
CHAPTER IV
PREPARATION AND ADSORTION BEHAVIOR OF AMINATED 

ELECTROSPUN POLYACRYLONITRILE NANOFIBER MATS FOR HEAVY
METAL ION REMOVAL

4.1 Abstract

A polyacrylonitrile (PAN) nanofiber mat was prepared by electrospinning 
and it was further modified to contain amidino diethylenediamine chelating groups 
on their surface via heterogeneous reaction with diethylenetriamine (DETA). The 
obtained aminated PAN (APAN) nanofiber mats were evaluated for their chelating 
property with four types of metal ions, namely Cu(II), Ag(I), Fe(II), and Pb(II) ions. 
The amounts of the metal ions adsorbed onto the APAN nanofiber mats were 
influenced by the initial pH and the initial concentration of the metal ion solutions. 
Increasing the contact time also resulted in a monotonous increase in the adsorbed 
amounts of the metal ions, which finally reached equilibrium values at about 10 h for 
Cu(II) ions and about 5 h for Ag(I), Fe(II), and Pb(II) ions. The maximal adsorption 
capacities of the metal ions on the APAN nanofiber mats, as calculated from the 
Langmuir model, were 150.6, 155.5, 116.5, and 60.6 mg-g”1, respectively.

(Key-words: electrospinning, aminated polyacrylonitrile, metal ion removal)
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4.2 Introduction

Nowadays, pollution of water from the contamination of heavy metals is a 
serious environmental problem. Metals such as copper, silver, iron, lead, chromium, 
and zinc, which have high toxic and non-biodegradable properties, can cause 
problems for both the environment and the living organisms [1, 2], Many methods 
(such as precipitation, electroplating, ion exchange, membrane separation, and 
adsorption, etc.) are being used to remove the ions of these metals from aqueous 
effluents [3-7]. Adsorption is commonly regarded as an effective and economical 
method for wastewater treatment. Various types of adsorbents [such as, activated 
carbons [8-10], chitosan/natural zeolites (11, 12], biosorbents [13-15], chelating 
materials [16, 17] have been studied for the adsorption of metal ions from aqueous 
solutions. The adsorption properties of these adsorbents depend on the functional 
group(s) on their surfaces, where it has been found that an adsorbent containing 
nitrogen-based ligands (such as, amino, amidoxime, imidazole, and hydrazine 
groups) was effective in forming complexation with metal ions [17-24],

Recently, nano-meter-sized materials are very interesting in their 
development as adsorbent materials, because of their high surface area to unit mass 
ratios. There have been a number of research work on nano-adsorbents, including 
nanobeads [25], nanocomposites [26], magnetic-nano adsorbents [27], and nanofiber 
mats [28J. Among these materials, nanofiber mats have attracted a great deal of 
attention because of their many advantages, such as high porosity, high gas 
permeability, and high specific surface area per unit mass, which should lead to a 
high adsorption capacity. Polyacrylonitrile (PAN) microfibers have been widely 
modified to contain a chelating group for metal ion removal, because it is a cheap 
and common commercial product. Additionally, PAN can easily be prepared into 
nanofiber mats by a facile fiber spinning process called electrospinning (29).

Electrospinning is a process capable of producing ultrafine fibers, with 
diameters as small as nano- to micro-meter range, from materials of diverse origins, 
including polymers [30). In a general set-up, a polymer liquid (i.e., melt or solution) 
is first loaded into a container with a nozzle and then charged with a high electrical 
potential across a finite distance between the nozzle and a grounded collection
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device. When the electric field increases beyond a critical value, a charged jet is 
ejected [31]. 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. The morphology of the electrospun fibers depends on a number of factors, 
such as solution properties, processing conditions, and ambient conditions [32j. The 
proposed uses for these fibers are, for examples, scaffolds for tissue engineering [33] 
and carriers for the delivery of DNA and drugs [34. 35]. Furthermore, the 
introduction of appropriate functional groups onto the surface of an electrospun 
nanofiber mat allows it to be used as an adsorbent in waste water treatment[28]. It is 
therefore of our interest to investigate the feasibility of using a nanofiber mat that 
bears amine groups on its surface as an adsorbing substrate of metal ions.

The aim of the present contribution was to synthesize aminated PAN 
nanofiber mats from the reaction between electrospun PAN nanofiber mats and 
diethylenetriamine (DETA). Characterization of the obtained nanofiber mats was 
studied by Fourier-transform infrared spectroscopy (FT-IR) and scanning electron 
microscopy (SEM). The effects of pH, the contact time, and the initial metal ion 
concentration on the adsorption capacity of the APAN nanofiber mats for Cu(II), 
Ag(I), Fe(II), and Pb(II) ions were examined by atomic absorption spectroscopy 
(AAS). Desorption of the metal ions from the APAN nanofiber mats was also 
examined using hydrochloric acid (HC1) aqueous solutions of varying 
concentrations.

