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Abstract

Electrospun polystyrene fibres incorporating potassium salts of pyrazole-1-carbodithioate and imidazole-1-carbodithioate 
were employed as sorbents for heavy metals from aqueous environments. The equilibrating time, initial metal concentra-
tions and sorbent mass for optimal adsorption were 40 min, 5 mg/ℓ and 8 mg, respectively. The optimal pH for metal ion 
uptake was between 6.3 and 9.0 and was found to be dependent on the basicity of the ligands. Protonation constants for the 
ligands in aqueous solutions were determined potentiometrically; pK of the imidazole was 6.82 while that of the pyrazole 
was 3.36. The efficiencies of adsorption and desorption of metals on the imidazolyl-incorporated sorbents were more than 
95%, up to the fifth cycle of usage. The limits of quantification were ≤ 0.0145 mg/ℓ for all the metals. Accuracy of the deter-
minations, expressed as relative error between the certified and observed values of certified reference groundwater samples 
was ≤ 0.2% with relative standard deviations < 3%. Electrospun polystyrene fibres incorporating imidazoles proved to be 
efficient sorbents for divalent heavy metal ions in aqueous environments as their efficiencies exceeded those of chitosan 
microspheres, ion-imprinted composites, amino-functionalised mesoporous materials and most of the biomass-based  
sorbents previously reported on.
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Introduction

Heavy metal ions are widespread in the human environ-
ment and very often occur, at low concentrations, in surface 
waters (Akoto et al., 2008). Although their concentrations in 
environmental samples are low, heavy metal ions tend to bio-
accumulate through the food chain (Gundacker, 2000; Pourang, 
1995) and exert various health effects in humans and animals. 
The direct determination of these metal ions in water samples 
has proven to be a challenge as their concentrations are usually 
too low for accurate detection on many analytical instruments 
(Mohammadi et al., 2010). There is therefore the need for a 
pre-concentration step to bring the concentrations of the ions 
to detectable levels for accurate measurements. The current 
practice of acid-digesting water samples prior to analysis is 
however cumbersome and renders the samples susceptible to 
cross-contamination, due to the multiple steps they are taken 
through. Therefore, a sample-handling methodology that allows 
for on-site sampling as well as enrichment of the analyte is 
preferred. Such a method reduces the number of analytical  
procedures associated with the handling of aqueous samples. 
For example, there will be no need for transporting large vol-
umes of water samples from the sampling site (typically,  
1 ℓ per site) to the laboratory. The acid-digesting step will also 
be eliminated. 

The ability of resins (Zhang et al., 2009; Vasiliev et al., 
2009), porous materials (Heidari et al., 2009; Aguado et al., 
2009), bentonite (Mishra and Patel, 2009), alumina (Ezoddin et 
al., 2010), biomass (Gundogdu et al., 2009; Hamissa et al., 2010; 

Mapolelo et al., 2005; Miretzky et al., 2010; Sari and Tuzen 
2009; Tang et al., 2010), sediments (Oh et al., 2009), substituted 
naphthalene (Rezaei et al., 2009), metal hydroxides (Bologo 
et al., 2012) and natural clinoptilolites (Mamba et al., 2009) 
to adsorb heavy metal ions from aqueous solutions has been 
reported. Most of the reported sorbents exhibited low loading 
capacities as well as sensitivities. In addition, some of them are 
not reusable (Zaman et al., 2009). 

Sorbents developed from electrospun fibres have the 
potential to overcome these limitations as the fibres could be 
functionalised or incorporate moieties that can enhance their 
sorption abilities (Anderson and Long 2010; Zhang et al., 2009; 
Zhao et al., 2006). Electrospun polymer fibres with incorpo-
rated carbodithioate ligands, for example, can exhibit excellent 
adsorption capabilities owing to the strong affinity of their het-
eroatoms for metal ions (Change and Chen 2005; Rashchi et al., 
2004; Qu et al., 2005; Samal et al., 2000). As bidentate ligands, 
the carbodithioates coordinate strongly with metal ions through 
their nitrogen and sulphur atoms (Bogdanovic et al., 2005).  
They could also act as bridging polydentate ligands when they 
have donor groups (Mukhopadhyay et al., 2001; Köysal et al., 
2005; Szécsényi et al., 2006). Moreover, the benzene ring of the 
polymer can hold the ligand in place through hydrogen bonds 
(Tretinnikov, 2000; Vogler, 1998). 

