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Abstract 

Purpose: To prepare polystyrene nanofiber ion exchangers (PSNIE) with surface cation exchange 
functionality using a new method based on electrospinning and also to optimize crosslinking and 
sulfonation reactions to obtain PSNIE with maximum ion exchange capacity (IEC).  
Method: The nanofibers were prepared from 15% w/v polystyrene solution in dimethylacetamide 
(DMAc) containing 0.025 %w/v tetrabutylammonium bromide (TBAB) using electrospinning technique, 
followed by crosslinking with sulfuric acid/formaldehyde in a ratio ranging from 100/0 to 50/50 v/v and 
sulfonation in sulfuric acid. Degree of crosslinking was determined as the amount of fibers that 
remained in dichloromethane. The morphology and diameter of the fibers were evaluated by scanning 
electron microscopy (SEM) while IEC of PSNIE was performed by salt splitting titration. 
Results: PSNIE crosslinked with a sulfuric acid/formaldehyde ratio of 90/10 with 0.1 %w/v silver sulfate 
for 10 min at 70  C and sulfonated in 98 % sulfuric acid with 0.2 %w/v silver sulfate as the catalyst at 
100  C for 30 min showed a maximum IEC of 3.21 meq/g-dry-PSNIE. Increase in sulfonation 
temperature caused the IEC of PSNIE to increase due to faster sulfonation. It was observed that the 
higher the temperature the faster the rate of sulfonation reaction. The diameter of the fibers after 
sulfonation was 404 ± 42 nm. 
Conclusion: These results indicate that PSNIE can be successfully prepared by electrospinning. 
Furthermore, cationic drug can be loaded onto the novel PSNIE for controlled release delivery. 
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INTRODUCTION 
 
Ion exchange membranes and resins are applied 
widely in various fields such as fractionation of 
metal in water, food and beverages, stationary 
phase in column chromatography etc, whereas, 
in pharmaceutical systems, ion exchange resins 
are extensively studied in drug delivery systems 
[1] leading to commercialization of some resin-
based formulations, e.g., cholestyramine [2] and 
Kayexalate® [3]. Recently, increasing attention 

has been focused on ion exchange fibers due to 
their advantage over ion exchange resins such 
as more rapid and efficient ion-exchange 
performance, more efficient drug loading and 
release into/from ion exchange fibers, easier 
incorporation of large-sized molecules and better 
control of loading/release [4,5]. There are only a 
few studies that report the pharmaceutical uses 
of ion-exchange fibers such as gastro-
mucoadhesive delivery system [6] and 
transdermal delivery system [7,8].  
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Many polymers are used to produce nanofibers 
by electrospinning. Polystyrene (PS) is one of 
polymers used to produce cation exchange fibers 
[9]. PS nanofibers were successfully produced 
using the electrospinning method  and it has 
been demonstrated that electrospun PS 
nanofibers have interesting applications in many 
areas [10-12]. The morphology of the PS 
nanofibers plays an important role in the 
physical/mechanical properties of the final 
products to be used in certain applications. 
Therefore, reproducible electrospinning of 
uniform PS nanofibers is essential. Recently, we 
successfully prepared PS nanofibers by 
optimizing the parameters in the electrospinning 
process, which included the PS concentration, 
ratio of the solvent mixture, inner diameter of the 
capillary tip and the addition of 
tetrabutylammonium bromide (TBAB) in the 
solvent mixture [13]. Sulfonation is required to 
produce cation exchange PS nanofibers [9]. 
However, the sulfonation of PS nanofibers 
cannot be successfully performed because PS 
nanofibers dissolve during the sulfonation 
reaction. Therefore, crosslinking PS nanofibers 
prior to sulfonation is required. Furthermore, it is 
necessary to identify the optimal conditions for 
the crosslinking and sulfonation of the PS 
nanofibers to yield water insoluble PSNIE 
products with an acceptable ion exchange 
capacity (IEC). The crosslinking reaction of 
polymers was performed with various methods 
such as temperature, radiation, and external 
reactants. The resultant polymers have various 
types of crosslinkages, such as covalent bonds, 
ionic bonds and physical crosslinking (Van der 
Waals and hydrogen bonds), which depends on 
the type of polymers and crosslinking agents 
[14]. Therefore, the aim of this study was to 
prepare polystyrene nanofiber ion exchangers 
(PSNIE) with surface cation exchange 
functionality using a new method based on 
electrospinning, and also to optimize crosslinking 
and sulfonation reactions to obtain PSNIE with 
maximum ion exchange capacity (IEC). 
 

