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ABSTRACT 
 

Ion-exchange polypropylene fibers (IEPPF) were prepared using the ultraviolet (UV)-
induced grafting of acrylic acid and sodium styrene sulfonate for cation-exchange fibers onto 
nonwoven polypropylene fabric using benzoyl peroxide as photo-initiator. 

The prepared material was characterized by scanning electron microscopy (SEM) and 
infrared spectroscopy (IR). The chemical and thermal stabilities of the grafted PPF were also 
investigated in terms of its resistance to oxidation and decomposition by heating. In addition, 
swelling behavior and ion exchange capacity were calculated. The prepared copolymer 
showed a good chemical stability and its thermal properties improved.  

The capability of this ion exchanger for the removal of some toxic heavy-metal ions 
(such as iron and manganese) from a naturally-occurring groundwater was tested. Some 
factors that influenced the metal-ion uptake, (such as; pH values and contact time) were also 
studied. The metal-ion-uptake results showed that the prepared ion exchange fibers could be 
used for the adsorption of the investigated metal ions and showed some selectivity toward 
iron rather than manganese.  
 
Key words: Cation exchange, Polypropylene fibers, UV-grafting , Heavy metal removal. 
 
Introduction 
 

An effective method used for the removal of heavy metals is ion exchange. Ion exchange may 
be defined as the exchange of ions between the substrate (solid phase) and surrounding medium 
(mobile phase). Ion exchange is one of the most frequently studied and widely applied techniques for 
the treatment of metal contaminated waters and the renewal of solutions for reusing, in addition to 
recovery of metallic substances (Gonzale and Pokrovsky, 2014). 

Separation processes with ion-exchange membranes have been applied to various industries, 
(kang et al., 2002). Their applications are expanded even to recovery of heavy metal from industrial 
wastewater since ion exchange membranes can separate charged species from aqueous solution,  
(Virolainen et al., 2014; Katsou et al., 2011). Such new applications have encouraged advancing 
preparation methods to improve the membrane efficiency. Of these applications is the sorption 
method in which cation-exchange membrane can be prepared by absorbing monomer solution into 
supporting material (e.g. non-porous PVC), (Choi et al., 2002). The surface modification of polymer 
films by radiation-induced grafting is an advantageous technique for preparing membranes with 
desirable properties, particularly in terms of the ability to control the composition and properties of 
the membranes by the variation of the grafting parameters (Hegazy et al., 1999 and Shi et al., 2013). 
However, these light sources affect the bulk and surface property of the substrate in which they 
traverse, resulting in a great deal of crosslinking during grafting. A large degree of crosslinking in IET 
lowers its kinetic constant. Furthermore, the ion-exchange capacity of the IET grafted with these 
sources was relatively low, which increases power consumption in the treatment operating system, 
(Yeon et al., 2004). An ultraviolet (UV) irradiation method is now used in many applications because 
it is a more convenient and less expensive operation than the other irradiation sources. Also, the 
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grafting region can be restricted to the substrate surface without affecting its bulk properties because 
of a lower energy level of UV radiation.  The influence of experimental conditions on the properties 
of the resulting modified materials is a particular focus of interest. (Anirudhan and Tharun, 2013).  

In this study, IEPPFs were prepared through UV-grafting polymerization. The physico-
chemical properties of the newly synthesized IETs were also characterized. Their performances were 
investigated in terms of the removal of iron and manganese from groundwater exploited from some 
wells located in El-Baharyia oasis in the western desert of Egypt. .  
 
Experimental 
  
Materials  
 

A polypropylene Fiber (PPF) or textile with a 3-mm thickness was obtained from McMaster-
Carr Co, USA used as a base polymer for the synthesis of the ion exchange copolymer. The starting 
monomers used in this work were acrylic acid (AAc) and sodium styrenesulfonate (SSS), were 
obtained from Sigma Aldrich Co. Benzoyl peroxide (BP) (Luperox A98) reagent grade,≥98% (Sigma 
-Aldrich) was used as a radical initiator. All of the aforementioned chemicals were used without 
further purification. Other solvents with analytical grade were also used without any further 
purification. 
 