4.3 Experimental Details

4.3.1 Materials
Polyacrylonitrile (PAN) microfibers, used as the raw material for 

preparing PAN solutions for further electrospinning into ultrafine PAN fiber mats, 
were received from Thai Acrylic Fibre Co., Ltd. (Thailand). The polymer contained
91.4 wt.% acrylonitrile monomer (CH2=CHCN) and 8.6 wt.% methylacrylate 
comonomer (CH2=CHCOOHCH3). The weight-average molecular weight of 
polymer was about 55 500 Da. Dimethylformamide (DMF; -99.98% purity) and 
ethanol (analytical reagent grade) were purchased from Lab-scan Asia Co., Ltd.
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(Thailand). Diethylenetriamine (DETA; -99% purity) and aluminium chloride 
hexahydrate (AICI36H2O; -99% purity) were purchased from Sigma-Aldrich (USA). 
Stock solutions of metal ions were prepared from copper(II) chloride dihydrate 
(CuCl2-2H20, -99% purity; Sigma-Aldrich, USA), silver nitrate (AgNC>3, -99.998% 
purity; Fisher Scientific, USA), lead(II) nitrate [Pb(NC>3)2, -99% purity; Ajax 
Finechem, Australia], and iron(II) sulphate (FeS04, -99% purity; Ajax Finechem, 
Australia).

4.3.2 Electrospun Fibers from PAN Solution
Electrospun PAN fiber mats were prepared in a similar manner to that 

reported by Sutasinpromprae et al. [29]. Briefly, the solution was prepared at 10 
wt.% from the as-received PAN microfibers in DMF. The as-prepared solutions were 
then electrospun, under a fixed electric field of 15 kV/20 cm using a Gamma High 
Voltage Research D-ES30PN/M692 dc power supply, onto an aluminum (Al) sheet 
wrapped around a rotating cylinder (width and OD of the cylinder « 15 cm; 
rotational speed w50 rpm), which was used as the collector. The electrospun fiber 
mats were collected continuously for 48 h (resulting in the fiber mats of 125 ± 10 pm 
in thickness). The electrospun PAN fiber mats had been placed in vacuo  at room 
temperature (25 ± 1 °C) in order to remove as much solvent from them as possible, 
prior to further processing.

4.3.3 Preparation of Aminated PAN Nanofiber Mats
Aminated PAN (hereafter, APAN) nanofiber mats were synthesized 

based on a procedure that was adapted from that reported by Ko et al. (24). Briefly, 
the electrospun PAN fiber mats (0.6 g) were placed into a sealed chamber containing 
50 mL of DETA and 2.0 g of A1C13-6H20. The reaction temperature was fixed at 90 
๐c  and the reaction time was varied from 1 to 5 h. After the reaction, the obtained 
fiber mats were washed successively with distilled water and ethanol, and were then 
dried โท vacuo at room temperature (25 ± 1 °C). For comparison purposes, APAN 
fibers were also synthesized from the as-received PAN microfibers at 90 °c with the 
reaction time being selected from the optimal condition of the APAN nanofiber mats.
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4.3.4 Characterization
Morphologies of both of the PAN and the APAN nanofiber mats were 

observed 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 fiber segments within each 
specimen were measured directly from the SEM images using SemAphore 4.0 
software. No less than fifty diameters were determined on different fiber segments 
and the average value was calculated. A Thermo-Nicolet Nexus 670 Fourier- 
transform infrared spectroscope (FT-IR) from KBr pellets, operating at a resolution 
of 4 cm-1 and a wavenumber range of 4000 to 400 cm"1, was used to characterize the 
neat and the modified electrospun PAN fiber mats. The conversion of the nitrile 
group into the amidino diethylenediamine group (Cn 5 in %) on the surface of each of 
the modified PAN fiber mats was estimated as follows [28]:

cn = ร. X ^  X 100 , ( 1)

where พ\ and Wo (i.e., 0.6 g) are the weights of the PAN fiber mat after and 
before the reaction, Mo is the molecular weight of the acrylonitrile monomer (i.e., 53 
g.mol'1) and Ml is the molecular weight of DETA (i.e., 103 g.mol"1). The weights of 
the samples after the reaction were measured using a Sartorius BS 224S digital 
balance, which has a measurement resolution of 0.1 mg.

4.3.5 Adsorption Behavior
4.3.5.1 E ffects o f  p H  a nd  C ontact Time

The APAN nanofiber mat specimens (i.e., 0.1 g each) were 
individually placed in a flask containing 20.0 mL solution of Cu(II), Ag(I), Pb(II), or 
Fe(II) ions. The initial concentration of the ions was 200 ppm. Each flask was shaken 
in a thermostatic shaker bath, operating at 30 °c and 100 rpm. To investigate the 
effect of pH, the initial pH of the testing solutions was adjusted between 2.0 to 7.0, 
using either 0.1 M HC1 or 0.1 M NaOH aqueous solutions. To refrain the metal ions 
from precipitation, the pH of greater than 7.0 was not studied. To investigate the 
effect of contact time, the initial pH of the testing solutions was chosen from the
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optimal pH value that resulted in high adsorption of the metal ions. In either case, 1 
mL of each of the testing solutions was withdrawn (at 24 h, in the case of the effect 
of pH, and at an arbitrary time point, ranging from 0 to 24 h, in the case of the effect 
of contact time) and diluted with a proper amount of distilled water (i.e., sample 
solution). The sample solutions were then quantified for the amounts of metal ions 
by a Varian SpectrAA-300 atomic absorption spectroscope (AAS).

