked nano-fibers; (c) cross-linked nano-fibers.

Generally, there are two methods to prepare the chelating nano-fibers, one is the modification,
namely, the functional group is immobilized onto the nano-fibers surfaces through chemical reaction.
And the other method is the employment of the mixture solution which is composed of the
functionalized polymers and materials with good spinnability. However, the morphology of the nano-
fibers could be destroyed as the functional group is immobilized to nano-fibers surface through
chemical reaction [24]. Therefore, electro-spinning mixture solution was used to prepare nano-fibers.
The SEM images of pristine, pre-crosslinked and cross-linked nano-fibers were presented in Fig. 2.

Figure 2. The SEM image of nano-fibers: (A) pristine nano-fibers; (B) pre-cross-linked nano-fibers;
(C) cross-linked nano-fibers.

Fig.2 (A) showed that the surface of pristine nano-fibers was very smooth. The diameter of the
pristine fibers was quite uniform with average value of (150477) nm. Fig.2 (B) showed that the
morphlogy of nano-fibers pre-crosslinked
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Figure 3. The fiber diameter distribution of nano-fibers: (a) pristine nano-fibers; (b) pre-cross-linked
nano-fibers; (c) cross-linked nano-fibers.

With GA vapor, and the diameter of the pre-cross-linked nano-fibers was (190+/2) nm. As shown
in Fig.2(C), the nano-fibrous morphology almost was the stable, and it still showed the fluffy porous
network structure, although the diameter of crosslinked IDA type chelating nano-fibers increased to
(2504£98 nm) nm. It meant that the chelating nano-fibers were successfully formed without remarkable
variation in morphology no matter after pre-cross-linking or cross-linking.
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Figure 4. Degree of dissolve-loss percentage of nano-fibers (pristine and cross-linked IDA type
composite chelating nano-fibers).

Fig. 4 showed that the dissolve-loss percentage (%) of nano-fibers (pristine and cross-linked with
ECH) in the distilled water was more than 6 h. As it can be seen, the dissolve-loss percentage of the
cross-linked nano-fibers was considerably decreased. The results suggests that the IDA type composite
chelating nano-fiber has been cross-linked effectively, which can increase the water diffusivity
resistance and improve the stability of nano-fiber membranes in solution.

3.2. Effect of pH on Adsorption Ability
PH was the important factor which could affect the interaction between adsorbents and metal ions.
Since hydroxide would be formed and precipitated as the pH value of copper and lead ion solution was
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above 6, the experiments were conducted while pH value was 2-5 for Cu(ll) and pH value was 2-6 for
Pb(ll), respectively. Fig.5 showed that the adsorption rate (AR) (%) of metal ions on nano-fibers was
as the function of the pH. For Cu(ll), as pH was 3.0, AR value was the maximum. While for Pb(Il),
only as pH was 5.5, AR value was the maximum. The adsorption percentage increased gradually, for
Cu(ll) as pH from 2.0 to 3.0 and for Pb(lIl) only as pH from 2.0 to 5.5. This phenomenon was resulted
from the competitive interaction between H+ and the metal ion for the active sites on the adsorbent. As
pH value increased, the concentration of H+ in the solution was reduced, and which resulted in that
there was more chance of interaction with the binding sites and metal ions [25]. However, as the pH
value further increased, the adsorption percentage decreased rapidly for Cu(ll). While as the pH value
increased to 6.0 for Pb(ll), the SR also showed the reduction, which would probably due to the
interaction of OH- ion with Cu(ll) and Pb(ll), and the free target metal ions available was reduced. To
exclude the influence of the hydrolysis of metal ions, the optimal pH value was selected as pH=3.0 for
Cu(ll), pH=5.5 for Pb(I1) for the subsequent adsorption experiments.
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Figure 5. The effect of solution pH on adsorption percentage. (Initial metal ion concentration of 50
mg/L; Temperature of 293 K)

3.3. Effect of Contact Time on Adsorption

The effect of contact time on adsorption percentage was given in Fig.6. The results showed that the
AR(%) increased sharply within 10 mins., as more than 70% of total sorption of metal ions was
adsorbed, then the AR(%) increased slowly till 80 mins., when the adsorption equilibrium was reached.
This trend might be explained by the presence of free sites and available metal ions at first. As the
adsorption increased, the available sites of Cu(ll) and Pb(Il) in the aqueous solution were depleted.
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Figure 6. The effect of contact time on adsorption percentage (pH 3.0 for Cu(ll) and pH 5.5 for Pb(ll);
Initial concentration of 50 mg/L; Temperature of 293 K).