Ion exchanger preparation 
 

Pre-weighed PP fiber samples, with a size of 5 cm × 5 cm and 3 mm thick, were immersed in 
BP solutions (usually 3–5 wt% in methanol) for 1 h at 25 ◦C. After removing the adhering solution, 
the samples were dried until the solvent was removed. The coated fibers were pre-irradiated at a 
distance of 15 cm through a quartz reactor with a 400 W (λ = 232–500 nm) mercury lamp under a 
helium atmosphere at ambient temperature. The monomer solutions were added onto the active 
Polypropylene fiber in the quartz reactor. Graft polymerization was initiated with the surface initiator 
upon exposure to UV irradiation. The PP fiber was then placed in a shaking water bath for 4–6 h at 80 
◦C to reactivate the end of the grafted chain. After UV induced polymerization, the PP fibers were 
extracted for 24 h with hot distilled water (50 ◦C) to remove residual monomers and homopolymers. 
Samples having different grafting ratios were prepared in the system by varying the UV irradiation 
time and monomer concentrations. The grafting ratio was calculated using the following equation.   
 

�������� ����� (%) =  
����ℎ� �� ������

����ℎ� �� �������� �������
 � 100 

 
The resulting cation-exchange fiber is referred to as IEPPF. The reaction is presented 

diagrammatically in Figure 1.  The introduction of ion-exchange groups onto the PP fiber by the UV 
induced graft polymerization technique is shown in this scheme. 
 
Characterization of ion-exchange textiles 
 
FTIR spectroscopy 
 

The functional groups and polymer structure in the prepared ion exchange fibers IEPPF were 
analyzed by infrared Spectroscopy (Varian FTS 800 FT-IR Scimitar Series Spectrometer). 

Scanning electron microscopy  

The surface morphology of the UV-cured fibers was observed using Quanta, FEI Quanta model 
FEG 250 environmental scanning electron microscopy.  
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Fig.1. Scheme showing the synthesis of the UV graft ion-exchange Fibers. 
 
Swelling measurements 

The grafted fiber was swollen in deionized water at pH 7 for 24 h, the surface-attached water on 
the fiber was removed with filter paper, and it was weighed. The wet weight was determined by the 
change in the weight before and after hydration. The swelling percentage was calculated as follows: 

�������� (%) = �
�� − ��

��
�  � 100 

 
Where Wg and Ws represent the weights of the dry and wet fibers, respectively. 
 
Ion Exchange Capacity (IEC)   
 

The grafted and sulfonated fibers were immersed with stirring in a solution of NaOH of a 
known concentration at ambient temperature for 24 h. The exchanged solution was titrated with a 
0.1M HCl solution with a phenolphthalein as an indicator to recognize the endpoint. The procedure 
was carried out in triplicate, and the results were averaged. IEC was calculated according to the 
following equation: 
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Where VNaOH is the volume of the NaOH solution (mL), M1 is the initial molarity of NaOH, M2 is the 
molarity after the exchange, and Wg is the weight of the fiber in the hydrogen form in grams. 
 
Chemical stability 
 

The grafted and sulfonated fibers were immersed in a 3% H2O2 solution at 70oC for 8 h. Then, 
the polymers (IEPPF) were dried, and the weight loss was calculated. 
 
Thermo gravimetric analysis (TGA) 
 

Ion exchange fibers (IEPPF) were dried at 70ºC for 5 h before analyzing them. TGA for the 
investigated samples was performed with a Seiko TGA/DTA Instrument model 6200 in the 
temperature range of 25-500˚C under air atmosphere. A mass of approximately 9 mg and a heating 
rate (5ºC min-1) was used for all the samples.  
 
Results and Discussion 
 
Characterization of the prepared polymer  

 
Effect of the comonomer composition 
 

The practical use of the ion exchangers over a wider pH range requires a strongly acidic ion-
exchange group, such as sulfonic acid group attached to the base material. However, monomers 
containing a strongly acidic such as sodium styrene sulfonate (SSS) ion-exchange group hardly graft 
onto the hydrophobic polymers. This is because the highly ionizable groups with a large hydration 
sphere are incompatible with the hydrophobic polymers. Therefore, adding weakly ionizable groups 
such as acrylic acid (AAc) helps diffusion of SSS onto the surface of the PP fiber during UV-grafting 
polymerization, (Sugiyama et al., 1993). The reaction conditions were summarized in table (1)  
 
Table 1: Reaction conditions of uv-induced grafting for preparing ion-exchange felts 

Reaction mixture Comonomer composition Grafting yield % 

PPF sample was immersed in a monomer 
mixture (5 wt% BP, SSS, AAc (30 wt%)  in 50 
wt% H2O/ 15 wt% MeOH), then irradiated with 
UV light for 5 hours. 