The amount of the metal ions adsorbed onto each fiber mat 
specimen [i.e., the adsorption capacity (q ), in mg-g'!] was calculated based on the 
following equation [28]:

( C p - C e W
q  =  M ’ (2)

where Cq and ce are the initial and the equilibrium 
concentrations of the metal ions in the testing solution (mg-L'1), V  is the volume of 
the testing solution (L), and M  is the weight of the adsorbent (i.e., 0.1 g).

4.3.5.2 A dsorp tion  Isotherm s
The adsorption isotherm of each type of the metal ions on the 

APAN nanofiber mats was studied by placing nanofiber mat specimens (0.1 g each) 
in a series of flasks containing 20.0 mL solutions of Cu(II), Ag(I), Pb(II), or Fe(II) 
ions of varying initial concentrations, ranging from 40 to 1000 ppm. The initial pH of 
the testing solutions was the same as that used in the experiment for studying the 
effect of the contact time. The flasks were each equilibrated in the shaker bath, 
operating at 30 ๐c  and 100 rpm. After the 24 h contacting period, 1 mL of each of 
the testing solutions was withdrawn, diluted with a proper amount of distilled water, 
and quantified for the amount of metal ions by AAS. Equation (2) was used to 
calculate the adsorption capacities of the obtained data.

4.3.6 Desorption of Metal Ions from The APAN Nanofiber Mat
When adsorption equilibrium was reached, the fiber mats were rinsed 

with distilled water to remove any residual solution and were then dried in vacuo at 
room temperature (25 ± 1 °C). The desorption of metal ions was carried out by using 
HC1 aqueous solutions of varying concentrations. The contents of the flasks were
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บ y  _  { m g  o f  m e t a l  i o n  d e s o r b e d  X 100)

0 m g  o f  m e t a l  io n  a d s o r b e d  o n t o  f i b e r  m a t s

4.4 Results and Discussions

4.4.1 Characterization of APAN Nanofiber Mats
Morphologies of the neat and the aminated PAN nanofiber mats were 

observed by SEM and the results are shown in Figure 1. Evidently, the cross-sections 
of the neat PAN fibers were round and their surfaces were smooth. The diameters of 
these fibers were rather uniform, with the values being 192 ± 55 nm. The size of 
these fibers was comparable to that reported by Sutasinpromprae et al. [291. Reacting 
the neat PAN fibers with DETA for 1 h caused the obtained APAN fibers to be more 
intertwined without expressing a strong influence on their overall morphology, as the 
cross-sections of the majority of the fibers were still round and their surfaces were 
still smooth. Nevertheless, there was evidence of adjacent fiber segments fusing to 
each other at touching points. Increasing the reaction time up to 4 h only caused the 
obtained APAN fibers to become more intertwined and the occurrence of fiber 
segments fusing to each other at touching points was more frequent. The diameters 
of the APAN electrospun fibers that had been reacted for 1, 2, 3, and 4 h were 194 ± 
50, 198 ± 60, 186 ± 60, and 196 ± 60 nm, respectively. Clearly, the size of the 
obtained fibers was essentially similar to that of the neat PAN fibers. For the PAN 
nanofiber mats that had been reacted for 5 h, the conglutination of adjacent fibers 
was so severe that the materials started to lose their individually fibrous character. 
Moreover, the size of these fibers increased sharply to 231 ± 75 nm. Due to the 
considerable change to the morphology of the obtained APAN electrospun fibers, the 
reaction time of 5 h was not considered further. Since 4 h was the longest reaction 
time that did not result in the noticeable change in the morphology of the fibers, it 
was chosen to prepare the APAN nanofiber mat for further studies.

shaken at 100 rpm and 30 ๐c  for 1 h. The ion concentrations in the solutions were
analyzed by AAS. The desorption ratio (D, in %) was calculated as follows [36]:
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The FT-IR spectra of the neat and the aminated PAN nanofiber mats 
are shown in Figure 2. The spectrum of the neat PAN fiber mat exhibited adsorption 
peaks at 2242 and 1731cm-1, corresponding to the stretching vibrations of the nitrile 
group and the carbonyl group of the ester of the methylacrylate co-monomer [28], 
respectively. The spectra of the APAN fiber mats, on the other hand, showed new 
absorption bands at 3346, 1650, 1600, 1573, and 1479 cm-1. These can be assigned 
to the streching vibrations of the secondary amine (N-H), the amidine group 
(N-C=N) and the primary amine (NH2) and the bending vibrations of the secondary 
amine and the methyl group of DETA, respectively [22, 24], The intensities of these 
peaks increased with an increase in the reaction time. The peak of the carbonyl ester, 
on the other hand, was reduced in its intensity, indicating the disappearance of the 
methylacrylate group from the surface of the PAN nanofibers upon reacting with 
DETA [22, 24], The peak associated with the nitrile group of the APAN nanofiber 
mats at 2242 cm-1 decreased in its intensity as the reaction time, hence the 
conversion, increased (Table 4.1). Moreover, the reason for the conversion value of 
the APAN nanofiber mat which was greater than that of the corresponding APAN 
microfibers (Table 4.1) should be a direct result of the specific surface area of the 
electrospun PAN fiber mat that was greater than that of the PAN microfibers. Based 
on the FT-IR results, the mechanism of the reaction between PAN and DETA could 
be proposed as Scheme 4.1.

