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Abstract Poly(vinyl alcohol)/maleic anhydride/acryloyl
thioamide monomer (PVA/MA/ATM) nanofiber mem-
branes (NFm) were synthesized by a combination of
UV radiation and an electrospinning technique. The
PVA/MA/ATM NFm were characterized by Fourier
transform infrared spectroscopy (FT-IR), thermogravi-
metric analysis (TGA), Brunauer–Emmert–Teller (BET)
analysis, scanning electron microscopy (SEM), and en-
ergy dispersion spectrometry (EDS). These membranes
were used for adsorption–desorption of platinum (Pt(IV))
and palladium (Pd(II)) from a fire assay (FA) leaching
waste solution, and the effect of process parameters such
as pH of solution, contact time, NFm dosage, tempera-
ture, and adsorption isotherms and kinetics studies on the
recovery of Pt(IV) and Pd(II) from the waste solution
were investigated. The adsorption equilibrium data fit
better using the Langmuir model than the Freundlich

model. Maximum adsorption capacities, Qmax, at 45 °C
were found to be 69.93 and 112.36 mg/g for Pt(IV) and
Pd(II), respectively. The activation energies (Ea) of Pt(IV)
and Pd(II) were 27.90 and 20.29 kJ/mol, respectively.
The best desorption reagent was a 1.0 M HCl–1.0 M
thiourea (TU) solution for both Pd(II) and Pt(IV). Reus-
ability studies showed that the adsorption capacity can
remain up to 90 % after five times of usage. This study
provides a promising NFm with an effective adsorption
property for Pt(IV) and Pd(II) ions.
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1 Introduction

Since mid 1990s, many researchers have investigated
electrospinning techniques and electrospun nanofiber
materials. Fiber with a diameter range of 20–2000 nm
is named as nanofiber and can be achieved by the
electrospinning technique, which is the most effective
method of applying high voltage on a polymer solution
(Reneker and Yarin 2008). Electrospun nanofiber mem-
branes have a wide range of applications for use, such as
in drug-delivery systems (Tonnesen and Karlsen 2002;
Kenawy et al. 2002), scaffolds in tissue engineering
(Cakmakci et al. 2012; You et al. 2005), clothing pro-
tection (Gibson et al. 2001), sensors (Aussawasathien
et al. 2005) and fine filtration, and adsorptive mem-
branes (Aliabadi et al. 2013; Ramakrishna et al. 2006;
Ma et al. 2006; Neghlani et al. 2011). These applications
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are achievable because nanofiber membranes show nu-
merous interesting characteristics such as high porosity,
small pore size, and—most importantly—a high specif-
ic surface area (Reneker and Yarin 2008; Huang et al.
2003). Based on the above properties, nanofiber mem-
branes have been speculated to have a high adsorption
capacity. The introduction of specific functional groups
onto the electrospun nanofibers has also been reported
for the recovery of specific materials from waste/
aqueous solutions (Feng et al. 2011; Teng et al. 2011).

The recent literature has included several methods for
the recovery of preciousmetals (i.e., platinum, palladium,
rhodium, ruthenium, osmium, iridium, gold, and silver)
from aqueous solutions, such as solvent extraction
(Shamsipur et al. 2009; Hung et al. 2007), ion-
exchange (Shen et al. 2010; Godlewska-Żylkiewicz
et al. 2000; Shen et al. 2011), filtration (Li et al. 2013;
Trivunac and Stevanovic 2006; Borbély and Nagy 2009),
cementation (Aktas 2012; Morcali et al. 2013a), and
adsorption (Wang et al. 2011; Kyzas et al. 2013; Morcali
et al. 2013b). Among these methods, adsorption is the
most suitable method for the recovery of precious metals
due to its low cost, ease in handling, high efficiency,
reversibility, and the availability of different adsorbents.
A number of adsorbents have been developed for the
recovery of precious metals, such as activated carbon
(Navarro et al. 2006; Aktas andMorcali 2011a), chelating

resins (Atia et al. 2005; Birinci et al. 2009), and mem-
branes (Fayemi et al. 2013). The adsorption efficiency,
selectivity, equilibrium time, regeneration, and stability
of these materials depend on the functional groups of the
adsorbent surface, which are effective in forming com-
plexation with metal ions.