5 wt% SSS , 25 wt% AAc 45 

10 wt% SSS , 20 wt% AAc 73 

15 wt% SSS , 15 wt% AAc 81 

20 wt% SSS , 10 wt% AAc 107 

25 wt% SSS , 5 wt% AAc 99 

30 wt% SSS , 0 wt% AAc 25 

  
The grafting yield (degree of functionalization) varies with the increasing concentrations of 

AAc or SSS for a given UV irradiation time and BP concentration (Figure 2). The effect of 
each monomer was investigated using a concentration range of 5–30 wt.%. It was shown that by 
increasing the concentration of both SSS and AAc, the degree of grafting reached its highest value 
when the mixing ratio of SSS and AAc attained 20 wt % and 10 wt % respectively.  

It was also found that SSS with 20 and 25 wt% lead to significantly higher functionalization 
degree then starts to decrease at 30 SSS wt%. This is more likely due to steric effects caused by the 
more bulky styrene sulfonic groups or because there is no available sites on the base polymer surface 
to be penetrated by the monomer.  
 
Effect of the irradiation time (UV light exposure)  
 

In order to study the degree of functionalization, Ion exchange fiber (IEPPF) and the 
comonomer mixture, with the ratios mentioned above, were subjected to UV light at a specific 
distance for different times. The relationship between the grafting yield and irradiation time is shown 
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in    Figure 3. The grafting yield increases gradually with increasing irradiation time. The amount of 
grafting increases suddenly when the sample exposed 13 hours to the UV light, and then begins to 
decrease again at 16, 19 and 22 hours exposure. This trend can be ascribed to the fact that longer 
exposure to UV light leads to more free radical formation in the grafting system. 

 
 

Fig. 2: Effect of monomer concentration on grafting yield 
 
 

Fig. 3: Effect of UV exposure time on grafting yield 
 

These radicals contribute to the grafting reactions, leading to an increase in the grafting yield. 
When exposed to longer time (more than 13 hrs.), the rate of the grafting yield decreases. At such 
time, the content of polymer crosslinking increases, and this limits the molecular motion; 
consequently, the rate of grafting decreases. Thus, the monomer has not diffused sufficiently into the 
reaction sites, and most of it has been homopolymerized, (Sato et al., 2003). 
 
FT-IR spectra 
 

The Fourier transform infrared (FT-IR) spectra for the prepared IEF is presented in Fig 4. The 
grafting has been confirmed by FTIR; the strong broad absorption band of the OH group of COOH in 
poly (acrylic acid) (PAA) appears around 3350 cm-1.  

The absorption band assigned to the carbonyl group (C=O) from AAc was observed at 1700 
cm−1, indicating that the acrylate residues had bonded to the PP substrate. The absorption band 
assigned to sulfonic acid groups was observed between 941 and 887 cm−1 and the asymmetrically 
stretched S=O signal was seen at 1375 cm−1, (Yeon et al., 2002). These also indicated that the sulfonic 
groups from styrene sulfonic sodium salt (SSS) and the carboxylic group from acrylic acid (AAc) 
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were successfully introduced into the PP substrate through the UV-induced graft polymerization 
process. 

 
 

Fig. 4: FT-IR spectra for: a) ungrafted polypropylene fiber b) grafted ion exchange fiber  

 
FE-SEM analysis  

 
The surface morphology of the prepared cation exchanger was examined using Quanta, FEI 

Quanta model FEG 250 environmental scanning electron microscopy. The scanning electron 
micrographs (SEM) of both non-grafted and grafted CIEFs are shown in Figure 5.  It is obvious that, 
when comparing with the untreated fiber (a), UV-induced polymerization occurred on the surface of 
the 

 IEFs (b).  The grafted IEF resulted in rough and more bulky IEPPF regardless of the degree 
of grafting. 
 