4.4.2 Adsorption Behavior
4.4.2.1 Effect of pH

The adsorption of metal ions on the surface of the APAN 
nanofiber mats that had been prepared at the reaction time of 4 h was studied and the 
results are shown as a function of the initial pH of the testing solutions in Figure 4.3. 
At the lowest initial pH investigated, small amounts of metal ions could be adsorbed 
onto the materials, due particularly to the competitive adsorption between the 
prevalently-available H+ and the metal ions. Moreover, the positive charges as 
resulting from the protonation of the primary and the secondary amines of the DETA 
ligands gave a strong electrostatic repulsive force to the positively-charged metal 
ions [27]. The amounts of the metal ions adsorbed onto the APAN nanofibers 
increased significantly with an increase in the initial pH of the testing solutions. As



66

the amounts of the protons decreased, the number of the protonated amine groups 
also decreased. As a result, more amine groups are available to capture the metal ions 
(i.e., via the interaction of the metal ions with the lone-pair electrons of nitrogen)
[13]. Further increase in the initial pH of the testing solutions resulted in the amounts 
of the adsorbed metal ions reaching plateau values, and, in most cases [except for the 
adsorption of Ag(I) ions], the amounts of the adsorbed metal ions decreased as the 
initial pH approached the neutrality [25, 37-39], This could be due to the competitive 
adsorption from the OH' ions via the formation of the hydrogen bonding, resulting in 
the reduction of the adsorptive sites on the surface of the APAN nanofibers. 
Moreover, at these pH levels, the concentration of OH' ions is high enough to 
interact with the metal ions, reducing the availability of the metal ions in their free, 
hydrated form to interact with the amine groups of the DETA ligands.

At the initial concentration of the metal ions in the testing 
solutions of 200 ppm, the optimal, initial pH level was found to be 4.0, as 90.5, 99.9, 
100, and 97.0% of Cu(II), Ag(I), Fe(II), and Pb(II) ions could be removed from the 
testing solutions. Consequently, the initial pH of 4.0 was chosen for subsequent 
studies.

4.4.2.2 E ffect o f  C ontact Time
Figure 4.4 shows the effect of the contact time on the 

adsorption capacity of the APAN nanofiber mats, the APAN microfibers, and the as- 
received PAN microfibers for Cu(II), Ag(I), Fe(II), and Pb(II) ions. The adsorption 
of all of the four metal ions on the PAN microfibers was low, with the maximal 
values being at about 20%. This should be a result of the weak interaction between 
the metal ions and the lone-pair nitrogen electrons of the nitrile group on the surface 
of the fibers [25]. For the APAN nanofiber mats and the APAN microfibers, 
considerably greater amounts of metal ions could be adsorbed on these materials, a 
direct result of the introduction of the acryloamidino diethylenediamine group on 
their surfaces [21-24. 27]. Clearly, the adsorption increased with an increase in the 
contact time and reached equilibria within 10 h for the Cu(II) ions and 5 h for the 
Ag(I), Fe(II), and Pb(II) ions. There are two steps in the adsorption of these metal 
ions. In the initial step, adsorption was swift because of the great number of free 
adsorptive sites and the high concentration of the metal ions. In the second step,
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adsorption rates decreased and finally reached equilibria. This was the direct effect 
from the depletion of the adsorptive sites as well as the decrease in the metal ion 
concentration in the testing solutions [10]. Comparatively, preferential adsorption of 
Cu(II) ions was observed on the APAN nanofiber mats, while both types of 
substrates exhibited similar adsorption towards the rest of the metal ions 
investigated. To ensure the equilibratory adsorption of the metal ions on the APAN 
nanofiber mats, the contact time of 24 h was chosen for subsequent studies.

4.4.2 .3  A dsorption  Isotherm s
The effect of the initial concentration (C0 ) of the metal ions 

in the testing solutions on the adsorption capacities of these ions onto the APAN 
nanofiber mats is shown in Figure 5. For each type of the metal ions, the adsorption 
capacity increased initially with increasing c0 and reached a saturation point as c0 
increased further. Various mathematical models can be used to analyze adsorption 
data. The most common ones are the Langmuir and the Freundlich models [ 13. 40],

The Langmuir model was derived to describe the adsorption 
of an adsorbate on a homogenous, flat surface of an adsorbent and each adsorptive 
site can be only occupied once in a one-on-one manner. Mathematically, the model 
can be written as follows [27. 28]:

Cq   Cq 1
, (3)Qe Q m I^LQtn

where Ce is the equilibrium concentration of metal ions in the 
testing solution (mg'L-1), q e and qm are the equilibrium and the maximal adsorption 
capacities of the metal ions on the adsorbent (mg-g_1), and Kh is the adsorption 
equilibrium constant (L mg '). The value of q m is taken as the slope of the plot of 
Ce/ q e versus Ce, while that of Kh can be calculated from the values of the slope and 
the ^-intercept of the plot (i.e., slope/y-intercept). The values of these parameters, as 
analyzed from the plots shown in Figure 4.5, are summarized in Table 4.2.