EXPERIMENTAL 
 
Materials 
 
The polystyrene resin (Mw = 2.99 × 105 Da, Mn = 
1.19 × 105 Da, 685 D) was obtained from Dow 
Plastics, USA. Tetrabutylammonium bromide 
(TBAB) was purchased from Bio Basic Inc., 
Canada. Dimethylacetamide (DMAc, ≥ 99.5 %), 
silver sulfate, sodium chloride and sodium 
hydroxide were purchased from the Sigma-
Aldrich Chemical Company, USA. Concentrated 
sulfuric acid (98%) was purchased from 
Mallinckrodt Baker Inc, USA. Formaldehyde 40 
%w/v was obtained from Carlo Erda Reagents. 

All of the solvents were of analytical research 
grade and used without further purification. 
 
Preparation of PSNIE 
 
Electrospinning process 
 
PS nanofibers were prepared using our 
previously described method [11]. Briefly, a 15% 
w/v PS solution was prepared by dissolving PS in 
DMAc with the addition of 0.025 %w/v TBAB. 
The PS solution was contained in a glass syringe 
with a flat-tip, stainless-steel needle with an inner 
diameter of 0.5 mm. The applied voltage and the 
distance between the tip and the collector were 
fixed at 15 kV and 15 cm, respectively. The 
feeding rate of the PS solution was 0.4 ml/h and 
controlled using a syringe pump (Model:NE-300, 
New Era Pump Systems Inc.). Finally, the PS 
nanofibers were collected on aluminum foil that 
covered the rotating collector.  
 
Crosslinking and sulfonation 
 
PS nanofibers were cut into small patches (2 × 2 
cm2) and then immersed in a mixture of 98 % 
sulfuric acid and formaldehyde (the crosslinking 
agent) at volume ratios of 100/0, 95/5, 90/10, 
85/15, 80/20 and 50/50. The reaction was 
performed with and without the addition of silver 
sulfate (the catalyst) and stirred for 5 to 75 min at 
70 ± 0.5 oC. Finally, the crosslinked PS fibers 
were rinsed with a stepped, increasingly dilute 
solutions of sulfuric acid until pure deionized 
water was used, then the samples were dried. 
Prior to sulfonation, the crosslinked PS fibers 
were swollen in dichloromethane. The 
crosslinked PS fibers were immersed in 98 % 
sulfuric acid with and without the addition of 
silver sulfate as catalyst (0-1% w/v) at 
temperatures ranging from 50 to 100 oC with 
stirring for 0 to 120 min. The sulfonated PS 
fibers, or PSNIE, were rinsed with a stepped, 
increasingly dilute solutions of sulfuric acid until 
pure deionized water was used, dried and stored 
in a tightly closed container until further 
investigation. 
 
Characterization of the fibers 
 
The morphologies of the PS nanofibers, 
crosslinked PS fibers and PSNIE were 
investigated using a scanning electron 
microscope (SEM, Camscan Mx2000, England). 
The average diameter of the fibers was 
determined using image analysis software 
(JMicroVision V.1.2.7, Switzerland). Their 
chemical structures were characterized using a 
Fourier Transform Infrared spectrophotometer 
(FTIR, Nicolet 4700, USA).  
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Determination of crosslinked fibers   
 
To confirm that the PS nanofibers were 
crosslinked, the degree of crosslinking (%) was 
quantified by determining the amount of fibers 
that remained in dichloromethane. The 
crosslinked PS fibers were cut into small fibers 
and accurately weighed (W1). The cut fibers were 
immersed in dichloromethane for 24 h, dried and 
accurately weighed (W2). The percentage of 
remaining fibers was calculated according to Eq 
1. 