The adsorbents with functional groups that include
sulfur and nitrogen donor atoms are very efficient at
chelating with soft metal ions. According to the hard–
soft acid–base (HSAB) theory by Pearson (1963), soft
metal ions, such as gold, silver, platinum, and palladium
ions, show an affinity to soft bases with donor atoms as
O<N<S (Pearson 1963). Therefore, recent research has
focused on the synthesis of novel materials that contain
donor atoms for the adsorption of precious metals (Li
et al. 2013; Fırlak et al. 2013; Lin and Lien 2013).

Poly (vinyl alcohol) (PVA) is a water-soluble, non-
toxic, and biocompatible polyhydroxy polymer, with
good chemical and thermal stability. PVA is known to
easily interact with other organic and inorganic materials
(Islam and Karim 2010). However, applications of PVA
are limited because of its hydrophilicity. Thus, PVA must
be modified to minimize swelling in water when fabricat-
ed for especially aqueous applications (Wu et al. 2010a, b;
Sasipriya et al. 2013). Chemical cross-linking by
dialdehydes, dicarboxylic acids, or dianhydrides is advan-
tageous because it renders the nanofibers insoluble in all
solvents and increases the thermal and chemical properties
of the membranes (Bolto et al. 2009; Yang et al. 2008).

Scheme 1 Proposed structure of the synthesized acryloyl thioamide monomer (ATM)

Fig. 1 The schematic diagram of electrospinning process com-
bined with UV radiation

Table 1 Element con-
centrations in the fire as-
say leaching solution

Element Concentration (mg/L)

Pt 29.79

Pd 44.19

Rh 3.86

Ru 0.05

Au 0.01

Pb 2.79

Cu 0.28

Ni 1.04

Zn 0.26
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In the present study, in situ photo-cross-linked
electrospun nanofiber membranes containing thioamide
groups were synthesized and applied for the adsorption
of platinum and palladium ions from aqueous system.
The structure and surface morphology of PVA/MA/
ATM NFms were analyzed by Fourier transform infra-
red spectroscopy (FT-IR), scanning electronmicroscopy
(SEM), and energy dispersion spectrometry (EDS). Ad-
sorption isotherms and kinetic calculations for the ad-
sorption process are also reported. Finally, the reusabil-
ity of the PVA/MA/ATM NFm was determined after
five adsorption–desorption cycles.

2 Material and Methods

2.1 Materials

PVA (87–89 % hydrolyzed, Mw 146,000–186,000 g/
mol), maleic anhydride (MA), acryloyl chloride, and
the radical photoinitiator, 2-hydroxy-2-methyl-1-phe-
nyl-1-propan-1-one (Darocur® 1173), were purchased
from Aldrich-Sigma. Thiourea (TU), triethylamine
(TEA), and dimethylformamide (DMF) were purchased
from Merck. Water was deionized using a water

purification system (TKA, Germany) to a resistance of
18.2 MΩ cm before preparing all of the solutions.

2.2 Characterization

The infrared spectrum of prepared membranes was ob-
tained with a FT-IR spectrometer (Spectrum 100,
PerkinElmer, USA) in the wave number region of
4000–400 cm−1 to define the characteristic peaks of
the functional groups of the nanofiber membranes.
Thermogravimetric analysis (TGA) studies were carried
out using a PerkinElmer Thermogravimetric Analyzer
Pyris 1 TGA model at a heating rate of 10 °C/min in air
atmosphere, over a temperature range from room tem-
perature to 700 °C. The surface morphology of nanofi-
ber was examined with SEM-EDS (JEOL JSM 7000F).
The surface area of nanofiber membrane was deter-
mined using BET analysis (ASAP 2020).

2.3 Preparation of Precursor sol

First, acryloyl thioamide monomer (ATM) was synthe-
sized with a reaction between acryloyl chloride and thio-
urea (TU). TU in 20-mL DMF and triethylamine
(0.15 mol) was added into a 500-mL three-necked flask.
Acryloyl chloride (0.15 mol) was slowly added dropwise

Fig. 2 The FT-IR spectrum of ATM
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to the reaction mixture, while continuously stirring, at
0 °C under nitrogen atmosphere. After 1 h at 0 °C, the
reaction continued at room temperature for an additional
1 h (Scheme 1). The solvent was evaporated. The synthe-
sized ATM was dried in a vacuum oven at 30 °C
overnight.

Second, a 10 % solution was prepared from PVA
powder dissolved in distilled water. Then, maleic anhy-
dride (MA) (0.98 g) was added into the solution in the
presence of NaOHwith vigorous stirring at 70 °C for 5 h
for the esterification reaction to occur between PVA and
MA. Then, ATM (1.00 g) was added into the cooled
PVA/MA mixtures. Finally, Darocur® 1173 was added
to the mixture (3 wt.%) and stirred until homogenation
was achieved.