Unlike the Langmuir model, the Freundlich model is used to describe the 
adsorption of an absorbate on a heterogeneous surface of an adsorbent. The 
mathematical expression of the model is given as follows [27]:
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q e =  Krc l /n , (4 )

w h ere  Kp [m g (1_1/,,) L 1/,,-g~l ] and ท are F reu n d lich  co n sta n ts . 
B y  p lo tt in g  lo g  q e a s  a fu n ctio n  o f  lo g  Ce , th e  v a lu e  o f  Kp  is  tak en  as th e  anti- 
lo g a r ith m ic  v a lu e  o f  th e  y - in te r c e p t  and ท is  th e  in v e r se  v a lu e  o f  the s lo p e . T h e  
v a lu e s  o f  th e se  p aram eters, w h ic h  w e r e  a lso  a n a ly z e d  from  th e p lo ts  s h o w n  in  Figure 
4 .5 , are su m m a r iz e d  in  T a b le  4 .2 .

A c c o r d in g  to  th e  o b ta in ed  resu lts , th e  a d so rp tio n  data  o f  the  
fou r m e ta l io n s  o n  th e A P A N  n a n o fib e r  m ats w er e  fitted  p a rticu la r ly  w e ll  w ith  the  
L a n g m u ir  m o d e l, as in d ica ted  b y  th e  v e r y  h ig h  v a lu e s  o f  th e  co rr e la tio n  c o e f f ic ie n t  
( 1r2). A s  sh o w n  in  T a b le  4 .2 , th e  m a x im a l a d so rp tio n  c a p a c it ie s  o f  C u (I I ) , A g (I ) , 
F e(II), an d  P b (II) io n s  o n  the A P A N  n an o fib er  m a ts  w er e  1 5 0 .6 , 1 5 5 .5 , 1 1 6 .5 , and
6 0 .6  m g -g -1, r e sp e c tiv e ly , w h ic h  w a s  h ig h er  th an  A P A N  m ic r o fib e r s . T h is  can  be  
ev a lu a te  that the h ig h e r  s p e c if ic  area  can  im p r o v e  th e  a d so rp tio n  b e h a v io r  o f  the  
ad sorb en t.

4 .4 .2 .4  A d s o r p t io n  K in e t ic s
T h e resu lts  a s  ob ta in ed  in  th e  S e c t io n  3 .2 .2  w er e  further  

a n a ly z e d  to  o b ta in  th e in fo rm a tio n  o n  the a d so rp tio n  k in e t ic s  o f  th e  fou r m eta l io n s  
o n  th e  A P A N  n a n o fib er  m ats. T h e  p se u d o  first ord er k in e t ic  m o d e l is  b ased  o n  the  
a p p r o x im a tio n  that th e  ad so rp tio n  rate re la tes to  th e  n u m b er  o f  the u n o c c u p ie d , 
a d so rp tiv e  s ite s . T h e  m o d e l, in its f in a l form , can  b e  w ritten  a s  f o l lo w s  [3 6 , 4 1 ]:

•og(<7e -  <7t) =  lo g  q e -  ^  t ,  (5 )

w h ere  q t  is  th e  a d so rp tio n  c a p a c ity  o f  th e  m eta l io n s  o n  an  

ad so rb en t at an  arbitrary tim e  t  (m g -g -1) and k 1 is  th e  p se u d o -f ir s t-o r d e r  rate con sta n t  

(m in -1). B y  p lo tt in g  log(<7e — q t)  as a fu n ctio n  o f  th e  co n ta c t  t im e  t, th e  v a lu e s  o f  the  

c a lc u la te d  q e ( i .e . ,  q e,c a i)  and th e rate con sta n t k 1 can  b e  o b ta in e d  from  the anti- 
lo g a r ith m ic  v a lu e  o f  th e  y - in te r c e p t  and th e s lo p e  o f  th e  p lo t , r e sp e c tiv e ly . T h e  
ad so rp tio n  o f  C u (II), A g (I ) , F e(II) , and  Pb(II) io n s , at th e  in it ia l co n ce n tr a tio n  o f  2 0 0
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p p m , o n to  th e  A P A N  n a n o fib er  m ats , as sh o w n  in  F igure 4 .4 ,  w er e  a n a ly zed . T h e  
resu lts  are g r a p h ic a lly  sh o w n  F ig u re  4 .6 , w h ile  th e  v a lu es  o f  k 1 and  <7e,cai a lo n g  w ith  
th o se  o f  th e  co r r e la tio n  c o e f f ic ie n t  (r 2) are su m m a r iz e d  in T a b le  4 .3 .

