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CHAPTER n i
PREPARATION OF HYDROLYZED ELECTROSPUN POLYACRYLONITRILE 

FIBER MATS AS CHELATING SUBSTRATES: A CASE STUDY ON
COPPER(II) IONS

3.1 Abstract

Ultrafine polyacrylonitrile (PAN) fiber mats were prepared by 
electrospinning and they were hydrolytically-treated with a sodium hydroxide 
solution to impart the ability to chelate metal ions. This was achieved through the 
conversion of the nitrile functional groups on the surface of the PAN fibers into 
imine conjugated sequences, which was confirmed by Fourier-transform infrared 
spectroscopy. The chelating property of the hydrolyzed electrospun PAN fiber mats 
(i.e., H-ePAN fiber mats) was evaluated against Cu(II) ions. The amounts of the 
Cu(II) ions adsorbed onto the H-ePAN fiber mats were influenced by the initial pH 
and the initial concentration of the metal ion solutions. At the optimal pH of 5.0, the 
amounts of the Cu(II) ions adsorbed onto the H-ePAN fiber mats increased with an 
initial increase in the time the materials were in contact with the metal ion solution to 
finally reach the maximal, plateau values after about 5 h of immersion. The maximal 
adsorption capacity of the H-ePAN fiber mats for the Cu(II) ions was determined to 
be 31.3 mg-g”1 and the fully-adsorbed materials could be regenerated upon 
submersion in 0.1 M hydrochloric acid solution for 30 min. Finally, X-ray 
photoelectron spectroscopy indicated specific interactions between the adsorbed 
Cu(II) ions and the N- and/or the O-atoms associated with the imine groups on the 
surface of the H-ePAN fibers.

(Key-words: electrospinning; hydrolyzed polyacrylonitrile; chelating fibers; copper
removal)
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3.2 Introduction

The presence of heavy metals, such as chromium (Cr), copper (Cu), lead 
(Pb), mercury (Hg), nickel (Ni), and zinc (Zn), in industrial effluents is of serious 
environmental concern, which, upon being left untreated, can cause serious illnesses 
to all living organisms, including humans [1. 2], Among these, copper (Cu), as a 
trace element, is essential for the growth of all higher plants, animals and humans. 
Nonetheless, excessive intake of Cu in humans’ results in its accumulation in the 
liver and prolonged exposure to it could cause gastrointestinal problems, severe 
headache, hair loss, hypoglycemia, increased heart rates, nausea, and damages to the 
kidney and the liver [3, 4j. According to the Pollution Control Department of the 
Ministry of Natural Resources and Environment of Thailand, the maximal acceptable 
concentration of Cu(II) ions in an industrial effluent must not exceed 2.0 mg-L'1. The 
world health organization (WHO) also recommended a maximum acceptable 
concentration of Cu(II) in drinking water of 1.5 mg-L_1[5, 6]. Therefore, the removal 
of the excessive amounts of this metal species from industrial wastewater is 
mandatory and crucial to humans’ welfare.

Various techniques, such as precipitation, electroplating, ion exchange, 
membrane separation, and adsorption [1, 3, 7-10], have been used as means to 
remove heavy metal ions from aqueous effluents. Among these, adsorption is one of 
the most preferred methods, because of its high efficiency and cost effectiveness. 
There have been many studies on the removal of Cu(II) ions from aqueous solutions 
using different adsorbents. These adsorbents can be derived from materials of diverse 
origins, whether naturally or synthetically. Some of these are, for examples, chitosan
[11], neat and modified activated carbon [1. 12, 13], and chelating resins [14.15]. 
The latter can be tailored to exhibit specific selectivity towards certain heavy metal 
ions, which are made possible through the proper choices of specific chelating 
groups (e.g., amidoxime, amino, carboxyl, imidazoline, phosphoric, and thioamido 
groups) [16-23].

Among the numerous adsorbents for metal ions, chelating fibers, due mainly 
to their ease of handling and high adaptability, is a class of such materials that has
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been extensively explored. Various research reports have focused on improving the 
adsorption capacities and increasing the adsorption rates of certain metal ions on 
chelating fibers and, at the same time, achieving easy desorption which dictates their 
reusability. In particular, the preparation of these chelating fibrous materials is 
relatively simple. Among various fibrous materials, those made of polyacrylonitrile 
(PAN) can be easily modified to obtain chelating fibers. This is a direct result of the 
presence of the nitrile groups (O N ) which are readily modifiable into various 
chelating groups [24-26]. In 2003, Deng et al. [27] prepared hydrolyzed PAN 
microfibers that exhibit high adsorption capacity towards Cu(II) ions. It is, therefore, 
of our interest to develop hydrolyzed PAN fibers, based on the fibers a p rio ri 
fabricated from a process commonly known as electrospinning [28], which is capable 
of producing ultrafine fibers with diameters ranging from micro- down to nano­
meters.