2.4 Synthesis of Nanofiber Membranes

The prepared sol was placed in a syringe. While the
negative terminal was connected to a conductive drum

covered with aluminum foil as a collector of fibers, the
positive terminal of a high-voltage power supply was
connected to the metallic syringe tip. A voltage of 25 kV
with a tip-to-target distance of 15 cm at a speed of 0.1 mL/
h was applied to the solution, being irradiated with a high-
pressure UV lamp (λmax=365 nm, OSRAM 300 W) to
provide polymerization of the jet during its flight and
promoting the cross-linking of PVA/MA and ATM. The
nanofiber membranes (NFm) were collected on the alu-
minum foil. The schematic diagram of electrospinning
process combined with UV radiation is shown in Fig. 1.
The synthesized NFm were dried for 12 h at 100 °C in an
incubator. Then, they were refluxed in ethanol/HCl (molar
ratio 10:1) for 24 h at 70 °C to remove excess monomer
and then dried for 6 h at 30 °C in a vacuum.

2.5 Generation of Fire Assay Leaching Solution

The solutions were obtained by leaching the fire assay
(FA) (i.e., NiS-FA and Pb-FA) bead in our university

Fig. 3 FT-IR spectra of a PVA, b PVA/MA, and c PVA/MA/ATM NFm
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laboratories. The bead that contained precious metals
was dissolved with aqua regia (HCl/HNO3 3:1)
(Morcali et al. 2014a). Finally, the solution was diluted
to 2 L with distilled–deionized water. This was used in
our adsorption experiments (Pt(IV), Pd(II)). The con-
centrations of all the main elements, which are denoted
as initial concentrations, were measured by ICP-MS and
are listed in Table 1. The leaching solution was a five-
component system (with two major components being
Pt and Pd and three minor ones as Rh, Pb, and Ni.)

The preliminary investigation of their adsorption on
the PVA/MA/ATM NFm was carried out. The chloride
solution of 50 mL was contacted with 250 mg of the
resin for 5 h. After that, the sample was filtered without
any washing, and the filtrate was used for analysis. The
adsorption percentages of metal ions were expressed by
the variation percentage of metal concentration. The
adsorption percentages of Pt, Pd, and Rh were 51.61,
41.09, and 0.13 %, respectively, and the adsorptions of
other ions (Ru, Au, Pb, Ni, Cu, and Zn) on the PVA/
MA/ATM NFm were negligible.

2.6 Adsorption Studies

The effect of solution pH on the PVA/MA/ATM NFm
adsorption of Pt(IV) and Pd(II) using 150 mg of the
NFm was investigated in 50 mL solution and the other
parameters kept constant (e.g., 25 °C, 60min and 600rpm).

The effect of varying the PVA/MA/ATM NFm dos-
age from 50 to 250 mg (i.e., 1 to 5 mg/mL) was inves-
tigated. For this experiment, 50 mL of the solution was
brought into contact with the sorbent for 60min at 25 °C
and 600 rpm in a flask.

The effect of contact time on the PVA/MA/ATM
NFm adsorption of Pt(IV) and Pd(II) using 100 mg of
the NFm was investigated in a flask containing
100 mL of solution. The flasks were vigorously
stirred on a magnetic stirrer at 25 °C and 600 rpm.
Five milliliters of the solution was extracted at
different time intervals to analyze the residual
metal ion concentration in the solution. A similar
procedure was utilized to test for the effect of
temperature, which ranged from 25 to 45 °C.

Scheme 2 Proposed structure of
the PVA/MA/ATM NFm
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Adsorption isotherm experiments were conduct-
ed with different initial metal ion concentrations
diluted from the main solution. One hundred mil-
liliters of the solutions and 100 mg of PVA/MA/
ATM NFm were placed in each of four flasks for
480 min at different temperatures (25–45 °C) and
at 600 rpm.

Fig. 4 SEM images of a pure PVA, b PVA/MA, and c PVA/MA/ATM NFm

Table 2 Physical and thermal properties of nanofiber membrane

Nanofiber
membrane

Surface
area, m2/g

Nanofiber
diameter, nm

T1,
°C

T2,
°C

Char,
%

PVA/MA/ATM
NFm

228.4 115–140 265 453 2.68
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The final experimental series investigated the
adsorption kinetics and thermodynamics. The ad-
sorption percentage was calculated using the fol-
lowing equation:

Adsorption; % ¼ c0−ctð Þ
.
c0

h i
100 ð1Þ

in which c0 and ct (mg/L) are the metal ions’ concen-
trations present in the solution before and after adsorp-
tion, respectively.

