
 

Global NEST Journal, Vol 26, No 10, 06643 
Copyright© 2024 Global NEST 

Printed in Greece. All rights reserved 

 

Ahmed Gameel, Hassan A. Farag, Dina El-Gayar. and Eman M. El-Sayed (2024), Effective removal of calcium and magnesium Ions from 

boiler feed Water using polyacrylonitrile supported titanium tungstovanadate composite ion exchange nanofiber, Global NEST Journal, 

26(10), 06643. 

Effective removal of calcium and magnesium Ions from boiler feed 
water using Polyacrylonitrile supported Titanium 
Tungstovanadate composite ion exchange nanofiber 

Ahmed Gameel1, 2, Hassan A. Farag2, Dina El-Gayar2 and Eman M. El-Sayed3* 
1Chemical Engineer, Petrochemicals Company, Alexandria, Egypt. 
2Chemical Engineering Department, Faculty of Engineering, Alexandria University, Alexandria, Egypt. 
3Fabrication Technology Research Department, Advanced Technology & New Materials Research Institute (ATNMRI), City of Scientific 

Research and Technological Applications (SRTA-City), 21934, Alexandria, Egypt. 

Received: 16/08/2024, Accepted: 06/09/2024, Available online: 09/10/2024 

*to whom all correspondence should be addressed: e-mail: mdr.eman@yahoo.com. 

https://doi.org/10.30955/gnj.06643 

Graphical abstract 

 

Abstract 

The challenge posed by the presence of calcium ions (Ca2+) 
in process streams is attributed to its adverse effects on the 
heat transfer efficiency of process equipment. In this study, 
a novel electrospun nanofibrous composite was 
synthesized by combining polyacrylonitrile (PAN) with well-
dispersed Titanium tungestovanadate (TWV) cation 
exchanger. Homogeneous precipitation technique was 
employed to synthesize nano-titanium (IV) 
tungstovanadate (TWV) cation exchanger. Various 
synthesis parameters, including reactant volume ratio, 
amount of precipitating agent and reaction temperature, 
were optimized to achieve the highest ion exchange 
capacity (IEC). The prepared ion exchange material 
exhibited an ion exchange capacity (IEC) of 2.39 meq.g-1 for 
Na+ ions. The incorporation of the prepared nanoparticles 
into nanofibers conferred the sorption capabilities of the 
composite. The nanofibers' morphologies and structures 
were analyzed using Fourier transform infrared (FTIR), 

scanning electron microscopy (SEM), and X-ray diffraction 
(XRD). Batch sorption experiments were carried out to 
investigate the sorption properties. Controlled 
experiments were conducted to investigate the impact of 
various factors, including solution pH, temperature, 
dosage, contact time, and the initial concentration of the 
hard water. The results indicated that the optimum 
adsorption conditions that gave the highest percentage of 
removal 99%, 98% for Ca2+ and Mg2+ ions respectively were 
50 mg of adsorbent dosage, 500 ppm of Ca2+ and 
Mg2+ solution =7, and a contact time of 30 min at room 
temperature. The kinetic data were fitted to pseudo 
second order model. Furthermore, the thermodynamic 
study suggested that the adsorption on PAN/TWV NF was 
endothermic and spontaneous. 

Keywords: Ion exchange, hard water, polyacrylonitrile, 
nanoparticles. 

1. Introduction 

Divalent ions, such as iron, manganese, calcium, and 
magnesium, contribute to varying degrees of water 
hardness in both surface and groundwater. Among these, 
calcium ions (Ca2+) are the most common culprits of water 
hardness (Park J-S et al. 2007; Júnior OK et al. 2010; Kim J 
et al. 2019), leading to undesirable mineral precipitation in 
water supply systems. These occurrences can negatively 
impact the heat transfer efficiency in process equipment 
and the separation efficiency of membrane systems 
employed in water treatment (Kim J et al. 2019; Gabrielli C 
et al. 2006; Seo S-J et al. 2010; Van Limpt B and Van Der 
Wal A 2014; Yoon H et al. 2016). The presence of Ca2+ can 
induce biocolloids, resulting in excessive precipitation or 
clogging issues (Sobeck DC and Higgins MJ 2002). 
Consequently, the complete removal of hardness from 
water is essential to prevent membrane fouling, as well as 
to minimize the excessive use of detergent and chelating 
chemicals in cooling and washing water (Júnior OK et al. 
2010). Various methods, including thermal evaporation 
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(Koren A and Nadav N 1994; Shaffer DL et al. 2013), ion-
exchange (Wiers BH et al. 1982), chemical precipitation 
(Dean JG et al. 1972), electrodialysis (Yeon K-H et al. 2004), 
reverse osmosis (RO), and nanofiltration (NF) (Ghizellaoui S 
et al. 2005; Hauck AR and Sourirajan S 1969), have been 
extensively utilized for the removal of Ca2+ from water. 
However, some of these conventional approaches come 
with their own set of limitations. Conventional methods for 
calcium ion (Ca2+) removal, such as chemical precipitation, 
electrochemical reduction, and certain membrane 
separation processes, are associated with drawbacks, 
including the excessive use of chemicals, high energy 
consumption, and the generation of substantial waste 
residues that may contribute to secondary pollution (Seo S-
J et al. 2010; Yoon H et al. 2016; Ghizellaoui S et al. 2005; 
Godiya CB et al. 2020; Cegłowski M et al. 2018; Ghaemi N 
et al. 2015). Electrochemical reduction, in particular, is an 
expensive process with relatively low efficiency for waste 
removal. 