O n the o th er  h an d , th e  ad so rp tio n  rate c o u ld  a lso  be  
a p p ro x im a ted  b a sed  o n  th e  p se u d o  se c o n d  ord er  k in e tic  m o d e l. T h is  m o d e l is  d erived  
b a sed  o n  th e n o tio n  that th e  a d so rp tio n  sh o u ld  rela te  to th e  sq u ared  p rod u ct o f  the  
d iffe r e n c e  b e tw e e n  th e  n u m b er o f  the eq u ilib r iu m  a d so rp tiv e  s ite s  a v a ila b le  on  an  
ad so rb en t and that o f  the o c c u p ie d  s ite s . T h e  m o d e l, in its  fin a l form , can  be  
e x p r e s se d  as f o l lo w s  [3 6 , 4 1 ]:

Qt k 2q l qe’

w h ere  k 2 is  th e  p se u d o -se c o n d -o r d e r  rate con stan t  

(g -m g ^ 'm in ^ 1). T h e  a n a ly se s  o f  th e  data , su c h  as th o se  sh o w n  in  F ig u re  4 , c o u ld  be  
d o n e  th ro u gh  th e  c o n str u c tio n  o f  p lo ts  o f  t / q t  a s  a  fu n c tio n  o f  the co n ta c t t im e  t , as 
s h o w n  in  F ig u re  7 . L in ea r  p lo ts  sh o u ld  b e  o b ta in e d , w ith  th e  v a lu e s  o f  th e  ca lcu la ted  
q e ( i .e . ,  q e,ca l) a n d  th e  rate co n sta n t k 2 can  b e o b ta in e d  from  th e  in v erse  v a lu e s  o f  the 

s lo p e  an d  th e y - in te r c e p tio n  v a lu e s , r e s p e c t iv e ly . T h e v a lu e s  o f  k 2 and q e cal a lo n g  

w ith  th o se  o f  the c o rr e la tio n  c o e f f ic ie n t  (r2) are a lso  su m m a rized  in  T a b le  4 .3 .
B a se d  o n  th e  v a lu e s  o f  th e  co rr e la tio n  c o e f f ic ie n t  (r 2), the  

ex p e r im e n ta l data  w e r e  fitted  b etter  w ith  th e  p se u d o  se c o n d  ord er  k in e tic  m o d e l than  
the p se u d o  first ord er k in e tic  m o d e l. M o r e o v e r , th e  q e cai v a lu e s  as ob ta in ed  from  the  

p se u d o  se c o n d  ord er  k in e tic  m o d e l ap p eared  to  b e  v ery  c lo s e  to th e  e x p e r im e n ta lly -  
o b se r v e d  v a lu e s  th an  d o  the v a lu e s  from  th e p se u d o  first ord er k in e tic  m o d e l.

4 .4 .2 .5  D e s o r p t io n  C h a r a c te r is t ic s
T h e e f fe c t s  o f  a c id ity  o f  a c id  for C u (II ), A g (I ) , F e(II) , and  

P b (II) io n  d e so r p tio n  from  th e A P A N  n a n o fib e r  m at w ere  a ls o  stu d ied . D e so r p tio n  o f  
th e  m eta l io n s  w a s  c o n d u c te d  w ith  2 0  m L  o f  2  to  10 M  h y d r o c h lo r ic  a c id . T h e  resu lts  
s h o w n  in  F ig u res 4 .8  c o n firm  that th e se  m eta l io n s  can  b e  d e so r b e d  w ith  2 0  m L  o f  a 
10 M  HC1 so lu t io n  from  th e A P A N  n a n o fib e r  m at, w ith  a  d eso rp tio n  e f f ic ie n c y
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a b o v e  9 0  % . T h e se  resu lts  su g g e s t  that th e  A P A N  n a n o fib e r  m a t m a y  b e a g o o d  
a d so rb en t for  h e a v y  m e ta l io n s  and m a y  u se  in w a s te w a te r  trea tm en t e f f ic ie n t ly .

4.5 Conclusions

T h e  A P A N  n a n o fib er  m ats w e r e  ob ta in ed  fro m  the r e a c tio n  b e tw e e n  th e  
e le c tr o sp u n  P A N  n a n o fib er  m ats and  D E T A . T h e c o n v e r s io n  o f  th e  n itr ile  grou p , 
n a tiv e  to P A N , in to  th e  th e  a m id in o  d ie th y le n e d ia m in e  gro u p , n a tiv e  to A P A N ,  
in crea sed  w ith  an  in c r e a se  in the rea c tio n  tim e. T h e  c h e la tin g  p rop erty  o f  th e  
o b ta in ed  A P A N  n a n o fib er  m ats w a s  ev a lu a te d  a g a in st  C u (II), A g (I ) , F e(II) , and  
P b (II) io n s . T h e  in itia l p H  o f  the te s t in g  so lu t io n s  p o se d  a  s tro n g  in f lu e n c e  o n  th e  
ad so rp tio n  b e h a v io r  o f  th e  m ater ia ls , w ith  the in itia l p H  o f  4 .0  b e in g  the o p tim a l 
v a lu e  w h e r e  th e  A P A N  n an o fib er  m a ts  sh o w e d  h ig h  a d so rp tio n  to w a rd s  a ll fou r  
ty p e s  o f  th e  m eta l io n s. O n  the o th er h an d , the a d so rp tio n  c a p a c ity  w a s  fou n d  to  
in crea se  w ith  an  in c r e a se  in  th e  co n ta c t t im e  and th e e q u ilib r ia  w e r e  rea ch  at ab o u t 1 0  

h for C u (II) io n s  and a b o u t 5 h for th e  rest. T h e  a d so rp tio n  o f  th e se  m eta l io n s  w a s  
f itted  w e ll  w ith  th e  L a n g m u ir  eq u a tio n , w ith  the m a x im a l a d so rp tio n  c a p a c it ie s  w e r e  