By virtue of their large specific surface areas and high 
porosities, the electrospun fibres have higher loading capaci-
ties for metal ions (Teo and Ramakrishna, 2006). The metal 
ions adsorbed could be released for quantification by placing 
the sorbent in an acidic solution. The desorbed sorbent could 
be generated for reuse after washing in ultrapure water and 
drying. The carbodithioates are stable in both acidic and basic 
conditions (Anderson and Long, 2010). The activity of the 
ligand could therefore be preserved during use. Electrospun 
polymer fibres incorporating carbodithioate ligands are, 
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therefore, seen as a potential sorbent for sorption of metal 
ions in aqueous environments prior to their determination. In 
this study, polystyrene fibres incorporating pyrazole-1-carbo-
dithioate and imidazole-1-carbodithioate were employed as 
sorbents for removal of heavy metal ions in aqueous environ-
ments. The sorbents were also assessed for their abilities to 
desorb the adsorbed metals back into solutions with the view of 
using them (as sorbents) for sample preparation prior to metal 
analysis. To the best of our knowledge, this is the first time that 
electrospun polymer fibres incorporating carbodithioates have 
been employed as a sorbent for adsorptive enrichment of heavy 
metals. Fig. 1 shows the chemical structures of (a) imidazole-
1-carbodithioate and (b) pyrazole-1-carbodithioate.

Experimental

Materials

Polystyrene (Mw = 192 000), nitrate salts of Cu(II), Ni(II), 
Co(II), Cd(II) and Pb(II), all of purity more than 99.0%, 
were purchased from Sigma-Aldrich (St. Louis, USA). 
Tetrahydrofuran (THF, 98%) and N,N-dimethylformamide 
(DMF, 99%) were purchased from Merck Chemicals 
(Wadesville, South Africa). All the chemicals were of analyti-
cal grade and were used without any further purification. All 
glassware was soaked overnight in 4 M HNO3 solution prior to 
use. Standard solutions were freshly prepared using ultrapure 
water generated from MilliQ systems (Massachusetts, USA). 
All solutions used in the potentiometric titrations were pre-
pared using freshly-boiled, degassed ultrapure water to ensure 
the removal of carbon dioxide and oxygen. 

Instrumentation

Infrared spectra (400–4 000 cm-1) were recorded on a 
PerkinElmer FT 100 spectrometer (Massachusetts, USA), 
equipped with a universal ATR sampling accessory. 1H and 
13C NMR spectra of the ligands were recorded on a Bruker 
AMX 400 NMR MHz spectrometer (Zurich, Switzerland) and 
reported relative to tetramethylsilane (δ=0.00). Microanalyses 
of the ligands were carried out using a Vario Elementar 
Microcube ELIII (New Jersey, USA). The morphology of the 
fibres was studied using the Tescan (TS5136ML) scanning 
electron microscope (Brno, Czech Republic),  operating at an 
accelerated voltage of 20 kV after gold sputter coating. The pH 
of the solutions was determined using the Jenway (3510) pH 
meter (Essex, UK).  Concentrations of metals were determined 
using an iCAP 6000 series inductively coupled plasma-optical 
emission spectrometer (ICP-OES) from Thermo Electron 
Corporation (Cheshire, United Kingdom). Potentiomentric 
acid-base titrations for the determination of protonation 

constants of the diazole ligands were carried out on a Metrohm 
794 Titrino (Herisau, Switzerland), that was equipped with 
a macro glass electrode. The pyrazole-1-carbodithioate and 
imidazole-1-carbodithioate ligand were synthesised and char-
acterised as reported elsewhere (Anderson and Long, 2010). 