Remaining fibers (%) = (W2/W1)100 …. (1) 
 
Determination of ion exchange capacity (IEC) 
 
IEC is a measurement of the number of H+ ions 
per unit mass of the exchange material that can 
be replaced. The IEC of the PSNIE was 
performed by the salt splitting titration as 
previously described [15]. Briefly, the H+ sites on 
the PSNIE were converted into Na+ by immersing 
the PSNIE in 25 ml of 2N NaCl solution for 12 h. 
The effluent was collected in a flask and 
measured by titrating to a phenolphthalein end-
point against a 0.01N standardized NaOH 
solution. The IEC of the PSNIE was calculated 
according to Eq 2. 
 

IEC = cv/w …………………………… (2)                                                                                
 
where c is the standardized concentration (N) of 
NaOH solution, v is the volume (ml) of the NaOH 
solution at the endpoint and w is the mass (g) of 
the dried fibers. 
 

Statistical analysis 
 
All experimental measurements were carried out 
in triplicate and the data expressed as mean  
standard deviation (SD). Statistical differences 
were examined using one-way analysis of 
variance (ANOVA) followed by least significant 
difference (LSD) post-hoc tests. The significance 
level was set at p < 0.05. 
 
RESULTS 
 
PS nanofibers with the smallest diameter (376 ± 
36 nm) were prepared using our previously 
described method [13] and were used to prepare 
the PSNIE. In a preliminary study, PS nanofibers 
were sulfonated without a prior crosslinking 
process. The results indicate that PS nanofibers 
dissolved in 98% sulfuric acid during the 
sulfonation process. The dissolution of the PS 
nanofibers also depended on the sulfonation 
temperature. An increase in the sulfonation 
temperature (from 25 to 70 oC), resulted in a 
decrease in the time required for the complete 
dissolution of PS nanofibers. Therefore, 

crosslinking of PS nanofibers was important for 
the preparation of insoluble PSNIE with an 
acceptable IEC.  
 
The morphology and IEC of the PSNIE were 
affected by the parameters of the crosslinking 
(sulfuric acid/formaldehyde ratio, and % silver 
sulfate) and sulfonation reaction (time, 
temperature, and % silver sulfate) as described 
in detail below. 
 
Effect of sulfuric acid/formaldehyde ratio on 
crosslinling 
 
In this study, formaldehyde was selected as the 
crosslinking agent and was added into 
concentrated sulfuric acid at various ratios 
(100/0, 95/5, 90/10, 85/15, 80/20 and 50/50) with 
0.1 %w/v silver sulfate at 70 oC for 30 min. 
Figure 1 shows SEM image, fiber diameter and 
visual appearance of the PS fibers before and 
after crosslinking and the PSNIE after sulfonation 
in 98% sulfuric acid with 0.2% w/v silver sulfate 
as the catalyst at 70 oC for 30 min. The diameter 
of the crosslinked PS fibers increased from 376 ± 
36 nm (noncrosslinked) to approximately 428 ± 
50 to 498 ± 38 nm, depending on the sulfuric 
acid/formaldehyde ratio. The visual appearances 
of the crosslinked PS fibers were similar to the 
noncrosslinked PS fibers, except the intensity of 
the yellow color from the formaldehyde 
decreased. By increasing the amount of 
formaldehyde (from 5 to 50), the degree of 
crosslinking was decreased. The highest degree 
of crosslinking was obtained at the ratio of 
sulfuric acid/formaldehyde of 95/5. This result 
was confirmed by the quantification of the 
remaining fibers in dichloromethane after 24 h of 
immersion and a subsequent analysis of the 
FTIR spectra. Noncrosslinked PS fibers 
immediately dissolved in dichloromethane. As 
the portion of formaldehyde increased from 5, 10, 
15 and 20 %, the percentage of remaining fibers 
decreased by 95.65, 92.31, 87.50 and 80.95 %, 
respectively, and complete dissolution was 
observed with 50% formaldehyde.  
 