The concentrations of elements from the combined
solution were analyzed by ICP-MS (Thermo Scientific
X Series II, Germany). The analysis conditions were as
follows: forward power 1,400W, viewing height 150mm,
argon plasma gas flow rate 18 L/min, argon nebulizer gas
flow rate 0.9 L/min, and argon intermediate gas flow rate
0.7 L/min. Indium (solution of 50 ppb) was used as the
cross check solution. Certified standard platinum and
palladium solutions (1000 ppm; Merck, Germany) were
used as stock solution for instrument calibration.

Fig. 6 Effect of pH for
adsorption of Pt and Pd on PVA/
MA/ATM NFm (480 min, 25 °C,
600 rpm, 3 mg/mL of adsorbent)

Fig. 5 Thermogram of PVA/MA/ATM NFm
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2.7 Recovery and Reusage Studies

The reusability is very important for nanofiber mem-
branes to be used as adsorbent due to their economical
aspects. The ability of the nanofiber membranes to be
regenerated and reused provides economic benefits. For
this reason, the reusability of the NFm was tested.
Desorption experiments were carried out with varying
concentrations of (0.5–2.0 M) HCl, (0.5–2.0 M) TU,
0.5 M HCl–1.0 M TU, and 1.0 M HCl–1.0 M TU. The
Pt(IV) and Pd(II) ions loaded onto PVA/MA/ATMNFm
was washed with deionized water several times and
introduced into 25 mL of desorption solutions. The

solutions were vigorously stirred on a magnetic stirrer
at 600 rpm at 25 °C for 120 min. The concentration of
metal ions released from the PVA/MA/ATM NFm into
the aqueous phase was analyzed by ICP-MS. In order to
examine the potential reusability of PVA/MA/ATM
NFm, the first adsorption–desorption cycle was follow-
ed by four other cycles using the same NFm batch. The
desorption percentage was calculated as follows:

Desorption; % ¼ cd*V dð Þ
.

c0−ctð Þ*V
h i

*100 ð2Þ

Where cd (mg/L) is the concentration of the solutes in
the desorption solutions; Vd (in L) is the volume of the

Fig. 7 The effect of the nanofiber
membrane dosage on Pt and Pd
adsorption (60 min, 25 °C,
600 rpm, pH 1.1, 50 mL of the
solution)

Fig. 8 The effect of contact time
on Pt and Pd adsorption (100-mg
nanofiber membrane, 25 °C,
600 rpm, pH 1.1, 100-mL
solution)
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desorption solution; c0 and ct (mg/L) are the metal ions’
concentrations present in the solution before and after
adsorption; and V is the volume of the solution (in L).

3 Results and Discussion

3.1 Characterization of the Nanofiber Membranes

The FT-IR spectrum of ATM is given in Fig. 2. Accord-
ing to the spectrum, the absorption band at 3528 cm−1

can be assigned to the –NH– stretching frequency of the
amide group. The carbonyl stretching frequency of the
amide group appeared at 1658 cm−1. The C=S group of
thioamide shows the band at 1255 cm−1. The peaks at
1086 and 1360 cm−1 are attributed to C–N groups.
Further, C–H stretching bands are recorded at 2857
and 2928 cm−1. FT-IR spectral measurements confirmed
the ATM structure.

PVA/MA NFm at 3325, 1715, and 1089 cm−1 are
attributed to –OH, C=O, and C–O, respectively. Con-
versely, when the spectrum of PVA/MA/ATM was

Fig. 9 The effect of temperature
on a Pt and b Pd adsorption (50-
mg nanofiber membrane,
600 rpm, pH 1.1, 50-mL solution)
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investigated with the spectrum of ATM (see Fig. 2),
some peak series showed change. As shown in Fig. 3,
the absorption band at 1658 cm−1 assigned to C=O
bonds, C=S stretching bands at 1255 cm−1, and C–N
stretching bands at 1086–1360 cm−1 were shifted to
1661-, 1247-, and 1091–1375-cm−1 regions, respectively
(Fayemi et al. 2013; Lin and Lien 2013). In Scheme 2, the
proposed structure of the PVA/MA/ATM NFm is given.