Brunauer-Emmet-Teller (BET) analysis

Surface areas and pore characteristics of the fibres were deter-
mined using the Brunauer-Emmet-Teller (BET) isotherms 
obtained from nitrogen adsorption on an Accelerated Surface 
Area and Porosimetry System (ASAP™ 2020), Micromeritics 
(Bedfordshire, England). Prior to analysis, 0.3 g portions of 
samples were degassed overnight at 105°C in N2 environment 
using a Micromeritics SmartVac degassing system. The pore 
size distribution and specific surface areas were determined 
via N2 adsorption/desorption isotherms obtained at –196°C. 
Analyses were repeated, at least twice, for all samples, and the 
measurements were in good agreement. 

Polymer solution preparation and electrospinning

Polystyrene solution (25%, w/v) was prepared by dissolving  
2.5 g in a 10 mℓ DMF:THF (4:1 v/v) solvent system. The mix-
ture was stirred continuously for 12 h using a magnetic stirrer 
to obtain a consistent solution. An optimised mass of  
1 mg ligand was then added to the solution and stirred continu-
ously overnight to obtain a thoroughly mixed solution. The 
viscous polystyrene solution formed was then loaded into a  
10 mℓ glass syringe from Poulten GmbH (Berlin, Germany), 
and mounted on a New Era, NE-1000 programmable syringe 
pump (New York, USA). The solution was pumped at a rate 
of 1.0 mℓ/h through a steel needle of 0.58 mm internal diam-
eter. The distance between the needle tip and the collector 
was kept at 12 cm. The needle tip and the collector were held 
at optimised voltages of +15 kV and −5 kV respectively. The 
fibre diameter was evaluated through the distance transform 
approach using the Scandium software (Ziabari et al., 2009).

Metal adsorption and desorption studies

The influence of the initial concentrations of the metal ions was 
investigated for a range (0–10 mg/ℓ) of standard solutions. To 
vials containing 10 mℓ aliquots of metal solutions of known 
concentrations, 10 mg of electrospun fibres were added and the 
solutions stirred for 2 h. The fibres were filtered off through 
a 0.45 µm sintered filter using suction. The concentration of 
metal ions left in solution was then determined using the ICP-
OES. The concentration of metal ions adsorbed was taken as 
the difference between the initial and the final concentrations 
of the solution. This was confirmed through desorption experi-
ments. The effect of fibre dose on the uptake of metals was 
investigated for fibre masses ranging from 2–20 mg.  Portions 
of the fibres (with masses ranging from 2–20 mg) were stirred 
for 2 h, in 10 mℓ portions of 5 mg/ℓ metal solutions. The loaded 
sorbent was then filtered off, washed 3 times with 5 mℓ por-
tions of ultrapure water and dried on the filter using vacuum 
suction. The dried fibres were placed in 10 mℓ aliquot of  
0.10 M HNO3 solution and stirred for 2 min in order to desorb 
the metal ions enriched on the fibres. To investigate the optimal 
pH for metal ion enrichment, adsorption experiments were 
carried out in 5 mg/ℓ standard solutions of the metals, buffered 
to the desired pH values ranging from 2 to 12. The extent to 
which metal ions were enriched was then determined using 
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  Figure 1
Chemical structures of (a) imidazole-1-carbodithioate and 

(b) pyrazole-1-carbodithioate
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the ICP-OES. The effect of contact time on the uptake of metal 
ions was also investigated in 5 mg/ℓ metal ion solutions in 
batch experiments. In order to avoid precipitation at higher pH, 
the solutions were kept at the optimal pH of the metal under 
study using an ammonia buffer (Sun et al., 2006).  

Analytical quality control procedure

A custom-made certified reference material for groundwater 
(SEP-3), purchased from Inorganic Ventures (Christiansburg, 
USA), was used to validate the analytical procedure. Analytical 
calibrations, based on the recommended concentration points 
and emission lines of each element, were carried out in aqueous 
standard solutions (US-EPA, 2001).  Adsorption and desorption 
experiments were carried out using 10 mg of the imidazolyl-
incorporated fibre sorbent in 10 mℓ portions of the certified 
reference groundwater. Repeatability of the method was evalu-
ated by comparing the signals obtained from 5 determinations 
of the reference material. The limits of detection (LOD) and 
quantification (LOQ) were evaluated as 3 and 10 times the 
estimated regression standard deviation, respectively, based on 
5 replicate determinations.