To describe the kinetic mechanism of the adsorption process more accurately, the experimental
data fitted well with two common models, namely pseudo-first-order (Eq. (5)) and pseudo-second
order (Eq. (6)) kinetic models respectively [26]. The fitted parameters were shown in Table 1.

k
In(g, —q,) =Inq, ——1—t
(@, ~a) = Ing, - o

t 1 t

- 2
Qt que qe (6)

Where ge (mg/g) and g: (mg/g) are the adsorption capacity of metal ions adsorbed at equilibrium

and time t (min), respectively. k; (min™") and k. (g/mgmin) are the rate constants of pseudo-first-order
and pseudo-second-order models, respectively.

Table 1. Kinetic Parameters Of Fibrous Adsorbents For Cu(li) And Pb(li) Adsorption (Ph=3 For
Cu(l), Ph=5.5 For Pb(li); Initial Metal lon Concentration Of 50 Mg/L; Temperature Of 293 K)

Metal Oexp Pseudo-first-order model Pseudo-second-order model

ion (mg/g) ki (min) Qeca(mg/g) R? k2(g/mg min)  Qecal (Mg/Q) R?
Cu(In) 21.64 0.1303 15.12 0.919 0.0124 22.17 0.999
Pb(Il) 23.71 0.0925 15.72 0.916 00084 24.51 0.998

By comparing the values of correlation coefficient for pseudo-first-order and pseudo-second-order
as shown in Table 1. It was found that the kinetic data of both metal ions fitted with pseudo-second-
order model more gretaly. The results suggestted that both concentration of metal ions and unoccupied

adsorptive sites were the key factors which influenced on the adsorption performance of the chelated
nano-fibers.

3.4. Adsorption Isotherms

The effect of the initial concentration (CO) of metal ions and temperature on the adsorption was
presented in Fig.7. It showed that the adsorption capacity of Cu(ll) and Pb(ll) was increased with the
increase of the initial concentration Co. Without exception, the removal efficiency of metal ions with
IDA type chelating nano-fibers also improved with the temperature was increased. The adsorption
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percentage reached 93.08% for Cu(ll), 96.69% for Pb(ll) adsorption while the initial concentration
was 50 mg/L and the temperature was 40<C. The maximal adsorption capacity was 101.28 mg/g and
111.15 mg/g for Cu(ll) and Pb(Il), respectively. Which was much larger than that of IDACF[17].
These results indicated that the studied IDA type chelating nanofiber was probably useful for the
advanced wastewater treatment.
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Figure 7. The effect of temperature on adsorption isotherm: (a) adsorption percentage for Cu(ll); (b)
adsorption capacity for Cu(ll); (pH=3.0 for Cu(ll); 50 mL) (c) adsorption percentage for Pb(l1); (d)
adsorption capacity for Pb(Il) on IDA type composite chelating nano-fibers (pH=5.5 for Pb(ll); 50

mL).

To further understand the adsorption mechanism of IDA type chelating nano-fibers, two isotherm
models[27,28], namely Langmuir and Freundlich models were employed to analyze the experimental
data as following equations.

C, 1 C,
L — + —
qe quL qm (7)
1
logqg, =logk. +=logC,
n ®)

where ge (mg/g) is the adsorption capacity at equilibrium time, Ce (mg/L) is the equilibrium
concentration of metal ions in solution, gm (mg/g) is the theoretical saturation adsorption capacity, and
KL (L/mg) is the Langmuir constant. Ke (mg/g) is the binding energy constant reflecting the affinity of
the adsorbents to metal ions and n is the Freundlich parameters related to the adsorption intensity.

Table 2. Isotherm parameters for metal adsorption onto IDA type composite chelating nano-fibers at
different temperatures.