ca lc u la te d  to  b e  1 5 0 .6 , 1 5 5 .5 , 1 1 6 .5 , and  6 0 .6  m g 'g -1  for C u (II), A g (I ) , F e(II) , and  
P b (II) io n s , r e s p e c t iv e ly . T h e  tran sien t a d so rp tio n  data  o f  th e  fou r  m eta l io n s  on  the  
A P A N  n a n o fib e r  m ats w e r e  better d e sc r ib e d  w ith  th e p se u d o  s e c o n d  ord er k in e tic  
m o d e l. L a stly , th e  n a n o fib er  m ats (0 .1  g )  can  b e  g en era ted  b y  u s in g  2 0  m L  o f  a 10 M  
HC1 s o lu t io n , w ith  a d eso r p tio n  e f f ic ie n c y  greater th an  9 9  %. T h e se  resu lts  su g g e s t  
that th e  A P A N  n a n o fib er  m at m a y  b e a g o o d  a d so rb en t for h e a v y  m eta l io n s  and m a y  
h a v e  great p o te n tia l u se  in  w a ste w a te r  treatm ent.

4.6 Supplementary Data

S u p p le m e n ta r y  d ata  a sso c ia te d  w ith  th is resea rch  w o r k  ca n  b e  fou n d  in th e  
o n lin e  v e r s io n , at h ttp : / /p u b s .a c s .o n i/d o i/s u D p l/1 0 .1 0 2 1 /ie 2 0 0 5 0 4 c

http://pubs.acs.oni/doi/suDpl/10.1021/ie200504c
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- 'w v C H 2C H -C H 2CH</v/\, +  

C = N  COOCH3

H* \ / \ / V NH2
AICI3 - 6แ2๐ «AA/VCH2CH— CH2CH«>พ  

C = N H  ç = 0T T
R R

R = Z ^ v / S N/ V NH2

Scheme 4.1 C h e m ic a l r ea c tio n  b e tw e e n  PAN and DETA.
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Table 4.1 C o n v e r s io n  (C n , in  % ) o f  th e  n itr ile  grou p  o f  th e  n eat e le c tr o sp u n  P A N  n a n o fib ers  
an d  the a s -r e c e iv e d  P A N  m ic r o fib e r s  in to  th e  a m id in o  d ie th y le n e d ia m in e  gro u p  o f  th e  
co r r e sp o n d in g  A P A N  fib ers  at d ifferen t rea c tio n  t im e s  {ท =  5 ).

S a m p le  ty p e E lec tro sp u n  P A N  n a n o fib ers A s -r e c e iv e d  P A N  
m icro fib er s

R e a c tio n  t im e  (h ) 1 2 3 4 4
% C o n v e r s io n 1 3 .4  ±  1.3 18 .3  ±  1.3 4 5 .7  ±  1 .4 2 5 8 .5  ± 2 . 4 3 1 .6  ±  2 .9
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Table 4.2 V a lu e s  o f  th e  p ara m eters a sso c ia te d  w ith  th e L a n g m u ir  and th e  F reu n d lich  m o d e ls ,  
in c lu d in g  th o se  o f  th e  c o rr e la tio n  c o e f f ic ie n t , for  th e  a d so rp tio n  o f  C u (II), A g (I ) , F e(II) , and  
P b (II) io n s  o n  th e A P A N  n a n o fib e r  m ats.

M eta l io n s
L a n g m u ir  m o d e l F reu n d lich  m o d e l

9m
(m g -g ~ ')

K l

(L -m g ~ ')
r 2

[ ฟ 1- ' » . ! . 1'"•8- ' ]

r 2

C u (II) 1 5 0 .6 0 .0 1 3 0 .9 9 2 3 13 .4 3 2 . 6 6 0 .9 6 4 4

Ag(I) 1 5 5 .5 0 .2 1 6 0 .9 9 8 9 5 0 .8 2 5 .0 3 0 .9 3 7 9
F e(II) 1 1 6 .5 0 .6 1 3 0 .9 9 9 9 3 1 .9 2 2 .8 0 0 .9 8 1 3
P b (II) 6 0 .6 0 .3 4 2 1 . 0 0 0 0 2 2 .1 3 3 .4 3 0 .9 6 6 3
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Table 4.3 K in e tic s  p a ra m eters  d e sc r ib in g  th e  a d so r p tio n  o f  C u (II), A g (I ) ,  F e (I I ) , and  P b (II) io n s  o n to  th e  A P A N  n a n o fib e r  m a ts  (c f .  
resu lts  in  F ig u r e  4 )  b a se d  o n  th e  p s e u d o  fir s t-  an d  th e  p s e u d o  se c o n d  ord er  k in e t ic  m o d e ls .