  
Figure 5: Scanning electron micrograph of:  a) untreated PPF  and  b) grafted IEFs 
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Swelling ratio and ion-exchange capacity 
 

The percentage of water uptake by an ion-exchanger correlates with its hydrophilicity, a 
parameter that positively influences the rate of ion exchange, (Xu et al., 1999). It is affected by a 
variety of factors including the preparation procedure, the degree of crosslinking (grafting), solvent 
type, etc. To investigate the ion exchange capacity and swelling ratio, samples were taken from the 
previously prepared with the highest grafting yield. These samples were subjected to radiation with 
UV light at different times. As shown in Table 2, an increase in the radiation time, grafting ratio as 
well as swelling were increased. The increase in the grafting and swelling ratios are also related to 
higher IEC ratio. AAc and SSS contain the functional groups COO- and SO3

-, respectively, which 
increase the swelling ratio since they are easily hydrolyzed in aqueous solutions, (Irwan et al., 2002).  

 
Table 2: Grafting ratio, swelling ratio, and ion-exchange capacity of CIEFs   

UV exposure time (hrs) Grafting ratio % Swelling percent% IEC mmol/g 

4 22 159 1.45 

7 35 202 2.13 

10 43 260 2.00 

13 69 282 2.35 

16 58 301 2.36 

19 38 203 2.21 

22 34 185 1.93 

 
Chemical stability 
 

The chemical resistance of grafted and sulfonated  polymer having various grafting yields 
against the oxidation is presented in Figure 6.  
 

Fig. 6: Relationship between grafting degree and weight loss 
 

It is clear that insignificant copolymer weight loss occurs with IEFs having grafting yield of 
35%, 22% and 69%, respectively.  

The results showed that such grafted fibers possess good chemical stability and therefore are 
good candidates for practical use as cation exchangers. However, the one with 69% grafting yield is 
selected because of its high swelling and ion exchange capacity.  
 
 
 



Int. J. Environ., 4 (4): 350-361, 2015 
ISSN: 2077-4508 

357 

TGA 
 

Stability of the grafted PPF was also investigated in terms of its resistance to decomposition by 
heating. The thermograms of the original and grafted PPF are shown in Figure 7. This analysis shows 
that an increase in thermal stability occurs as the function groups (COOH and SO3H) have been 
introduced to the base polymer. The ungrafted PPF has thermal stability up to 198 oC, followed by 
single-step degradation; a smooth decrease in the weight accompanied by complete depolymerization 
occurs at 500 oC (Figure 7a). The first stage of the weight loss represents the degradation of the 
grafted side chain, and the second stage represents the depolymerization of the backbone polymer.   

As for the grafted of PPF with PAA and PSSS, decomposition occurs at three degradation steps 
started, (Figure 7b). The first degradation step starts at 222 oC with a mass loss of about 6.8%. This is 
ascribed to the loss of water molecules associated with both the caroboxylic and sulfonic acid groups 
in the membrane because they make the polymer acquire strong hydrophilic characters. The second 
step of degradation composed of two-consecutive steps that occur at 308 oC & 373 oC. It is attributed 
to decarboxylation and desulfonation, which is mostly accompanied by the evolution of CO2 & SO2 
(Gupta et al., 1994). The third stage of the degradation represents the depolymerization of the 
backbone polymer, which begins at 416 oC.  It can be conluded that introducing COOH & SO3H 
makes the membranes more resistant to thermal degradation in comparison with ungrafted one.  
 

  
Fig. 7: Thermogravimetric graphs for: a) ungrafted PPF   b) grafted PPF 

 
Factors Affecting Adsorption (pH and retention time) 
 

Such grafted co-polymers possess excellent properties and may be used as ion-exchange 
membranes. For this purpose, some toxic heavy-metal ions such as iron and manganese that exist in 
groundwater have been studied. The factors that can affect the metal-ion uptake with the prepared 
membranes are the pH, (Figure.8), of the medium and the treatment time. The complexion of a heavy-
metal ion by a chelating ligand strongly depends on the pH of the medium. This effect can be 
observed especially in the formation of the coordination bond between oxygen or sulfur and metal 
ions in the carboxyl and sulfonyl groups (Venkata et al., 2012). At low pH values the metal removal 
decreased. This might be related to the competition between H+ and M2+ ion species for the adsorption 
sites, due to the high H+ concentration (Fernando et al., 2009). In addition, reduction of the attraction 
between metal cations and adsorbents due to the positive charge of the sorbents’ surface. While, the 
carboxylic and sulfonic groups are deprotonated and negatively charged at pH higher than 3–4. 
Consequently, the attraction of positively charged metal ions would be enhanced (Norton and 
Baskaran, 2004). 