Various types of materials, including polymers, can be facilely made into 
ultrafine fibers by electrospinning [28], In the traditional set-up, a polymer liquid 
(i.e., melt or solution) is loaded into a container with a small opening, i.e., a nozzle, 
and subsequently charged with a high electrical potential across a finite distance 
between the nozzle and a grounded collection device. When the electric field exceeds 
a critical value, a charged stream of the liquid, i.e., a charged jet, is ejected [28]. As 
the jet travels to the collector, it either cools down or the solvent evaporates to obtain 
ultrafine fibers in the form of a non-woven fabric on the collector. Various 
parameters, such as solution properties (e.g., concentration, viscosity, conductivity, 
surface tension, etc.), processing conditions (e.g., electrical potential, collection 
distance, etc.), and ambient conditions (e.g., temperature, humidity, etc.), dictate the 
morphology of the resulting fibers [28-30]. Some proposed uses of electrospun 
fibers are, for examples, scaffolding materials for cell/tissue culture [31], carriers for 
DNA and drug delivery [32, 33], and active membranes [34],

In the present contribution, electrospinning was used to prepare non-woven 
matrices of ultrafine fibers from commercial PAN microfibers [35], with an aim of 
increasing the surface area. The surface of the electrospun PAN fibers was then 
reacted with a sodium hydroxide (NaOH) aqueous solution to introduce chemical



30

functionality that is capable of chelating metal ions. The functional groups of the 
resulting fibers were determined by Fourier-transform infrared spectroscopy (FT-IR). 
The ability to capture metal ions was then evaluated against Cu(II) ions, using atomic 
absorption spectroscopy (AAS), and the results were compared with the hydrolyzed 
PAN microfibers.

3.3 Experimental Details

3.3.1 Materials
Commercially-available PAN microfibers (diameters of individual 

fibers = 13.7 ± 2.7 pm, weight-average molecular weight ระ! 55,500 Da, weight 
composition of methyl acrylate comonomer =8.6%; Thai Acrylic Fibre, Co., Ltd., 
Thailand) were used to prepare PAN solution for further fabrication into ultrafine 
PAN fiber mats by electrospinning. Dimethylformamide (DMF, research grade of 
99.98% purity; Labscan Asia Co., Ltd., Thailand) was used as the solvent. Sodium 
hydroxide (NaOH; Fisher Scientific, USA) aqueous solutions were used to modify 
the surface of the PAN fibrous materials. A stock solution of Cu(II) ions was 
prepared from cupric chloride dihydrate (CuCl2-2H20, 99% purity; Fluka, USA).

3.3.2 Electrospinning of PAN Fiber Mats
The spinning solution at 10 wt% was prepared by dissolving the as- 

received PAN microfibers in DMF under mechanical stirring for about 1 h at room 
temperature (25 ± 1 °C) [35. 36]. The as-prepared solution was then loaded into a 
standard 10-mL glass syringe. A 20-gauge, blunt-ended stainless steel needle (outer 
diameter = 0.91 mm) was used as the nozzle. Both the syringe and the needle were 
tilted about 45° from a horizontal baseline. A sheet of aluminum (Al) foil, wrapped 
around a rotating cylinder (width and outer diameters of the cylinder « 15 cm and 
rotational speed ระ 50 rpm), was used as the collecting device. A Gamma High- 
Voltage Research ES30P-5W DC power supply (USA) was used to charge the 
solution, by attaching the emitting electrode (+) to the nozzle and the grounding one 
to the collecting device. An electrical potential of 15 kV was applied across a 
distance of 20 cm between the tip of the needle and the outer surface of the collecting
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device (i.e., collection distance, measured at a right angle to the surface of the 
collecting device). The electrospun PAN fiber mats (hereafter, ePAN fiber mats) 
were collected continuously for 48 h, resulting in the fiber mats of 125 ± 10 pm in 
thickness. Prior to further uses, these fiber mats were placed in vacuo  at room 
temperature (25 ± 1 °C) to remove as much solvent from them as possible.

3.3.3 Preparation and Characterization of Hydrolyzed ePAN Fiber Mats and 
Hydrolyzed PAN Microfibers

The hydrolysis of all of the PAN fibrous materials was carried out 
based on the method of Deng et al. [27], with slight modification. Specifically, each 
of the ePAN fiber mat samples was placed in a sealed chamber, containing a NaOH 
solution in a mixed solvent of ethanol/water (at 0.22 molar ratio) of varying 
concentrations in the range of 1 to 5 wt%. The reaction time and the reaction 
temperature were fixed at 20 min and 75 °c, respectively. All of the reaction 
chambers were placed in a shaking water bath. The hydrolyzed ePAN fiber mats 
(hereafter, H-ePAN fiber mats) were washed with distilled water until of neutral pH 
and dried overnight in vacuo at room temperature (25 ± 1 °C). For comparison, 
hydrolyzed PAN microfibers were also prepared from the as-received PAN 
microfibers (hereafter, H-PAN fibers). The concentrations of the NaOH solution 
were 5, 7, and 10 wt% and the reaction times were 20, 40, and 60 min. The reaction 
temperature was, again, fixed at 75 °c.