M eta l io n s Qe.exp
(m g - g ~ ‘ )

P s e u d o  fir st  ord er P se u d o  s e c o n d  ord er
k i

(m in -1 )
9 e,cal 

(m g - g _1)

r 2
k-2

( m in '1)
Qe,cal

( m g - g '1)
r 2

C u (II) 2 9 .6 2 5 .6 7  X 1 0 ' 3 2 5 .2 3 0 .9 9 4 4 4 .2 9  X 1 0 -4 3 1 .4 0 0 .9 9 8 7
A g (I ) 3 3 .5 1 2 .6 0  X 1 0 ' 2 2 9 .9 9 0 .9 9 7 5 2 .1 8  X 1 0 ’3 3 3 .9 7 0 .9 9 9 8
F e(II) 3 3 .2 0 3 .2 0  X 1 0 ’2 3 4 .0 4 0 .9 8 0 9 1 .9 0  x l 0 ‘3 3 3 .7 0 0 .9 9 9 7
P b (II) 3 0 .5 8 1 .4 8  X 1 0 ' 2 3 1 .6 2 0 .9 7 0 4 7 .4 6  X  10 ‘4 3 1 .7 2 0 .9 9 8 9
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F ig u re  4 .1  R ep r e se n ta tiv e  S E M  im a g e s  o f  (a ) th e  n ea t e le c tr o sp u n  P A N  fib er  m at 
and the A P A N  e le c tr o sp u n  fib er  m ats  that had  b e e n  o b ta in ed  fro m  the reaction  
b e tw e e n  th e  n eat P A N  e lec tro sp u n  fib er  m at an d  D E T A  in  th e  p resen ce  o f  
A IC I3 6 H 2O  at 9 0  °c for  (b )  1, (c )  2 , (d ) 3 , (e )  4 , and  ( f)  5 h.
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Wavenumber (cm '*)

F ig u r e  4 .2  F T -IR  sp ectra  o f  (a ) the n eat e le c tr o sp u n  P A N  fib er  m at an d  th e A P A N  
e le c tr o sp u n  f ib er  m a ts  that had  b e e n  o b ta in e d  from  th e  rea c tio n  b e tw e e n  the n eat  
P A N  e le c tr o sp u n  fib er  m a t an d  D E T A  in  th e  p r esen ce  o f  A IC I3 6 H 2O  at 9 0  ๐c  for (b )  
l , ( c )  2 , (d ) 3 , an d  (e )  4  h.
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Figure 4.3 E ffe c t  o f  th e  in itia l pH  o f  the te st in g  so lu t io n s  o n  th e  a d so rp tio n  o f  C u (II), 
A g (I ) , F e (II) , and  P b (II) io n s  o n to  th e  A P A N  n a n o fib er  m a ts  (ท =  5 ). E x p e r im en ta l 
c o n d it io n : in itia l io n  c o n cen tra tio n  =  2 0 0  p p m , sa m p le  d o s e  =  0.1 g /2 0  m L , 
tem p era tu re  =  3 0  ๐c ,  an d  co n ta c t t im e  =  2 4  h.
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100

<  40
vPO

20

0

—• —  A PA N  nanofiber m ats —o—  A P A N  m icrofibers  — T — A s-rece ived  PA N  m icrofibers

F ig u re  4 .4  E ffe c t  o f  c o n ta c t  t im e  o n  th e  a d so rp tio n  o f  (a ) C u (II), (b )  A g (I ) , (c )  F e(II), 
and  (d ) P b (II) io n s  o n to  th e  A P A N  n a n o fib e r  m ats , th e  A P A N  m ic r o fib e r s , and the  
a s -r e c e iv e d  P A N  m ic r o fib e r s  {ท =  5 ) . E x p e r im e n ta l co n d it io n : in itia l io n  
c o n cen tra tio n  =  2 0 0  p p m , sa m p le  d o s e  =  0.1 g /2 0  m L , in itia l p H  =  4 .0 , and  
tem p era tu re =  30 °c.
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Equilibrium Cu(II) ion cone, (ppm) Equilibrium Ag(I) ion cone, (ppm)
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F ig u re  4 .5  A d so r p tio n  iso th e r m s o f  C u (II), A g (I ) , F e (II)  and P b (II) io n s  o n to  the  
A P  A N  n a n o fib e r  m ats  (ท =  5 ). E x p e r im en ta l c o n d it io n : in itia l io n  c o n cen tra tio n  =  
4 0 - 1 0 0 0  p p m , sa m p le  d o s e  =  0.1 g /2 0  m L , in itia l p H  =  4 , tem p era tu re  =  3 0  ๐c ,  and  
co n ta c t t im e  =  2 4  h.
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Figure 4.6 Adsorption kinetics o f  Cu(II), A g(I), Fe(II), and Pb(II) ions onto the 
A PAN nanofiber mats (cf. results in Figure 4), based on the pseudo first order 
kinetic model.
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Figure 4.7 Adsorption kinetics o f  Cu(II), Ag(I), Fe(II), and Pb(II) ions onto the 
A PAN nano fiber mats (cf. results in Figure 4), based on the pseudo second order 
kinetic model.


	CHAPTER IV PREPARATION AND ADSORTION BEHAVIOR OF AMINATED ELECTROSPUN POLYACRYLONITRILE NANOFIBER MATS FOR HEAVYMETAL ION REMOVAL
	4.1 Abstract
	4.2 Introduction
	4.3 Experimental 
	4.4 Results and Discussions
	4.5 Conclusions
	4.6 Supplementary Data
	4.7 Acknowledgements
	4.7 References