The FTIR spectra of PS nanofibers, crosslinked 
PS fibers, and PSNIE are shown in Figure 2. The 
PS nanofiber’s spectrum showed the principal 
peaks of mono-substituted aromatic hydro-
carbon, such as C-H stretching at 3025 cm-1; 
overtone and combination bands at 1939, The 
spectra of crosslinked PS fibers showed new 
peaks caused by the sulfone crosslinkages, 
namely an asymmetric stretching vibration at 
1306 cm-1 and a symmetric stretching vibration at 
1091 cm-1. These FTIR spectra indicate that the 
PS nanofibers were crosslinked with the sulfone 
crosslinkage. The IEC of the crosslinked PS  
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Figure 1: Scanning electron micrographs (1000 x), visual appearance and diameter of PS fibers (prior to 
crosslinking), crosslinked PS fibers and PSNIE at various sulfuric acid/formaldehyde ratios 
 

 
Figure 2: FTIR spectra of the electrospun PS fibers, crosslinked PS fibers (90/10 sulfuric/formaldehyde ratio, 0.1 
% silver sulfate, 30 min, 70 oC) and PSNIE (sulfonation, 30 min, 70 oC) 
 
fibers was approximately 0 meq/g-dry-fiber 
for all sulfuric acid/formaldehyde ratios. A 
possible structure from the crosslinked PS 
fibers after the crosslinking reaction is 
shown in Figure 3. 

From the FTIR spectrum, new peaks were 
observed from aromatic sulfonic acid (R-SO2-
OH), namely, asymmetric stretching and 
symmetric stretching of (O=S=O) at 1188 and 
1130 cm-1, respectively; S-O at 670 cm-1; and O-
H at 3449 cm-1 (Figure 2). Additional peaks from 
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para-substituted aromatic hydrocarbons, namely, 
overtone and combination peaks at 2000-1800 
cm-1 and a substitution bands from C-H 
vibrations (p) at 835.7 cm-1, were also observed. 
These peaks indicate that sulfonic acid groups 
reacted with the aromatic hydrocarbons of the 
PS nanofibers at the para-position [13,16]. In 
addition, a peak caused by C-H vibration at 1412 
cm-1 was found, which was probably due to a 
methylene bridge in the para-position [17]. A 
possible structure for the PSNIE after the 
sulfonation reaction was shown in Figure 3.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: The crosslinking and sulfonation reaction of 
PS fibers 

The effect of the sulfuric acid/formaldehyde ratio 
on IEC is shown in Figure 4a. The IEC of the 
PSNIE increased as the sulfuric 
acid/formaldehyde ratio increased and peaked at 
a ratio of 90/10 (2.14 meq/g-dry-PSNIE). When 
the sulfuric acid/formaldehyde ratio increased 
from 95/5 to 90/10, the IEC increased from 0.61 
to 2.14 meq/g-dry-PSNIE. At the ratio of 85/15 
and 80/20, IEC did not increase. This result 
indicates that the optimal ratio of sulfuric 
acid/formaldehyde for crosslinking the PS 
nanofibers was at 90/10. The large amount of 
remianing fibers derived from the ratio of 90/10 
after immersion in dichloromethane supports the 
claim that the above conditions were optimal. At 
the ratio of 50/50, IEC could not be determined. 
 