Metal ion T (K) Langmuir isotherm Freundlich
Qmax KL R2 KF n R2
(mg/g) (L/mg) (mg/g)

Cu(ln) 293 107.5 0.0388 0.999 8.812 1.901 0.961
303 117.6 0.0521 0.998 11.28 1.919 0.965
313 128.2 0.0722 0.997 14.62 1.921 0.974
Pb(1I) 293 128.2 0.0563 0.996 12.81 1.906 0.988
303 135.1 0.0792 0.996 16.22 1.926 0.986
313 138.9 0.113 0.994 20.39 1.960 0.986

As shown in Table 2, the high regression correlation coefficients (R*>>0.99) were presented. It
suggested that the adsorption of both Cu(ll) and Pb(ll) onto IDA type chelating nano-fibers fitted
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particularly well with Langmuir model compared with Freundlich model. This indicated that the
adsorption occurred only on the surface of IDA type nano-fibers, and there existed the monolayer
adsorption phenomenon.

3.5. Thermodynamic Parameters

Thermodynamic parameters (such as Gibbs free energy, enthalpy change and entropy change) play
vital roles in the adsorption process. It illustrates the degree of spontaneity and feasibility of process.
Thermodynamic parameters might be calculated by the following equations [29].

AH® AS’
InK =- +
RT R (9)
AG =-RT InK

(10)

where R is the gas constant, T is the absolute temperature (K), AH? is the enthalpy change (kJ
/mol), AG? is the free energy change (kJ /mol), the AH® can be obtained from the slope of InK versus
plot 1/T. K (L/mg) is the adsorption equilibrium constant, which equals to Langmuir constant (K.)
owing to the adsorption process fitted well with Langmuir model [30].

Table 3. The parameters of adsorption thermodynamics

Metal ion AG' (KJ/mol) AH®(KJ/mol)  AS”(KJ/mol
293 K 303K 313K K)
Cu(l -25.74 -27.35 -29.11 23.65 0.168
Pb(1I) -26.65 -28.42 -30.28 26.60 0.181

As shown in Table 3, the values of AG°were negative for both Cu (I1) and Pb (II) at the studied
conditions, and they were inclined to be more negative with increasing temperature, it indicated that
the adsorption process was feasible and the reaction was spontaneous and more favorable at the higher
temperatures. The positive value of AH® also implies that the adsorption process is endothermic.
Furthermore, both the AH® for Cu (1) and Pb(ll) are greater than 20.9 KJ, which reveals that the
adsorption is a chem.-sorption process due to chelation mechanism.

3.6. Regeneration Characteristics

The reuse of the adsorbent is the key factor in industrial application. To demonstrate the reusability of
the IDA type chelating nano-fibers, it was used for five times in the adsorption-desorption of copper
and lead ions onto IDA type nano-fibers, it performed almost the same in the same conditions. The
relative adsorption percentage of IDA type nano-fibers versus adsorption/desorption cycle was
presented in Fig. 8. It showed that RSP (%) could still reach 90% for Cu (1) and 88% for Pb (I1) of
initial sorption percentage value after five cycles. This indicated that IDA type chelating nano-fibers
could be reused without the significant loss in the adsorption property and they could be a very
potential adsorbent utilized extensively in agueous solution.
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Figure 8. The relationship between the changes of adsorption percentage and adsorption/desorption
cycles (pH=3.0 for Cu(Il) and pH=5.5 for Pb(ll); Initial concentration of 50 mg/L; Temperature of
293 K)

4. Conclusion

In the present work, IDA type chelating nano-fibers was prepared by electro-spinning technique, and
the potential of IDA type nano-fibers as the adsorbent for the adsorption of coppper and lead ions from
the aqueous solutions was investigated. The maximal sorption percentage (SP) of the metal ions could
reach to 93.08% for Cu (Il) and 96.69% for Pb (Il), respectively. The kinetic data of metal sorption
onto the nanofiber membrane fitted well with the pseudo-first-order kinetic model. The comparison of
isotherm models showed that Langmuir model could describe the equilibrium data of copper and lead
sorption more appropriately than Freundlich model. The thermodynamic parameters show that both of
metal ions sorption by the IDA type composite chelating nanofibers is endothermic and spontaneous
nature. Furthermore, the adsorption capacity of IDA type nano-fibers can remain almost unchangeable
even after being used as adsorption-desorption for five times. This result suggests that the IDA type

composite chelating nano-fibers can be a promising adsorbing material for removing heavy metal ions
in the aqueous solution.
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