The SEM images of NFm are shown in Fig. 4. The
membranes are composed of numerous, randomly

oriented nanofibers. The pure PVA nanofibers are
smooth and uniform, with an average diameter of
135 nm. The PVA/MA NFm has a larger diameter due
to increasing the molecular weight (Sill and Von Recum
2008), as their surfaces are still smooth. The average
diameter was 260–450 nm. However, there were some
beads in the membrane with the introduction of ATM.
The average diameter of PVA/MA/ATM nanofibers de-
creased to 115–140 nm. Furthermore, the surface area
was found to be 228.4 m2/g by BET analysis (Table 2).

Fig. 10 Adsorption isotherms for
Pt and Pd onto the nanofiber
membrane at different
temperatures (100-mg nanofiber
membrane, 600 rpm, 100-mL
solution)
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The TGA curve reveals the formation of intermediate
compounds, which indicates the effect of temperature
on the nanofiber formation. As seen in Fig. 5, the
thermogram of PVA/MA/ATM nanofiber membrane
demonstrated that the nanofiber membrane began to
degrade after 100 °C; this may be attributed to the loss
of residual water and the unreacted photoinitiator. More-
over, PVA/MA/ATM nanofiber membrane had two
stages of decomposition; the first and second decompo-
sitions occurred around 265 and 453 °C, respectively,
and the char yield at 750 °C was collected and the
obtained results were presented in Table 2. Above
453 °C, the weight loss was attributed to main chain
scission in the polymer chain and matrices. Therefore,
the results indicate that the PVA/MA/ATM NFm is
thermally stable at temperatures up to about 453 °C,
which is suitable for most of the practical uses.

3.2 The Effect of pH

The pH of a solution is one of the most important
parameters for adsorption studies. The adsorption per-
centage is dependent on the complex form of elements
in the solution (i.e., decreasing pH increases the metal
ion complex in the solution). Most of the transition
metal ions (e.g., Pt, Pd, Au, Rh, etc.) make chloro
complexes in a lower pH. However, the solution pH
was increased up to 1.5 to easily catch the metal ions in
the complex form (Aktas and Morcali 2011b; Morcali
et al. 2013c; Morcali et al. 2014b).

When the pH of the solution was adjusted at around
pH 1.10, maximum adsorption percentages (about 87
and 54 %) were obtained (Fig. 6) and the Pt and Pd ions

could be quantitatively adsorbed on the sorbent without
adding any additional chelating reagent.

3.3 The Effect of the NFm Dosage

The effect of the NFm dosage on Pt and Pd adsorption in
the solution was investigated at a contact time of 60min.
In this experiment, PVA/MA/ATM NFm dosage, from
50 to 250 mg per 50-mL solution, resulted in the ad-
sorption of Pt and Pd increasing from 55 to 96 % and
from 24 to 93 %, respectively (Fig. 7). With 3.5 mg/mL
of PVA/MA/ATM NFm, more than 90 % of Pt(IV) was
successfully adsorbed. The adsorption percentage of
Pd(II) was adsorbed using 4 mg/mL of PVA/MA/ATM
NFm. The adsorption percentage is found to increase
with increased dosage because an increased amount of
active surface area for binding metal ions is available.

3.4 The Effect of Contact Time

Figure 8 presents the effect of contact time on the
adsorption percentage of Pt and Pd by the PVA/MA/
ATM NFm in the range of 5 to 480 min. The increased
contact time has a positive effect on platinum and pal-
ladium adsorption (i.e., the adsorption (%) increases
with increased time) and reached equilibrium after 240
and 300 min for Pt and Pd, respectively. Initially, in the
first 60 min, the rate of adsorption was higher. Because
all the adsorption sites on the nanofiber membrane were
vacant and the concentration was high. Then, after ap-
proximately 240 min, all the adsorption sites were filled
with platinum and palladium ions, resulting in un-
changed adsorption percentages. This is an expected

Table 3 Freundlich and Langmuir isotherm constants for the adsorption of Pt and Pd

Pt adsorption Pd adsorption

Freundlich isotherm constants

T/°C 1/n KF (mg/g) R2 1/n KF (mg/g) R2

25 0.603 0.347 0.9864 0.613 0.261 0.9832

35 0.817 0.977 0.9891 0.816 0.879 0.9930

45 1.165 2.825 0.9913 1.081 3.272 0.9896

Langmuir isotherm constants

T/°C Qmax (mg/g) KL (L/mg) R2 Qmax (mg/g) KL (L/mg) R2

25 10.56 0.062 0.9990 18.66 0.004 0.9997

35 35.97 0.047 0.9999 57.47 0.011 0.9999

45 69.93 0.039 0.9993 112.36 0.024 0.9993
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result because the adsorption rate of the PVA/MA/ATM
NFm was stable.