Chemical functionalities of all of the fibers were characterized by a 
Nicolet Impact 400 Fourier-transform infrared spectroscope (FT-IR), operating at a 
resolution of 4 cm'1 and a wavenumber range of 4000 to 400 cm'1. Morphologies of 
all of the fibers were investigated by a JEOL JSM-6400 scanning electron 
microscope (SEM). Each specimen was coated with a thin layer of gold using a 
JEOL JFC-1100E sputtering device prior to the SEM observation. The diameters of 
the individual microfibers were measured from 3500x SEM images and those of the 
individual electrospun fibers were from 10,000x ones, using a SemAphore 4.0 
software. More than 10 and 50 individual fibers (for the microfibers and the 
electrospun fibers, respectively) were measured for their diameters. Ion exchange 
capacities (IEC) were used to quantify the contents of the as-formed imine groups of
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the H-ePAN fiber mats and the H-PAN fibers. Briefiy, each of the fiber samples (i.e.,
0.1 g) was immersed in 25 mL of 0.1 M hydrochrolic acid (HC1) aqueous solution at 
25 °c for 24 h. The amount of the excess acid in each of the supernatant liquids was 
determined by titration with 0.1 M NaOH aqueous solution [19].

Any interaction that occurred between the adsorbed Cu(II) ions and 
the chelating moieties on the surface of the H-ePAN fibers was analyzed by a 
Thermo Fisher Scientific Thetaprobe X-ray photoelectron spectroscope (XPS). 
Monochromatic Al Ka X-ray was employed for the analysis of one spot on each 
sample with a photoelectron take-off angle of 50° (with respect to the surface plane). 
The observation area was approximately 400 pm X  400 pm and the maximal 
analytical depth was in the range of about 4-8 nm. A specially-designed electron 
flood gun, capable of generating a few eV Ar+ ions, was used for the charge 
compensation. Electron and ion beams were focused and steered towards the 
observation area. Further correction was made based on adventitious c  Is at 285.0 
eV, using the manufacturer’s standard software. Survey spectra were acquired for 
surface composition analysis with Scofield sensitivity factors.

3.3.4 Adsorption of Cu(II) Ions on Fibrous Substrates
The adsorption of metal ions were studied by batch method. Each of 

the H-ePAN fiber mat and the H-PAN fiber samples (0.1 g) was placed in a bottle 
containing a 200 ppm Cu(II) ion solution. Each bottle was shaken in a shaking water 
bath at 100 rpm and a controlled temperature of 30 °c for 24 h. The adsorbed 
amounts (i.e., adsorption capacity, q in mg-g’1) of Cu(ll) ions on both types of the 
fibrous substrates were determined from the initial and the final concentrations of the 
Cu(II) ions in the testing solutions, using a Varian SpectrAA-300 atomic absorption 
spectroscope (AAS). The effects of the pH, the contact time, and the initial metal ion 
concentration on the adsorption capacity of the APAN nanofiber mats were 
examined. Specifically, the values of q were determined from the following equation:

q = (c .-cy
M (1)



33

where Co and Ce are the initial and the equillibium Cu(II) ion concentrations 
(mg-L'1), V  is the volume of the testing solution (L), and M  is the initial, dry weight 
of the adsorbent (g)[4].

3.3.5 Desorption of Cu(II) Ions from Fibrous Substrates
The H-ePAN fiber mat and the H-PAN fiber samples (25 ± 1 mg), that 

had been pre-adsorbed with Cu(II) ions according to the procedure set-forth in 
Section 2.4.3 for 24 h (to exhibit the adsorbed amounts of Cu(II) ions of 0.67 ± 0.03 
mg), were used in the desorption studies. First, they were rinsed with distilled water 
to remove any residual solution and were dried in vacuo at room temperature (25 ± 1 
°C). The desorption behavior of the pre-adsorbed materials was carried out in 
deionized (DI) water or 0.1 or 1.0 M HC1 aqueous solution. The contents of the 
flasks were shaken in the shaking water bath at 100 rpm and a controlled temperature 
of 30 °c. The Cu(II) ion concentrations in the desorbing solutions were analyzed as a 
function of submersion time by AAS. The desorption ratio (% D ), for each data point, 
was calculated based on the percentage of the ratio between the desorbed and the 
initial, adsorbed amounts of Cu(II) ions.

3.4 Results and Discussions

3.4.1 Characterization of H-ePAN Fiber Mats and H-PAN Fibers
3.4.1.1 Visual O bservation a n d  FT-IR  A nalysis

The FI-ePAN fiber mats were successfully synthesized from 
the ePAN fiber mats. The hydrolytic reaction was conducted at different 
concentrations of the NaOH solution (i.e., from 1 to 5 wt%). The color of the ePAN 
fiber mats was white. After the hydrolysis, the color of the mats changed to orange. 
Upon being washed with distilled water, the color of the mats changed further to 
light yellow. The shade the colors appeared deeper as the concentration of the NaOH 
solution changed from 1 to 5 wt%. Any change in the chemical functionalities of the 
H-ePAN fiber mats was analyzed by FT-IR. The corresponding spectra are shown in 
Figure 3.1. The intensity of the broad adsorption band at 3357 cm '1, corresponding 
to the stretching vibration of O-H, increased with an increase in the basicity of the
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treating solution. This indicates the introduction of the -OH groups on the surface of 
the H-ePAN fiber mats. Additionally, an increase in the basicity of the treating 
solution caused the intensities of three absorption peaks at 1578, 1404, and 1223 
cm '1 to increase. These peaks can be assigned to imine conjugated sequences (-C=N- 
) of the modified fibers [27, 37], Since only a fraction of the nitrile groups on the 
surface of the ePAN fibers was converted to the imine conjugated sequences, the 
peak at 2243 cm '1, corresponding to the stretching vibration of the nitrile groups, 
decreased in its intensity with an increase in the NaOH concentration. Additionally, 
the intensity of the peak at 1739 cm '1, corresponding to the stretching vibration of 
the carbonyl of the acrylate esters, became weaker, as the acrylate groups was 
converted to carboxylic groups upon hydrolysis. This is evidently characterized by 
the increase in the intensity of the peak at 1679 cm'1, which corresponds to the 
stretching vibration of the carbonyl in the carboxylic groups. Based on the FT-IR 
results, the mechanism for the hydrolytic reaction of the ePAN fiber mats to obtain 
the H-ePAN fiber mats can be shown in Scheme 3.1.