Increasing of pH value after saturation, does not increase the metal sorption, but a partial metal 
desorption may occur.  This would be due to the reaction of metal ions with OH groups and 
precipitate as a metal hydroxide (Farooq et al., 2010)  Therefore, when using these polymers to 
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remove heavy metals from water, the pH value should not exceed six to avoid the precipitation of 
such metal ions as hydroxides. 

 
 

Fig. 8: Effect of pH on metal ion removal 

 
The variations of metal removal percentage at different retention times with the prepared IEF 

are shown in Figure 9.  A sample weighing 0.5 g of the prepared IEF was added to two flasks, each 
filled with 50 ml of a solution containing 50 mg/l of iron and manganese ions. The flasks were left 
from 1, 3, 5, 7 to 9 hours, respectively. The sorbents showed a sharp metal reduction for the first 
5 hours of contact time, with a further increase in time the sorption decreased progressively. At the 
beginning, the adsorption is very fast due to the high number of available adsorptive sites (Zhou et al., 
2011).  
 

Fig. 9: Effect of retention time on removal of Fe & Mn ions using 50 mg/l solution 
 

It is clear from the figure that the optimum conditions to reach the maxiumum values of metal-
ion adsorption come after 3 and 5 hours for Fe and Mn ions, respectively; after this period, there is no 
significant increase in the metal-ion adsorption.  
 
Copolymer testing 
 

The cation exchange copolymer was tested by a solution containing 50 mg/l of both Fe and Mn 
ions.  The equilibrium of metal removal was achieved at 3 hours for Fe and 5 hours for Mn. The 
sorption capacity, for the sorbent (grafted polymer) at equilibrium, was in trend of Fe > Mn. This 
trend is probably due to the adsorption phenomena depending on the diameter of hydrated cations, 
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measured in picometer (pm), where the bigger diameter (Mn2+ ionic radius = 80 pm) has lower 
adsorption than the smaller diameter (Fe2+ ionic radius = 76 pm). That caused faster equilibrium for 
Fe than Mn ions (Erdem et al., 2004).  

The performance of the novel cation exchange polymer was further challenged with a naturally-
occurring groundwater sample. This sample was exploited from a groundwater well taping El-Baharia 
bearing formation. This water-bearing formation is characterized by the existence of minerals rich in 
iron and manganese. As a result, concentrations of these elements are high due to various geochemical 
processes such as leaching and dissolution as well as oxidation-reduction process. The results of the 
chemical analysis showed that the concentration of iron and manganese elements reached 45mg/l and 
10 mg/l, respectively in some groundwater wells, making them unsuitable for drinking or even for 
agriculture. Therefore, the prepared grafted copolymer was used to minimize the concentrations of 
such elements.  It is observed that when a naturally-occurring groundwater sample was treated with 
the  prepared polymer, the concentrations of iron and manganese were decreased significantly to 2.2 
mg/l and 1.45 mg/l from initial concentrations of iron and manganese of 40 mg/l and 10 mg/l, 
respectively.  
 
Reuse studied  
 

The prepared material should be used more than once to be practically and economically 
meaningful. Therefore, the modified polymer must be easily desorbed under suitable conditions and 
reusable. The adsorbed metal ions can be easily desorbed from the polymer through soaking in 1 M 
HNO3. It was shown that there is a slight decrease in its removal efficiency after being used three 
times where the capacity went down from 95% to 92% and from 82 to 79% with respect to Fe and Mn 
ions, respectively, (Table 3). 
 
Table 3: Removal efficiency of  the prepared IEPPF after three cycles 

 
Cycle 

IEPPF capacity % 

Fe Mn 
1 95 82 
2 93.2 80.6 
3 92 79 

   
Conclusion 
 

In this work, the ultra violet (UV) polymerization has been proposed to simplify the sorption 
method. The optimization conditions in the synthesis of the UV-graft cation-exchange fibers were 
determined to be SSS, AAc, and BP concentrations of 20 wt%, 10 wt%, and 5wt%, respectively. The 
ion exchange capacity (IEC), swelling properties and thermal propoerties of the grafted copolymer 
was improved by functionalization. The grafted copolymer was tested with a solution containing Fe 
and Mn ions to assess its sorption capacity. The metal-ion uptake was found to be dependent on the 
pH of the medium, the adsorption time, and selective to Fe rather than Mn. The prepared ion-
exchange fiber could be regenerated easily by treatment with 1M HNO3. It can be concluded that the 
prepared polymer could be used as a good ion exchanger to remove Fe and Mn ions from 
groundwater. 
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