3.5 The Effect of Temperature

The effect of temperature on Pt and Pd adsorption was
studied in the range of 25 to 45 °C in this experimental
series, and the percentage adsorption is presented in
Fig. 9.

Figure 9 shows that increasing the temperature has a
positive effect on Pt(IV) and Pd(II) adsorption for
PVA/MA/ATM NFm. After 120 min, an approxi-
mately 20 % increment was achieved when the

temperature increased from 25 to 45 °C. The ad-
sorption vs. time curve at 45 °C is continuous, and
the percentages of Pt(IV) and Pd(II) reached 98 and
95 %, gradually leading to saturation, which indicates
monolayer coverage of metal ions on the surface of the
NFm. This was corroborated by the adsorption isother-
mal studies (Section 3.6).

3.6 Adsorption Isotherms

The adsorption isotherms were investigated in order to
describe the adsorption system of the PVA/MA/ATM
NFm. The equilibrium data were fitted to the Langmuir

Fig. 11 RL for the adsorption of
Pt(IV) and Pd(II) ions
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and Freundlich isothermmodels, and their equations are
shown below (Foo and Hameed 2010):

ce
qe

¼ 1

QmaxKL
þ 1

Qmax
ce ð3Þ

qe ¼ K Fc
1=2
e ð4Þ

where qe is the amount of metal ions adsorbed at
equilibrium per unit weight of sorbent (mg/g), Qmax is
the monolayer capacity of the adsorbent (mg/g), ce is the
equilibrium ion concentration present in the solution

after adsorption, KL (L/mg) and KF (mg/g) are the con-
stants in the Langmuir and Freundlich isotherm models
that are related to adsorption capacity, KL (L/mg) is the
constant in the Langmuir isotherm model related to the
energy or net enthalpy of adsorption, and n is the con-
stant in the Freundlich isothermmodel that measures the
adsorption intensity.

In order to determine different isotherms and their
correlations with the experimental results, the theoretical
plots from each isotherm are shown with the experimen-
tal data for the adsorption of Pt(IV) and Pd(II) on PVA/
MA/ATM NFm at temperatures from 25 to 45 °C in

Fig. 12 The plot of ln(c0/ct)
versus time for Pt and Pd (50 mg,
600 rpm, pH=1.1, 50-mL sol.)
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Fig. 10. The graph is plotted in the form of qe versus ce.
The Langmuir and Freundlich parameters for the ad-
sorption of Pt and Pd ions are listed in Table 3. It is
evident from these data that the adsorptions of Pt and Pd
ions onto PVA/MA/ATMNFmwere a better fit with the
Langmuir isotherm model than the Freundlich isotherm
model, as indicated by the R2 values in Table 3. The
Langmuir model is the best-known isotherm for describ-
ing adsorption from aqueous solution. The Langmuir
model assumes that there is no interaction between the
adsorbate molecules. The adsorption is localized in a
monolayer. The maximum adsorption capacity (Qmax)
of adsorbent calculated from the Langmuir isotherm
equation defines the total capacity of the adsorbent for
Pt and Pd ions. The adsorption capacity increases with
an increase in the temperature.

Furthermore, the dimensionless separation factor RL
could be calculated by using the Langmuir parameters
shown in Table 2. The equation is shown below (Li et al.
2013; Foo and Hameed 2010):

RL ¼ 1

1þ bc0
ð5Þ

where b is the Langmuir equilibrium constant
(L/mol) and c0 is the initial concentration. This factor
is a criterion of the tendency between the adsorbate and
adsorbent. The RL value is classified into categories
including RL=0, 0<RL<1, and RL>1, suggesting that
adsorption is irreversible, favorable, and unfavorable,
respectively. As seen in Fig. 11, the RL value decreased
with increased initial concentrations of Pt(IV) and Pd(II)
ions. This shows that platinum and palladium adsorp-
tion was more favorable at higher initial concentrations
of these precious metal ions.

3.7 Adsorption Kinetics

In this experimental series, several kinetic models (e.g.,
zero, first, second, third, diffusion model, etc.) were
examined in the range of 25 to 45 °C. In order to
determine the best-fitting kinetic model, these results
were checked against a plot of final concentration versus
time. The plot of experimental data was superimposed
on them in order to determine which theoretical plot fits
the experimental data (plot not shown here).