Scheme 3.1. Hydrolysis of ePAN fiber mats and PAN microfibers by NaOH aqueous 
solution into H-ePAN fiber mats and H-PAN fibers.

๒ case of the H-PAN fibers, the hydrolytic reaction was conducted at various NaOH 
solution concentrations (i.e., 5, 7, and 10 wt%) and reaction times (i.e., 20, 40, and 
60 min). The change in the color from white of the neat PAN microfibers to orange 
and light yellow, respectively, of the H-PAN fibers was also observed. As in the case 
of the H-ePAN fiber mats, the shade of the colors appeared deeper with increases in 
both the concentration of the NaOH solution and the reaction time. The successful 
synthesis of H-PAN fibers was confirmed by FT-IR (see Figures I-II1 in 
Supplementary Data). Similar to the results for the H-ePAN fiber mats, the increases 
in both the NaOH concentration and the reaction time resulted in greater amounts of
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imine conjugated sequences introduced on the H-PAN fiber surfaces. Since the 
diameters of the PAN microfibers were much greater than those of the ePAN fibers, 
much harsher hydrolytic conditions could be imposed on them than on the ePAN 
counterparts.

3.4.1 .2  Ion E xchange C apacities
Ion exchange capacities (IEC) of both the H-ePAN fiber mats 

and the H-PAN fibers were investigated. Figure 3.2a shows the number of the 
exchange sites available to protons for each of the H-ePAN fiber mats that had been 
synthesized at different concentrations of the NaOH solution. As the conversion of 
the nitrile groups to the imine conjugated sequences increased with an increase in the 
NaOH concentration, the number of the available exchange sites also increased. As 
evidently shown by FT-IR (see Figure 3.1), the hydrolytic treatment of the ePAN 
fiber mats with the NaOH solution introduced both -OH and -COOH groups on the 
surfaces of the H-ePAN fibers (see Scheme 3.1), causing them to be more 
hydrophilic. This, in turn, caused the fiber mats that had been treated with the NaOH 
solution at the concentrations greater than 3 wt% to become gel-like matrices (see 
results in Section 3.4.1.3), which could be a direct result of the increase in the 
swelling in an aqueous medium of the treated membranes [27,37], The number of the 
exchange sites available to protons for each of the H-PAN fibers that had been 
synthesized at different hydrolytic conditions is also shown in Figure 3.2b. 
Generally, increases in both the NaOH concentration and the reaction time caused 
the number of the available exchange sites to increase. Interestingly, at the same 
hydrolytic condition for both type of the fibrous substrates (i.e., 5 wt% NaOH 
solution for 20 min), the IEC of the H-ePAN fiber mats was about 7 times greater 
than that of the H-PAN fibers. This should be a direct result of the much smaller 
diameters of the ePAN fibers, hence the greater specific surface area.

3.4.1 .3  S E M  O bservation
Figure 3.3 shows representative SEM images of the ePAN 

and the H-ePAN fiber mats. The individual fibers of the ePAN fiber mats were cross- 
sectionally round and their surfaces were smooth [35], After having been hydrolyzed 
with 1-3 wt% NaOH solutions, the fiber mats shrank considerably, as the thicknesses 
of the fiber mats and the diameters of the individual fibers decreased monotonically

1 vmmfe'b
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from 125 ± 10 pm and 280 ± 80 ran for the ePAN fiber mats to 101 ± 10 pm and 245 
+ 60 nm for the ones that had been treated with 1 wt% NaOH solution to 92 ± 10 pm 
and 225 ± 60 nm for the ones that had been treated with 2 wt% NaOH solution and, 
finally, to 87 ± 10 (am and 195 ± 60 nm for the ones that had been treated with 3 wt% 
NaOH solution. Nevertheless, the fibrous character of these H-ePAN fiber mats was 
still retained. Upon further treatment with 4 and 5 wt% NaOH solutions, the 
shrinkage became so severe that the individual fibers fused together at touching 
points. This should be due to the presence of both -OH and -COOH groups 
introduced on the surfaces of the H-ePAN fibers as a result of the hydrolytic 
treatment. Figure 3.4 shows representative SEM images of the PAN and the H-PAN 
microfibers. Evidently, harsher conditions used in the hydrolytic treatment of the 
PAN fibers as compared to those of the ePAN fiber mats resulted in the erosion of 
the surfaces of the obtained H-PAN fibers. This indicates that the hydrolytic reaction 
occurred merely on the surface of the PAN fibers, hence the observed increase in the 
surface roughness [22, 27], In analogy to that observed for the ePAN and the H- 
ePAN fibers, the diameters of the H-PAN fibers also decreased from those of the 
PAN microfibers, upon the hydrolytic treatment with the NaOH solutions, and the 
values decreased monotonically with increases in both the NaOH concentration and 
the time upon which the fibers had been treated.