Potentiometric measurements 

The protonation constants of the ligands in aqueous solutions 
were determined by potentiometric titration at 25.00±1.00oC in 
a double-walled titration cell in an inert, nitrogen environment. 
Titrations were performed over a pH range of 2 to 11 using 
0.10 M HCl and 0.10 M tetramethylammonium hydroxide. 
Titrations were controlled using the Tiamo software. The glass 
electrode was calibrated for a strong acid–strong base reaction 
by the Gran method (Gran, 1952) and Eº value of the reaction 
was obtained using the GLEE software (Gans and O’Sullivan, 
2000). The pKw value of 13.83±0.01, obtained in 0.1 M tetra-
methylammonium chloride (TMACl) as an ionic medium,  
was used for all of the computations (Bazzicalupi, 2009).  

The HYPERQUAD program (2008 version) was used for com-
putation of protonation constants in equilibrium state (Gans 
et al., 1996). Data points (450) emanating from 3 independent 
titrations were used in calculating the protonation constants of 
the ligands. The statistical error (σ) was below 0.03 for all of 
the refinements.

Results and discussion

Electrospinning of the fibres 

Preliminary experiments showed that a mixture of DMF:THF 
(4:1 v/v) was a suitable solvent system for dissolving poly-
styrene into solution. The high conductivity of DMF and the 
volatility of THF both favoured formation of smooth fibres 
during electrospinning (Lee et al., 2003). By varying the 
solution concentration, applied voltage, feed rate and distance 
between the syringe needle and the collector, it was determined 
that 25% polystyrene gives smooth, bead-free fibres (see Fig. 2) 
when it is electrospun at a feed rate of 1.0 mℓ/h through electric 
field strength of 1.67 kV/cm. Under these optimised condi-
tions, fibres with average diameter of 2±0.1 µm were obtained. 
Fibres with smooth morphologies and small diameters present 
higher surface areas and are, therefore, the option of choice for 
adsorption applications. 

No observable differences were found between the fibres 
generated from the pristine polymer solution and those from 
the solutions dosed with the ligand, in terms of morphology 
and diameter. The small mass of the ligand added (1 mg) could 
not significantly alter the solution characteristics or the electro
spinning parameters. The effect of polymer concentration on 
the formation and morphology of the fibre is illustrated in  
Fig. 2. Different concentrations of polystyrene (10–35 wt%) 
were electrospun at: +25 kV, −5 kV, 12 cm gap. Only a concen-
tration range of 20–30 wt% could give smooth and bead-free 
fibres. At low polymer concentrations, the high surface ten-
sion due to the solvents leads to formation of beads. At high 

1 
 

  

Figure 2
Scanning electron microscopy 

images of different 
concentrations of polystyrene 
(10–35 wt%) electrospun at 
1.0 mℓ/h through +25 kV and 
−5 kV positive and negative 

potential, respectively, 
separated by a 12 cm gap
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concentrations, effects such as tip drying and blockages can 
also result in formation of beads. 

Fibre characterisation 

Figure 3 shows the relationship between polymer concentra-
tions, BET surface areas and average pore width of polystyrene 
nanofibres. A linear relationship was observed between the 
polymer concentration (20–35 wt%) and the BET surface area 
of the nanofibres formed. The BET surface area decreased 
linearly from 14.08 m2/g for nanofibres generated from 20 wt% 
concentration polymer to 4.95 m2/g for nanofibres generated 
from 35 wt% concentration. Increasing the polymer concentra-
tion leads to formation of nanofibres with larger diameters and 
hence smaller specific surface area (Patanaik et al., 2010). The 
pore size did not follow the linear trends observed for BET 
surface area. Pore size showed more of a logarithm relationship 
to polymer concentration.