Fig. 13 The Arrhenius plot of
ln(k) versus 1000/T Pt and Pd
adsorption by PVA/MA/ATM
NFm

Table 4 Rate constant value for
the adsorption of Pt and Pd with
respect to temperature

Pt adsorption Pd adsorption

T/K k (min−1) lnk Ea (kJ/mol) k (min−1) lnk Ea (kJ/mol)

298 0.0108 −4.53 27.90 0.0046 −5.38 20.29
308 0.0160 −4.14 0.0058 −4.15
318 0.0219 −3.82 0.0077 −4.87
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Kinetic studies provide a good fit for Pt and Pd in the
first-order (ln (c0/ct)), which is described as Eq. (6)
(Habashi 1969) and is plotted against time in Fig. 12.

kt ¼ ln c0
.
ct

� �
ð6Þ

where k is the rate constant, t is the time (min), c0 is
the initial concentration, and ct is the final concentration.

The activation energy (Ea) was calculated by the
Arrhenius equation, according to the following formula
(Habashi 1969):

k ¼ A e−
Ea

.
RT
or lnk ¼ lnA – Ea

.
RT ð7Þ

where k is the rate constant, Ea is the activation
energy, R is the gas constant, and T is temperature (K).
Figure 13 displays the Arrhenius plot of ln(k) versus
1000/T for Pt and Pd adsorption. Rate constant values
(k) and ln(k) values with respect to temperature (K) are
given in Table 4.

The values of activation energy of the diffusion-
controlled processes are low and vary in the range of 4–
13 kJ/mol; the values of the activation energy of the
chemically controlled process are usually larger than
42 kJ/mol. The reactions controlled by amixedmechanism
(intermediate-controlled process) have activation energy
values in the range of 20–35 kJ/mol (Habashi 1969). The
activation energy for Pt(IV) and Pd(II) adsorption by PVA/
MA/ATM NFm was calculated to be 27.90 and 20.29 kJ/
mol, respectively, which is attributed to an intermediate-
controlled process for the adsorption of Pt(IV) and Pd(II).

3.8 Recovery and Reusage Studies

This experiment series were carried out with varying
concentrations of (0.5–2.0 M) HCl, (0.5–2.0 M) TU,
0.5 M HCl–1.0 M TU, and 1.0 M HCl–1.0 M TU (data
are shown Table 5). The results indicated that the 1.0 M
HCl–1.0 M TU mixture was the best eluent and obtained
the highest desorption ratios. The first desorption ratios
were 98.5 % for Pt(IV) and 97.3 % for Pd(II) (see
Fig. 14). After five adsorption–desorption cycles of Pt
(IV) and Pd (II), the desorption ratios were above 90 %.
This result shows that PVA/MA/ATM NFm performs
well for repeated use of up to five cycles.

3.9 Adsorption Mechanism

FT-IR and SEM-EDS analyses were used to identify the
changes after the adsorption process by indicating the
functional groups and their interactions with metal ions.

Table 5 The effect of desorption solutions

Desorption solution % Desorption

Pt Pd

2.0 M HCl 7.2 6.5

2.0 M TU 56.5 52.8

0.5 M HCl–1.0 M TU 82.1 79.4

1.0 M HCl–1.0 M TU 98.5 97.3

Fig. 14 Desorption and
reusability test for PVA/MA/ATM
NFm (50-mg loaded nanofiber
membrane, 25 °C, 600 rpm,
60 min, 25-mL striping solution)
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When PVA/MA/ATM NFm is contacted with the adsorp-
tion solution, Pt(IV) and Pd(II) ions are chelate bonded to
the sulfur (S) and oxygen (O) atoms of thiourea and
carbonyl groups on PVA/MA/ATM NFm surface.
Scheme 3 shows a proposed structure of PVA/MA/ATM
NFm andmetal ion interaction to form a cheated complex.

When the spectrum of Pt/Pd-adsorbed PVA/MA/
ATM NFm (Fig. 15) was compared with Fig. 3c, some
peak series showed changes. As shown in Fig. 15, the
absorption band at 1661 cm−1 assigned to C=O bonds
and C=S stretching bands at 1247 cm−1 were shifted to
1643- and 1226-cm−1 regions, respectively. These band

Scheme 3 Proposal structure of PVA/MA/ATM NFm and metal ions interaction (Mn+:Pt(IV), Pd (II))

Fig. 15 FT-IR spectra of Pt/Pd-loaded PVA/MA/ATM NFm
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shifts indicated that the bonded S and O donor atoms
play a major role in Pd(II) and Pt(IV) adsorption. Fur-
thermore, Fig. 16 shows the SEM-EDS spectrum energy
lines for platinum and palladium, and the SEM-EDS
results corroborated the Pt/Pd ions’ enrichment on the
surface of the specimen. As seen from SEM image, the
PVA/MA/ATM NFm of fiber structure was destroyed
after using five times for adsorption process.