Based on the morphologies of the obtained H-ePAN fiber 
mats and H-PAN fibers, the ones that had been obtained from the treatment with 3 
wt% NaOH solution (for the H-ePAN fiber mats) and 10 wt% NaOH solution for 40 
min (for the H-PAN fibers) were chosen for subsequent adsorption studies. By 
referring to the IEC results in Section 3.1.2, these materials exhibited the IEC values 
of 0.86 ± 0.02 and 1.04 ±0.01 mmol-g"1, respectively.

3.4.2 Adsorption of CufH) Ions on Fibrous Substrates
3.4.2.1 E ffect o f  In itia l p H

The adsorption of Cu(II) ions on the H-ePAN fiber mat and 
H-PAN fiber samples was first investigated as a function of the initial pH of the 200 
ppm Cu(II) ion solution. The initial pH of the testing solutions was varied in the 
range of 2.0 to 7.0 by the addition of either 0.1 M HC1 or 0.1 M NaOH aqueous
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solution. To avoid the precipitation of metal ions, no adsorption experiments were 
done at a pH greater than 7. It should be noted that, after adsorption, the color of the 
fibrous substrates changed from light yellow to pale blue (i.e., the color of the Cu(II) 
ion solution) and that the contact time of 24 h was ample for the adsorption of Cu(II) 
ions to reach an equilibrium (see results in Section 3.4.2.3). At low pH’s (i.e., 2.0 and 
3.0), the average, adsorbed amounts of Cu(II) ions on both types of the fibrous 
substrates were low (i.e., about 2 mg-g'1 for the H-ePAN fiber mats and about 0.5-0.6 
mg-g'1 for the H-PAN fibers). This should be due to the competitive adsorption 
between the prevalently-available H+ and the Cu(II) ions. The electrostatic repulsion 
between the protonated imine groups of the modified fibrous matrices and Cu(II) 
ions could be another reason for the very low adsorption values [37]. Marked 
increase in the adsorbed amounts of Cu(II) ions was observed when the initial pH of 
the Cu(II) ion solution increased further from 3.0 to 5.0. At the pH of 5.0, the 
adsorbed amounts of Cu(II) ions on the H-ePAN fiber mats were 25.5 ± 0.1 mg-g'1, 
while those on the H-PAN fibers were slightly greater at 28.2 ± 0.5 mg-g'1. The 
decrease in the amounts of H+, due to the increase in the initial pH, resulted in less 
competitive adsorption on the available adsorptive sites as well as in the increase in 
the number of available adsorptive sites because of the decrease in the probability of 
the imine groups on the H-ePAN fiber mats become protonated. Further increase in 
the initial pH of the Cu(II) ion solution only resulted in a slight increase in the 
average, adsorbed amounts of Cu(II) ions on both substrates (i.e., about 26.1 mg-g'1 
for the H-ePAN fiber mats and about 31.5 mg-g'1 for the H-PAN fibers, at pH 7.0). 
Based on the obtained results, the pH of 5.0 was chosen as the initial pH of the Cu(II) 
ion solution for subsequent studies and the reason for the greater adsorption of Cu(II) 
ions on the H-PAN fibers was due to the harsher hydrolytic condition to obtain the 
materials, which caused the H-PAN fibers to exhibit greater IEC values, despite the 
hypothetical lower specific surface area.

3.4.2.2 A dsorption  Isotherm s
The effect of the initial concentration (Co) of the Cu(II) ions 

in the testing solutions on the adsorbed amounts of them on both types of the fibrous 
materials was investigated by varying initial concentrations (40-800 ppm) of Cu(II)



38

solutions with the initial pH of 5.0 and the results are reported in Figure 3.5 as the 
functions of the equilibrium adsorption capacity of Cu(II) ions (qe) versus the 
equilibrium concentration of Cu(II) ions in the testing solutions ( C e) . For each type 
of the fibrous matrices, qe increased very rapidly with an initial increase in C e and 
reached a plateau value as C e increased further. Mathematically, the adsorption data 
can be analyzed based on Langmuir and Freundlich models [27. 38]. The Langmuir 
model was developed to describe the adsorption of an adsorbate on a homogenous, 
flat surface of an adsorbent. The model assumes that each adsorptive site can only be 
occupied once in a one-on-one manner. Mathematically, the model can be written as 
follows [27, 38]:

Q   £e _|_ 1
Qe Qm L̂Qm (2)

where qm is the maximal adsorption capacity of the metal 
ions on the adsorbent (mg-g_l) and K l  is the adsorption equilibrium constant 
(mL-mg”1). The value of qm is taken as the slope of the plot of C Jq e versus C e, while 
that of Ki can be calculated from the values of the slope and the ^-intercept of the 
plot (i.e., slope/y-intercept). The Freundlich model, on the other hand, is used to 
describe the adsorption of an absorbate on a heterogeneous surface of an adsorbent. 
The mathematical expression of this model can be written as follows [4, 7]:

Qe =  KfC "  ,  (3)

where Kp [mg(1_l/")-L1/”-g“1] and ท are Freundlich constants. 
By plotting log <7e as a function of log C e, the value of Kf is taken as the anti- 
logarithmic value of the ̂ -intercept and n is the inverse value of the slope.