Figure 4 shows the ATR-FTIR spectra of the pristine and 
functionalised polystyrene fibres as well as those of pyrazole-
1-carbodithioate and imidazole-1-carbodithioate in the  
4 000–650 cm−1 range. The characteristic C=S, C=N and C-N 
peaks of the diazole ligands were present in both pyrazole-
1-carbodithioate and imidazole-1-carbodithioate (Troitskaya et 
al., 1974).  Similar peaks were observed in the IR spectra of the 
diazole-incorporated polystyrene but not in the spectra of the 
pristine polystyrene. 

pH dependence 

Because H+ ions compete with metal ions in solution for bind-
ing sites on sorbents, pH becomes a very important parameter 
in binding studies. The concentration of H+ in an acidic solution 
is relatively high and H+ ions tend to fill up the binding sites 
on the sorbent. The presence of H+ ions on the sorbent surface 
creates an electrostatic repulsion for the metal cations. Sorption 
of metal ions onto the sorbent is therefore expected to be low in 
highly acidic solutions (pH less than 4).  Metal uptake is, how-
ever, favoured at higher pH values where H+ ion concentrations 
and, consequently, electrostatic repulsions are low. 

Figure 4 shows the sorption profile of metal ions on the 
electrospun fibre sorbent at various pH values. The imidazolyl-
incorporated fibres did not adsorb any of the metals studied 

when the pH of solution was less than 3. The optimal pH for 
adsorption of Cu(II), Ni(II) and Pb(II) was 6.3, 7.4, and 8.3, 
respectively. In increasing order of their optimal pH for adsorp-
tion, these metals are arranged as Cu(II)<Ni(II)<Pb(II). This 
order suggests that pH for metal uptake is determined, some-
how, by thermodynamic factors, such as electronegativity, 
acidity and ionic radius of the metal ion. That is, metal ions 
of higher electronegativity (higher acidity or lower ionic size) 
are better adsorbed in the acidic range. The optimal pH for 
enriching the metal ions on the pyrazolyl-incorporated fibres 
followed the same order (Cu = 8.3; Ni = 8.6 and Pb = 9.0) as 
for the imidazole. There was, however, a significant sorption 
at lower pH values. For example, at a pH of 2 there were 16, 22 
and 27% adsorptions for Cu(II), Ni(II) and Pb(II), respectively. 
These relatively high sorption levels at lower pH values may be 
attributed to the low pK of the pyrazolyl nitrogen (Chen et al., 
1991; Trofimov, 1992). 

Protonation constants

Table 1 shows the stepwise protonation constants (the pK 
values) of the ligands. Both ligands exhibited 2 protonation 
processes in the pH range between 2 and 11. Log K values of 
the imidazole ligand were higher than those of the pyrazole. 
The pK of the imidazole nitrogen was 6.82 while that of pyra-
zole was 3.36. This implies that at pH of 3.36 about 50% of the 
binding sites on the pyrazole nitrogen were still free for bind-
ing. This gives credence to the relatively high adsorptions that 
occurred on the pyrazole at lower pH values (less than 3).

Effect of contact time

The rate at which metal ions were adsorbed on the diazole-
incorporated sorbents as well as on the pristine polystyrene 
sorbent is profiled in Fig. 5. The pristine fibres and the imi-
dazole-incorporated sorbents exhibited only minimal levels 
of adsorption (< 10%) when solution pH was less than 4. The 
pyrazole-incorporated sorbents, however, showed a significant 
level of adsorption (~ 20%) in acidic solutions (pH < 4). At all 
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Figure 3
The relationship between polymer concentrations, BET surface 

areas and average pore width of polystyrene nanofibres
Figure 4

ATR-FTIR spectra of (A) potassium pyrazole-1-carbodithioate, 
(B) potassium 1H-imidazole-1-carbodithioate, (C) polystyrene, 

(D) polystyrene functionalised with potassium pyrazole-1-
carbodithioate and (E) polystyrene functionalised with  

potassium imidazole-1-carbodithioate
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pH levels, the diazole-incorporated sorbents adsorbed better 
than the pristine sorbent. Incorporation of the diazole ligands 
therefore enhanced adsorption on the sorbents. 