3.10 Comparison with Other Adsorbents

The comparison of the adsorption capacity of the PVA/
MA/ATMNFm with some previously used adsorbent is
provided in Table 6. The results showed that PVA/MA/
ATM NFm was very effective for the removal of Pt(IV)

and Pd(II) from waste solutions, and the maximum
adsorption capacity (Qmax) of PVA/MA/ATM NFm
was comparable to those of other adsorbents presented
in scientific literature (Fujiwara et al. 2007; Peng et al.
2009; Kavaklı et al. 2006; Lin and Lien 2013; Birinci
et al. 2009; Fayemi et al. 2013; Morcali et al. 2013b;
Morcali et al. 2013b; Morcali et al. 2013c). Maximum
adsorption capacity was obtained at lower pH values,
and this becomes an advantage, due to the fact that
sorbents have no or low affinity for metals, particularly
in strong acidic solutions. According to these results,
PVA/MA/ATM NFm could be employed as low-cost
adsorbents and could be considered as an alternative
sorbents for the adsorption of Pt(IV) and Pd(II) from
industrial effluents.

Fig. 16 SEM-EDS image and spectrum of Pt/Pd-loaded PVA/MA/ATM NFm

Table 6 Comparative data for the adsorption of Pt(IV) and Pd(II) by various adsorbents reported in the literature

Adsorbents Studied metal pH Qmax (mg/g) Reference

Pt Pd

L-lysine-modified crosslinked chitosan resin Pt(IV), Pd(II), Au(III) 1–2 129.2 109.4 Fujiwara et al. (2007)

Commercial 717 anion-exchange resin Ag(I), Au(III), Pd(II), Pt(IV) 3 Not reported Peng et al. (2009)

1,5,9,13-tetrathiacyclohexadecane-3,11-diol
anchored poly(p-CMS-DVB) microbeads

Au(III), Ag(I), Pt(IV), Pd(II) 0.5 595 230 Kavaklı et al. (2006)

Thiourea-modified magnetic magnetite nanoparticle (MNP-Tu) Pt(IV), Pd(II), Au(III) 2 43.3 111.6 Lin & Lien (2013)

Melamine–formaldehyde–thiourea (MFT) resin Pd(II) 4 15.3 Birinci et al. (2009)

Polystyrene-based nanofibers Pt(IV), Pd(II) 7.4 4.3 Fayemi et al. (2013)

Lewatit TP 214 Pt(IV) 33.2 Morcali et al. (2013b)

Carbonized pistachio nut shells Pt(IV) 38.3 Morcali et al. (2013b)

Carbonized rise husk Pt(IV) 42.0 Morcali et al. (2013c)

PVA/MA/ATM NFm Pt(IV), Pd(II) 1.1 112 69 This study
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4 Conclusions

In this study, in situ photo-cross-linked electrospun
PVA-based NFm containing thioamide groups were
synthesized by a combination of UV radiation and an
electrospinning process. The surface area and nanofiber
diameters of PVA/MA/ATMNFm were 228.4 m2/g and
115–140 nm, respectively, and the membrane had good
thermal resistance. PVA/MA/ATM NFm showed an
efficient adsorption for Pt(IV) and Pd(II) ions. The
kinetic of the adsorption was found to follow the first-
order rate equation. The Pt(IV) and Pd(II) adsorption by
the NFm was an intermediate-controlled process and
had activation energies of 27.90 and 20.29 kJ/mol,
respectively. By comparing the coefficient of determi-
nation using the non-linear method, we found that the
Langmuir isotherms had higher coefficients of determi-
nation than that of the Freundlich isotherm. The maxi-
mum adsorption capacity (Qmax) calculated from the
Langmuir isotherm model of PVA/MA/ATM NFm for
Pt(IV) and Pd(II) was 69.93 and 112.36 mg/g at 45 °C,
respectively. The reusability of NFm was determined
after five adsorption–desorption cycles. Consequently,
this PVA/MA/ATM NFm is a promising candidate for
recovering precious metal ions in aqueous solutions.
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