The adsorption data, as reported in Figure 3.5, were analyzed 
according to these models and the results are summarized in Table 3.1. Evidently, 
both data sets were fitted particularly well with the Langmuir model, as the values of 
the correlation coefficient (r2) were extremely high (i.e., 0.9999). The value of qm for 
the H-ePAN fiber mats was about 31 mg-g-1, while that for the H-PAN fibers was 
slightly greater at about 36 mg-g_1. The much harsher hydrolytic condition levied on
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the more robust PAN microfibers, hence the greater IEC value, was obviously 
responsible for the greater adsorption of Cu(II) ions onto the H-PAN fibers, despite 
the hypothetical greater specific surface area of the H-ePAN fibers. Compared with 
some of the literature data, the values of q m for both of the H-ePAN and the H-PAN 
fibrous substrates as obtained in the present study were comparable to those reported 
for amidoximated bagasse (27.6 mg-g^1) [7], aminated PAN microfibers (31.5 
mg-g~') [22] and hydrolyzed PAN microfibers (29.6 rng-g-1) [27], On the other hand, 
they were lower than those reported for the polyacrylamidoxime microfibers (71.1 
mg-g_I) [18], polyacrylamidoxime electrospun fibers (52.7 mg-g"-1) [34] and 
poly(acryloamidino diethylenediamine) microfibers (285 mg-g_1) [24]. Due to the 
expensiveness of the chemical reagents and the complexity of the chemical reaction 
for both polyacrylamidoxime and poly(acryloamidino diethylenediamine), 
hydrolyzed PAN seems to have an edge for actual industrial utilization.

3.4.2.3 E ffect o f  C ontact Time
The adsorption of the Cu(II) ions on any type of the fibrous 

substrates increased rapidly with an initial increase in the contact time (i.e., high 
adsorption rate) to finally reach the maximal, plateau value after the substrate had 
been in contact with the Cu(II) ion solution for about 5 h. For the ePAN fiber mats, 
the maximal adsorbed amounts of Cu(II) ions were 2.1 ± 0.5 mg-g-1 (at 24 h), while, 
for the PAN microfibers, they were 1.4 ± 0.7 mg-g-1 (at 24 h). The low adsorption of 
Cu(II) ions on these substrates should be a result of the weak interaction between 
Cu(II) ions and the lone-pair nitrogen electrons of the nitrile groups on the surface of 
the fibers. On the contrary, much greater amounts of Cu(II) ions could be adsorbed 
onto the surfaces of the hydrolyzed fibrous materials, which is apparently a result of 
the presence of the imine conjugated sequences [27, 37, 38], Evidently for both types 
of the hydrolyzed fibrous matrices, the adsorption of Cu(II) ions onto their surfaces 
occurred in two steps. Initially, the adsorption was swift because of the great number 
of free adsorptive sites and the high concentration of the metal ions. In the second 
step, adsorption rates decreased and finally reached equilibria. This results from the 
depletion of the adsorptive sites and the decreased Cu(II) ion concentration in the 
testing solution. At 24 h of submersion, the maximal adsorbed amounts of Cu(II)
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ions on the H-ePAN fiber mats were 29.2 ± 0.8 mg-g-1, while those on the H-PAN 
fibers were 34.3 ± 0.9 mg-g-1.

3.4.2.4 K inetic o f  Cu(II) A dsorption
The kinetics of Cu(II) ion adsorption on the H-ePAN fiber 

mats and the H-PAN fibers were analyzed using pseudo-first-order and pseudo- 
second-order models. The pseudo-first-order kinetic model is widely used to describe 
the adsorption of solid/liquid systems, which assumes that the adsorption rate is 
related to the amount of unoccupied sites. The model is represented mathematically 
as follows [4, 7|:

log(<7e -  <7t) =  lo g q e -  (4)

where qx stands for the adsorption capacity of the metal ions 
at an arbitrary time t (mg g'1) and k\ is the pseudo-first-order rate constant (mg g'1 
min-1). By plotting log(ge - <7t) as a function of the contact time t (Figure 3.6a), the 
values of the calculated qe (i.e., <7e,cai) and the rate constant k\ can be obtained from 
the antilogarithmic value of the y-intercept and the slope of the plot, respectively. 
The values of k\ and qe cal along with those of the correlation coefficient (r1) are 
summarized in Table 3.2.