The adsorption profile (Fig. 5) showed that the metal ions 
were initially adsorbed rapidly, until the sorbent got saturated. 
Equilibration times for maximum sorption of Cu(II) and Ni(II) 
were 10 min and 18 min, respectively. These times were roughly 
the same for the two kinds of sorbents. The longest time recorded 
for equilibration was 42 min, for the uptake of Pb(II) on imida-
zolyl-incorporated fibres. This equilibration time is shorter than 
the 3-h period recorded for functionalised chitosan sorbents 
(Justi et al., 2005) and the 8 hours recorded for thiourea-modified 
magnetic chitosan microspheres (Zhou et al., 2009).   

Effect of sorbent dosage

The effect of the mass of sorbent used on the sorption of metal 
ions in solution was studied (Fig. 6). Sorbent dosage is an 
important parameter because it determines the capacity of the 
sorbent at the initial concentration. Adsorptions of all metal 
ions increased significantly with an increase in the mass of 
sorbent up to 8 mg, and then levelled off. For ease of handling, 
a reasonably large amount of sorbent, 10 mg sorbent mass, was 
used in the experiments. Standard solutions were consequently 
spiked to relatively high concentrations (5 mg/ℓ) because of the 
sorbent’s high adsorption capacity.  

Desorption of metal ions and regeneration of sorbent 

Sorbent reusability is largely determined by the extent to which 
the adsorbed ions are desorbed. Because the pyrazolyl-incorpo-
rated sorbent could not desorb effectively in the first instance of 
use, it could not be regenerated for further usage. The efficien-
cies of adsorption and desorption for all of the metal ions on 
the imidazolyl-incorporated sorbent ranged between 99 and 
95% up to the 4th cycle of usage (Fig. 7). There was an overall 
drop of 3.49% in adsorption and 5.07% in desorption up to the 
5th cycle of sorbent usage. This decrease in efficiency could 
be attributed to the loss of the ligand and/or small quantities 
of the sorbent during use. The regeneration of sorbent showed 
that the adsorption–desorption process was reversible for the 
imidazolyl-incorporated sorbent.

Interference study

The interfering effect of the metal ions on one another was 
investigated. Results are presented in Table 2. An ion was said 
to be interfering if it caused more than 5% reduction in the 
uptake of another ion under investigation. Based on the criteria 
for interference set, it was inferred that sorption of Ni(II) and 

Table 1
The logarithm of acidity constants determined by 
potentiometric pH titration in 0.100 M TMACl(aq) at 

25.00 ± 1.00oC
Reaction Constants Ligands

pyr - imi - 
pyr -  + H+      pyrH log k1 - 10.67 (0.02)
pyrH  + H+     pyrH2

+ log k2 - 6.82 (0.05)
pyr -  + 2H+     pyrH2

+ log k1k2 - 17.49 (0.02)
imi -  + H+      imiH log k1 11.89 (0.03) -
imiH  + H+     imiH2

+ log k2 3.36 (0.03) -
imi -  + 2H+     imiH2

+ log k1k2 15.25 (0.03) -
* Standard deviation in brackets
  imi - = Imidazol-1-carbodithioate
  pyr - = Pyrazol-1-carbodithioate
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Figure 5
Adsorption profile of (A) imidazole-incorporated, (B) pyrazole-

incorporated and (C) pristine polystyrene fibres in standard 
metal solutions at various pH values at a temperature of 25°C
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  Figure 7
Profile of sorbent mass on the adsorption of metal ions at an 

initial concentration of 5 mg/ℓ: –■-- Cu; –▲--Ni; –●--Pb

Figure 6
Adsorption profile of polystyrene nanofibers functionalised with 

potassium imidazole-1-carbodithioate in 5 mg/ℓ metal solutions:   	
	 –■-- Cu; –▲--Ni; –●--Pb       
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Analytical quality control 