Effect of silver sulfate on crosslinking  
 
In this study, the PS nanofibers were crosslinked 
a sulfuric acid/formaldehyde ratio of 100/0, 95/5, 
90/10, 85/15, 80/20 and 50/50, while the amount 
of silver sulfate varied among 0, 0.1 and 0.2 
%w/v. The crosslinking time was 5 - 75 min at 70 
C. Then the crosslinked fibers were sulfonated 
in 98% sulfuric acid with 0.2 %w/v silver sulfate 
as the catalyst at 70 C for 30 min to obtain the 
PSNIE. Figure 4a shows the effect of the amount 
of silver sulfate in various sulfuric 
acid/formaldehyde ratios on the IEC of the 
PSNIE. The sulfuric acid/formaldehyde ratio of 
90/10 with 0.1 %w/v silver sulfate resulted in the 
highest IEC value of 2.14 meq/g-dry-PSNIE. 
Figure 4b shows the effect of the amount of silver 
sulfate at various crosslinking times on the IEC of 
the PSNIE. The highest IEC value, 2.86 meq/g-
dry-PSNIE, was observed at 10 min of 
crosslinking with 0.1% w/v silver sulfate.  

 

 
Figure 4: Effect of the percent of silver sulfate ((◊) 0 %, (■) 0.1 % and () 0.2 %) on ion exchange capacity (IEC) 
of PSNIE (a) at various sulfuric acid/formaldehyde ratio and (b) crosslinking time. Each point represents the 
mean of three experiments; *indicates significant differences (p < 0.05) of sulfuric acid/formaldehyde ratio and 
crosslinking time compared with 90/10 and 10 min, respectively; ** indicates significant differences (p<0.05) of 
percent of silver sulfate compared with 0.1 %. 
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Effect of silver sulfate on sulfonation reaction 
 
In this study, the crosslinked PS fibers used in 
the sulfonation reaction were obtained 
under the following crosslinking reaction 
conditions: a sulfuric acid/formaldehyde ratio of 
90/10 was used with 0.1% silver sulfate at 70 C 
for 10 min. The conditions for the sulfonation 
reaction were 98% sulfuric acid with 0 - 1 %w/v 
silver sulfate as the catalyst at 70 C for 30 min. 
The highest IEC value, 2.86 meq/g-dry-PSNIE, 
was observed at 0.2 %w/v silver sulfate. At the 
higher percentage of silver sulfate (0.3 - 1.0 
%w/v), the IEC of the PSNIE decreased to 2.55 - 
2.71 meq/g-dry-PSNIE. This result indicated that 
the optimal amount of silver sulfate (0.2 %w/v) as 
the catalyst of the sulfonation reaction results in 
an increase in the IEC value. 
 
Effect of sulfonation time and temperature on 
sulfonation reaction 
 
In this study, the crosslinked PS fibers used in 
the sulfonation reaction were obtained under the 
following crosslinking reaction conditions: a 
sulfuric acid/formaldehyde ratio of 90/10 was 
used with 0.1 % silver sulfate at 70 C for 10 min. 
The sulfonation reaction conditions varied time 
and temperature from 0 to 120 min and 50 - 100 
C, respectively. Figure 5 reveals that the IEC of 
PSNIE increased with sulfonation time and 
temperature. The IEC increased with sulfonation  

 
Figure 5: Effect of sulfonation time and temperature 
((◊) 50 C, (■) 70 C and () 100 C) on ion exchange 
capacity (IEC) of polystyrene nanofiber ion 
exchangers (PSNIE). Each point represents the mean 
of three experiments; * indicates significant differences 
(p < 0.05) of sulfonation time compared with 30 min; ** 
indicates significant differences (p < 0.05) of 
sulfonation temperature compared with 70 oC. 
time, which the IEC peaked at approximately 30 
min. For sulfonation temperatures of 50, 70 and 
100 oC, the IEC of the PSNIE was 2.46, 2.86 and 
3.21 meq/g-dry-PSNIE, respectively. However, 
the IEC decreased at the longer sulfonation 
times because of the shrinkage and dissolution 
of the PSNIE. The maximum IEC of the PSNIE 

was 3.21 meq/g-dry-PSNIE at 100 oC for 30 min 
of sulfonation time. 
 