The pseudo-second-order kinetic model, on the other hand, is 
derived based on the notion that the adsorption should relate to the squared product 
of the difference between the number of the equilibrium adsorptive sites available on 
an adsorbent and that of the occupied sites. The final mathematical representation of 
this model is given as [4, 7]:

Qt k2q l  q f

where k2 is the pseudo-second-order rate constant (g mg"1 
min-1). Through the construction of the linear plots between t/q{ as a function of the 
contact time t (Figure 3.6b), the values of the calculated q c (i.e., <7e,cai) and the rate
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constant kl can be obtained from the inverse values of the slope and the y- 
interception values, respectively. The values of ki and ge,cai along with those of the 
correlation coefficient (r2) are also summarized in Table 3.2.

Based on the values of the correlation coefficient (r2), it can 
be conclude that the adsorption of Cu(II) ions on both types of the fibrous materials 
was better described with the pseudo-second-order model. Interestingly, the <7e,cal 

values as obtained from the pseudo-second-order equation were in good agreement 
with the <7 e values obtained from the experiment (i.e., <7e,exp). Similar conclusion was 
also reported for the adsorption of Cu(II) ions on various adsorbent [39-41 ].

3.4 .2 .5  X P S  Studies
XPS was used to investigate electronic properties of a H- 

ePAN fiber mat both before and after the adsorption study in 200 ppm Cu(II) ion 
solution at pH 5.0 for 24 h. Figure 3.7a shows the N Is spectrum of the H-ePAN 
fiber mat. Since the binding energies of imine and nitrile groups were found to be in 
the same region (i.e., 398.4-399.8 eV versus 398.7-399.4 eV) [42], the peak 
centering at 399.4 eV could be assigned to the N Is core-level spectrum of N-atoms 
associated with the imine conjugated sequences [27], Additionally, the peaks 
centering at 400.1 and 401.3 eV could be assigned to the C-N bonding and the 
protonated imines [43, 44], respectively. After the adsorption study, two 
deconvoluted peaks, centering at 398.4 and 399.9 eV, could be observed (see Figure 
3.7b). The presence of these peaks suggested that the adsorbed Cu(II) ions altered the 
electronic properties of the bound N-atoms associated with the imine conjugated 
sequences, causing the electrons to locate closer to the ions and, hence, increasing 
the N Is binding energy. Figure 3.7c shows the Cu 2p in  core-level spectrum of the 
H-ePAN fiber mat after the copper adsorption study. Two deconvoluted peaks 
centering at 931.9 and 933.5 eV could be assigned to Cu(I)/Cu(0) and Cu(II), 
respectively [27, 43-45], The result suggested that, after the adsorption, some of the 
Cu(II) ions formed tight bonding with the N-atoms of the imine groups, causing their 
electron cloud densities to increase, hence the observed decrease in the binding 
energy [27]. Finally, o  Is spectrum of the H-ePAN fiber mat after the copper 
adsorption study could be deconvoluted into two peaks, centering at 530.5 and 532.3
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eV (see Figure 3.7d). While the first peak could be assigned to the -OH groups that 
were formed onto the surface fibers after the hydrolysis (see Scheme 1) [27], the 
presence of the latter peak suggested that some of the Cu(II) ions interacted with the 
O-atoms of these -OH groups, drawing electrons closer to them and, hence, 
increasing the O 1 ร binding energy.

3.4.3 Desorption of Cu(II) Ions from Fibrous Substrates
Desorption of Cu(II) ions from the surface of the H-ePAN fiber mats 

was carried out in DI water or 0.1 M HC1 aqueous solution, while that from the 
surface of the H-PAN fibers was carried out in DI water or 0.1 or 1.0 M HC1 aqueous 
solution. The desorption ratio (% D ) increased rapidly with an initial increase in the 
submersion time (i.e., high desorption rate) to finally reach the maximal, plateau 
value after the substrates had been submerged in the desorbing solution for at least 
about 30 min. In DI water, the maximal amounts of the Cu(II) ions desorbed from the 
H-ePAN fiber mats and the H-PAN fibers were practically similar, with the values 
being 4.2 ± 0.3 and 4.1 ± 0.3%, respectively. On the other hand, 98.9 ะ±ะ 1.3% of the 
adsorbed Cu(II) ions was released from the H-ePAN fiber mats upon their 
submersion in 0.1 M HC1 aqueous solution, while much lower values were obtained 
for the H-PAN fibers (i.e., 80.1 ± 0.8%). To achieve a similar desorption level to that 
obtained on the H-ePAN fiber mats, the concentration of the HC1 aqueous solution 
used in the desorption of the H-PAN fibers needed to be at least 1.0 M, at which 
condition, the % D  of 98.1 ± 1.7% could be achieved. It should be noted that these 
reported values were obtained at 60 min of submersion in the desorbing solutions.