Table 3 gives the quality control parameters for the determi-
nation of metal concentrations in aqueous solutions. Accuracy 
of the determinations, expressed as relative error between the 
certified and observed values of the reference material, was 
£ 0.2%. The precision of these measurements, expressed as 
relative standard deviation on 5 independent determinations, 
was also satisfactory, being lower than 3% in all cases (Huber, 
2003). The LOD of the metals ranged from 0.0004±0.0001 
mg/ℓ for Cd to 0.0045±0.0001 mg/ℓ for Pb. These LODs 
achieved with the imidazolyl-incorporated sorbent were com-
parable to 0.0015 mg/ℓ Cd and 0.0017 mg/ℓ recorded using 
nano-alumina sorbents (Ezoddin et al., 2010), and were lower 
than 1.0 mg/ℓ Cu achieved using substituted naphthalene 
(Rezaei et al., 2009). The LOQ was lower than 0.0145 mg/ℓ 
for all of the metals studied. 

Adsorption in real aqueous environments

The capacity of the imidazolyl-incorporated sorbent to enrich 
metal ions in the natural aqueous environment was evalu-
ated using river, sea, tap, treated and untreated sewage water 
samples. The pH, background concentrations of the metal 
ions, and recovery efficiencies of the sorbent in 5 mg/ℓ spiked 
natural water samples are recorded in Table 4.

The average pH ranged from 6.51 (in untreated sewage) 
to 8.13 (in tap water). The sorbent was able to quantitatively 
adsorb the trace concentrations of metal ions (< 0.15 mg/ℓ) 

Table 2
Recoveries of metals upon spiking with supposed interfering metal ions

Spiked interfering 
ion (mg/ℓ)

Concentration of analyte ion adsorbed from a 5 mg/ℓ solution in the presence of interfering ion 
Pb Cu Ni Co Cd

Pb 1 - 4.98 (0.06) 4.99 (0.02) 5.00 (0.07) 4.26 (0.09)
10 - 4.93 (0.69) 4.97 (0.01) 4.96 (0.04) 4.01 (0.10)

Cu 1 4.52 (0.03) - 4.19 (0.09) 4.81 (0.10) 4.71 (0.06)
10 5.90 (0.01) - 4.00 (0.06) 4.28 (0.03) 4.56 (0.09)

Ni 1 4.98 (0.04) 4.73 (0.04) - 4.71 (0.09) 4.85 (0.12)
10 4.78 (0.02) 4.04 (0.08) - 4.67 (0.06) 4.38 (0.04)

Co 1 4.93 (0.12) 4.99 (0.09) 4.91 (0.09) - 4.99 (0.06)
10 5.00 (0.06) 4.15 (0.09) 4.09 (0.96) - 4.12 (0.04)

Cd 1 4.46 (0.08) 4.96 (0.46) 4.94 (0.07) 4.95 (0.08) -
10 4.10 (0.05) 4.76 (0.31) 4.92 (0.01) 4.86 (0.01) -

*Standard deviations in brackets

Table 3
Analytical quality control parameters determined using the SEP-3 certified referenced groundwater
Wavelength 

(nm)
Calibration 
Linearity 

R2

Certified 
concentration 

(mg/ℓ)

Concentration 
found 
(mg/ℓ)

Relative error 
(%)

Relative 
standard 

deviation (%)  

LOD 
(mg/ℓ)

LOQ 
(mg/ℓ)

Ni(II) 231.60 0.9994 0.8980
(0.007)

0.8996 
(0.005)

+0.1782 2.2919 0.0015 
(0.009)

0.0045
(0.002)

Cu(II) 324.75 0.9995 0.0750 
(0.002)

0.0751 
(0.000)

+0.1333 1.5332 0.0006 
(0.000)

0.0018
(0.001)

Pb(II) 220.35 0.9993 1.4980 
(0.009)

1.4960 
(0.002)

-0.1335 1.4294 0.0045 
(0.0001)

0.0145
(0.004)

Cd(II) 226.50 0.9998 0.0502
(0.000)

0.0501 
(0.006)

-0.1992 1.6031 0.0004 
(0.0001)