DISCUSSION 
 
PS nanofibers could not produce PSNIE via 
sulfonation because PS nanofibers were 
dissolved in sulfuric acid. One possible reason is 
that sulfonic acid groups may have attached to 
the surface of the PS nanofibers, causing 
increase in the ionization and dissolution of the 
PS nanofibers. This result was consistent with a 
previous work [13] which reported that the 
noncrosslinked PS nanofibers were soluble at 
high degrees of sulfonation. Therefore, 
crosslinking the PS nanofibers are necessary for 
the preparation of insoluble PSNIE with an 
acceptable IEC. PS nanofibers were successfully 
crosslinked with sulfuric acid/formaldehyde 
without sulfonation reaction, although sulfuric 
acid was in the crosslinking agent because the 
presence of aromatic sulfonic acid peaks at 1200 
- 1100 cm-1 would indicate that sulfonation 
occurred; however, the peaks were not observed 
in the spectra of crosslinked PS fibers (Figure 2) 
and the IEC of the crosslinked PS fibers were 0 
meq/g-dry-fiber which indicate that sulfonic acid 
groups were absent in the crosslinked PS fibers 
during the crosslinking reaction. The crosslinking 
agent (i.e., formaldehyde) possibly introduced 
methylene bridges, in addition to sulfone bridges, 
into the PS fibers. However, C-H vibration at 
1412 cm-1 (methylene bridge) was not observed 
in the FTIR spectra of the crosslinked PS fibers 
because the methylene bridge overlapped with 
C-H deformations from aliphatic hydrocarbon at 
1450-1400 cm-1.    
 
Increased crosslinking of PS nanofibers caused 
the IEC of PSNIE to decrease (Figure 4). This 
result is similar to the capacity of 
polystyrene/divinylbenzene ion exchange fibers 
which decreased as the degree of crosslinking 
increases [18]. IEC of PSNIE was lowest at the 
sulfuric acid/formaldehyde of 95/5. This might be 
due to the fact that the highest crosslinking of PS 
nanofibers was hindered the diffusion of sulfonic 
acid that would interact with the crosslinked PS 
nanofibers. Decrease in crosslinked PS 
nanofibers at the ratio of 80/20 did not cause IEC 
to increase. This might be due to shrinkage, 
closer proximity, and additional breaks of the 
PSNIE at this ratio as compared with the other 
ratios (Figure 1), which resulted in the lowest 
IEC. These observations were consistent with a 
previous study, which revealed that a decrease 
in IEC is due to the shrinkage and dissolution of 
the fibers during sulfonation reaction [13]. PS 
nanofibers were insufficiently crosslinked at a 
ratio of 50/50, to completely dissolve during the 
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sulfonation reaction. Furthermore, in our previous 
study, IEC decreased when crosslinking time 
was increased [19].  
 
Increase in sulfonation temperature caused IEC 
of PSNIE to increase because faster sulfonation 
occurred. These results are consistent with a 
previous study that used a sulfonation time of 4 
h, which resulted in the IEC of cation exchange 
fibers to increase from 1.30 to 4.50 meq/g-dry-
fibers when the temperature of sulfonation was 
increased from 25 to 95 oC [20]. It was observed 
that higher temperatures increased the rate of 
sulfonation reaction [18]. However, the IEC of 
PSNIE decreased with increase in sulfonation 
time which might be due to the shrinkage and 
dissolution of the PSNIE. 
 
CONCLUSION 
 
PSNIE were successfully prepared by 
electrospinning, subsequent crosslinking with 
sulfuric acid/formaldehyde and sulfonation in 
sulfuric acid, which induced cation exchange 
functionality on the fiber’s surface. The PSNIE 
prepared from crosslinked PS nanofibers in a 
sulfuric acid/formaldehyde ratio of 90/10 with 0.1 
% silver sulfate for 10 min at 70 oC, followed by 
sulfonation in sulfuric acid with 0.2 % silver 
sulfate for 30 min at 100 oC exhibited maximum 
IEC of 3.21 meq/g-dry-PSNIE.  Cationic drugs 
can be loaded into this PSNIE by electrostatic 
interactions for both topical and oral controlled-
release delivery. 
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