3.5 Conclusions

The H-ePAN fiber mats were obtained from the hydrolytic treatment of the 
ePAN fiber mats using a NaOH solution. The conversion of the nitrile groups, native 
to PAN, into the imine conjugated sequences could be identified simply from the 
change in the color from whitish of the ePAN fiber mats to light yellowish of the 
post-washed H-ePAN fiber mats. Chemically, this was confirmed by FT-IR. The 
extent of the conversion increased with an increase in the concentration of the NaOH 
solution. The chelating property of the H-ePAN fiber mats was evaluated using
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Cu(II) ions as the model hazardous metal ions. The initial pH of the Cu(II) ion 
solution posed a strong influence on the adsorption behavior of the H-ePAN fiber 
mats, with the initial pH of 5.0 being the optimal condition. The adsorption capacity 
of the H-ePAN fiber mats towards the Cu(II) ions increased with an increase in the 
time interval the materials were in contact with the Cu(II) ion solution and the 
equilibrium was reached after about 5 h of immersion. The isotherm for the 
adsorption of Cu(II) ions on the H-ePAN fiber mats was studied and was fitted well 
to the Langmuir equation, with the maximal adsorption capacity being 31.3 mg-g-1. 
Lastly, desorption of the pre-adsorbed H-ePAN fiber mats was achieved upon their 
submersion in 0.1 M HC1 aqueous solution for at least 30 min.
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Table 3.1 Values of the Parameters Associated with the Langmuir and the Freundlich Models, Including Those of the Correlation 
Coefficient, for the Adsorption of Cu(II) Ions onto the H-ePAN Fiber Mat and H-PAN Microfibers.

Adsorbent Langmuir model Freundlich model
qm

(mg g*1)
Ki

(mL mg'1)
r2

Kf
(mg(1_1/n) L1/n g-1)

ท r2

H-ePAN fiber mat 31.25 0.36 0.9999 13.43 2.66 0.9644
H-PAN fibers 35.71 0.12 0.9999 22.42 17.04 0.6189
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Table 3.2 Kinetics Parameters Describing the Adsorption of Cu(II) Ions onto the H-ePAN fiber mat and the H-PAN fibers (see Results 
in Figure 7), Based on the Pseudo-First- and the Pseudo-Second-Order Kinetic Models.

Pseudo-first order Pseudo-second order

Metal ions 7 e ,e x p

(mg g '1)
k\

(mg g'1 min'1)
9 e ,c a l

(mg g '1)
r1

kj

(g mg'1 min'1)
Ç e .c a l

(mg g '1)
r2

H-ePAN fiber mat 29.20 0.0295 9.89 0.9181 0.0140 29.26 0.9999
H-PAN fibers 34.30 0.0296 25.06 0.8475 0.0032 34.53 0.9999
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Figure 3.1 FT-IR spectra of (a) electrospun PAN fiber mats (hereafter, ePAN fiber 
mats) and (b) hydrolyzed electrospun PAN fiber mats (hereafter, H-ePAN fiber mats) 
that had been obtained from the reaction between the ePAN fiber mats and NaOH
aqueous solution of 4, wt%.
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Figure 3.2 Ion exchange capacities of (a) H-ePAN fiber mats that had been
synthesized at various NaOH aqueous solution concentrations and (b) H-PAN fibers 
that had been synthesized at various NaOH aqueous solution concentrations and
reaction times.
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Figure 3.3 Representative SEM images of (a) ePAN fiber mat and H-ePAN fiber 
mats that had been obtained from the reaction of ePAN fiber mats with NaOH 
aqueous solution of varying concentrations: (b) 1, (c) 2, (d) 3, (e) 4, and (f) 5 wt%. 
Only the diameters of the ePAN fibers and the H-ePAN fibers that had been obtained 
upon the treatment with 1-3 wt% NaOH aqueous solutions could be measured, i.e., 
280 ± 80, 245 ± 60, 225 ± 60, and 195 ± 60 nm, respectively.
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Figure 3.4 Representative SEM images (with fiber diameters being reported in 
parentheses) of (a) PAN microfibers (13.73 ± 2.70 pm) and H-PAN fibers that had 
been obtained from the reaction of PAN microfibers with NaOH aqueous solution of 
varying reaction conditions (NaOH concentration/reaction time): (b) 5 wt%/20 min 
(13.70 ± 2.63 pm), (c) 5 wt%/40 min (13.64 ± 3.39 pm), (d) 5 wt%/60 min (13.56 ± 
3.86 pm), (e) 7 wt%/20 min (13.64 ± 5.07 pm), (f) 7 wt%/40 min (13.60 ± 1.99 pm), 
(g) 7 wt%/60 min (12.94 ± 2.94 pm), (h) 10 wt%/20 min (13.63 ± 3.34 pm), (i) 10 
wt%/40 min (13.20 ±3.18 pm), and (j) 10 wt%/60 min (12.90 ± 2.38 pm).
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(a)

(b)

Figure 3.5 Adsorption isotherms of Cu(II) ions onto (a) H-ePAN fiber mats and (b) 
H-PAN fibers {ท = 5). Experimental condition: initial ion concentration = 40-800
ppm, sample dose = 0.1 g/25 mL, initial pH = 5.0, temperature = 30 ๐c, and contact
time = 24 h.
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(a)

(b)

Figure 3.6 Kinetics of the adsorption of Cu(II) ions onto H-ePAN fiber mat and PI- 
PAN fibers (see results in Figure 7), based on (a) the pseudo-first-order and (b) the 
pseudo-second-order kinetic models.
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(c) (d)
Figure 3.7 (a) N Is XPS spectra of H-ePAN fiber mats before Cu(II) adsorption, (b) 
N Is (c) Cu 2 p y2 and (d) o  Is XPS spectra of H-ePAN fiber mats after Cu(II) 
adsorption (initial ion concentration = 200 ppm, initial pH = 5.0, contact time = 24 
h).
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