0.0133 
(0.001)

Co(II) 228.62 0.9991 0.5510
(0.001)

0.5512
(0.001)

+0.0363 2.4820 0.0008 
(0.000)

0.0027 
(0.001)

*Standard deviations in brackets.
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Figure 1 
Chemical structures of (a) imidazole-1-carbodithioate and (b) pyrazole-1-carbodithioate. 
Figure 2 
Scanning electron microscopy images of different concentrations of polystyrene (10–35 
wt%) electrospun at 1.0 mℓ/h through +25 kV and −5 kV positive and negative potential, 
respectively, separated by a 12 cm gap. 
Figure 3 
The relationship between polymer concentrations, BET surface areas and average pore 
width of polystyrene nanofibres. 
Figure 4 
ATR-FTIR spectra of (A) potassium pyrazole-1-carbodithioate, (B) potassium 1H-
imidazole-1-carbodithioate, (C) polystyrene, (D) polystyrene functionalised with 
potassium pyrazole-1-carbodithioate and (E) polystyrene functionalised with potassium 
imidazole-1-carbodithioate. 
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Figure 8
Profile of fibre regeneration:        adsorption,      desorption
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Cu(II) were not affected by the presence of any of the metals 
studied. Sorption of Cd(II) was somehow suppressed by all of 
the other metals. At higher concentrations, Cu(II) and Ni(II) 
interfered with the uptake of each other.  Co(II), at higher con-
centrations, interfered with the uptake of both Cu(II) and Ni(II). 
Sorption of Pb(II) was affected by the presence of Cd(II).
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originally present in all of the water types. Because the back-
ground concentrations of the metals were low compared to 
the spiking concentrations, and the sorbent could adsorb them 
quantitatively, they were ignored. The recoveries in the 5 mg/ℓ 
fortified samples ranged from 71.06–78.28% for Ni(II), 84.40–
97.57% for Cu(II), 82.21–99.00% for Pb(II), 73.68–98.90% for 
Cd(II) and 68.54–77.48% for Co(II). These levels of recoveries 
translate to loading capacities of between 45–50 mg/g of the 
sorbent, which is comparable to 57.74 mg/g reported for amino-
functionalised-nanoporous silica (Heidari et al., 2009). The load-
ing capacities achieved with the imidazolyl-incorporated sorbent 
were higher than 12.36 mg/ℓ recorded for amino-functionalised 
mesoporous silica (Aguado et al., 2009) and the range of 27–44 
mg/g recorded for biomass-based sorbents (Hamissa et al., 2010; 
Miretzky et al., 2010; Sari and Tuzen 2009; Tang et al., 2010). 

The imidazolyl-incorporated sorbent was found to be more sensi-
tive to Pb(II), Cu(II) and Cd(II) than to Ni(II) and Co(II). 

Table 5 gives the main characteristics (hardness, electro
negativity, electron affinity, pKa) of metal ions that determine 
their binding to a ligand. The order of adsorption efficien-
cies, Co(II)<Ni(II)<Cd(II)<Cu(II)<Pb(II), obtained in this 
work, does not wholly fit the order of any of the parameters 
outlined. For the first row transition metal ions, however, the 
order of adsorption followed the order of electron affinity, 
Co(II)<Ni(II)<Cu(II), as espoused by Martin (1998).

Conclusions

Potassium salts of pyrazole-carbodithioate and imidazole-
1-carbodithioat were incorporated in polystyrene, which was 
successfully electrospun into fibres. The fibres were found to 
have optimal adsorption of metal ions around the natural pH 
of the water types sampled. While the sorbent incorporated 
with the imidazole ligand could be regenerated and reused, the 
pyrazolyl-incorporated fibres displayed poor desorption proper-
ties. The sorbent exhibited fast adsorption kinetics and high 
loading capacities for metal ions. These qualities, coupled with 
the sorbent’s tunability for easy desorption of the metal ions, 
make electrospun polystyrene fibres incorporating imidazole-
1-carbodithioate excellent sorbents for the enrichment of heavy 
metal ions in aqueous environments. 
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