In contrast, membrane separation and adsorption methods 
have emerged as promising alternatives. These techniques 
offer advantages such as ease of membrane/adsorbent 
fabrication, high selectivity, cost-effectiveness, and the 
potential for adsorbent reuse (Fu F and Wang Q 2011; 
Lakherwal D 2014; Ahmed FE et al. 2015; Abdullah N 2019; 
Milagres JL et al. 2019). Synthetic polymers and 
membranes have gained attention for their application in 
removing Ca2+ from industrial wastewater, such as 
circulating cooling water from boilers or air-conditioning 
systems. Additionally, these materials can be used to 
chelate Ca2+ and magnesium ions (Motomizu S et al. 1992; 
Chen M et al. 2018). Recent research has explored the 
capabilities of various synthetic polymers and conventional 
membranes in capturing Ca2+ (Xiao S et al. 2016). While 
these methods can effectively remove Ca2+, their 
application may be limited due to their relatively low 
adsorption capacity. Polyacrylonitrile (PAN) is recognized 
as a commonly employed and environmentally stable 
commercial polymer. It possesses favorable chemical and 
thermal properties, along with good solubility in organic 
solvents. The versatility of PAN has led to its widespread 
use in the electrospinning process for the production of 
nanofibers. This electrospinning technique allows for the 
creation of nanofibrous structures, leveraging PAN's 
properties to generate materials with diverse applications. 
Nanofibers continue to be an area of intensive research 
due to their versatility, offering promising solutions in 
healthcare, energy, environmental protection, and beyond. 
The have high surface area-to-volume ratio. Nanofibers 
provide a large surface area, beneficial in applications such 
as filtration, catalysis, and sensors. Nanofibrous mats have 
interconnected pores, which can be controlled during 
fabrication, making them ideal for filtration, tissue 
engineering, and drug delivery. Despite their fine size, 
nanofibers can offer high tensile strength, which is 
important for applications requiring mechanical durability. 

In this work, PAN-based nanofibers were prepared by the 
electrospinning technique. The prepared exchanger was 
thoroughly characterized to analyze its morphology and 
chemical composition. Furthermore, its performance in 

treating water containing Ca2+ and Mg2+ ions was 
evaluated. 

2. Materials and methods 

2.1. Reagents and instrumentation 

Titanium (IV) chloride (purity 99%, Bio Basic INC.), Sodium 
metavanadate (purity 98%, Sigma-Aldrich), sodium 
tungstate (purity 99%, ACROS Organics) have been used as 
the raw materials for the synthesis of titanium (IV) 
tungstovanadate and Urea (purity 99%, Aldrich Chemistry) 
as precipitating agent. Acrylonitrile (AN) (purity 99%, 
Sigma-Aldrich), N,N-dimethylformamide (DMF) (99.9+%, 
Fluka) potassium persulfate (99%, Sigma-Aldrich). All 
chemicals were used without further purification. 

X-ray powder diffraction (XRD, Cu-K radiation, Shimadzu-
7000, Kyoto, Japan) was used to determine the 
crystallographic phase of the prepared samples. Their 
morphology was examined by scanning electron 
microscopy (JSM-IT200, USA) combined with energy 
dispersive X-ray analysis (EDX) for the elements 
identifications. The microstructure was also observed by 
JEM-2100 transmission electron microscope (TEM, JEOL, 
Japan) Fourier transform infrared (FTIR) analysis was done 
with a Bruker ALFA spectrometer (Bruker Corporation, 
Ettlingen, Germany). 

2.2. Synthesis of Titanium tungstovanadate (TWV) 
nanoparticles 

Titanium tungstovanadate ion exchanger has been 
synthesized using homogenous precipitation approach 
using urea as a precipitating agent. The effect of reactants 
volume ratio, dose of urea and reaction temperature were 
examined and their impact on the ion exchange capacity of 
the prepared material was determined. Typically, solutions 
of 0.1 M titanium (IV) chloride in 0.01 M HCl, 0.1 M sodium 
metavanadate and 0.1 M sodium tungstate were mixed 
with different volume ratios, and then urea was added to 
the reaction mixture. The resulting slurry was then heated 
to 80 °C and stirring was continued to decompose the 
precipitating agent. The obtained precipitate was filtered 
and washed repeatedly with distilled water. The product 
was dried at 60 °C for 24 hr. Finally, the product was 
calcinated at 600 °C for 5 hr. The obtained nanoparticles 
were immersed into 2 M nitric acid with calm stirring to 
transform the prepared cation exchange into its 
hydrogenated form.  After 24 hr., the cation exchanger was 
washed with distilled water and dried at 60 °C for 8 hr.  In 
order to determine the chemical and physical properties of 
the prepared samples, the one which showed the largest 
IEC for Na+ ion was selected for further studies and fully 
characterized. 

2.3. Ion Exchange Capacity (IEC) 

Ion exchange capacity generally is taken as measure of the 
hydrogen ion liberated by neutral salt that flow through the 
ion exchanger. The ion exchange capacities of the different 
prepared ion exchanger samples were determined by acid-
base titration (Roy K et al. 2004). Certain weight of the 
prepared ion exchanger samples in its H+ form was soaked 
in 100 mL of 2 M NaCl solution for 12 hr with stirring at 
ambient temperature using orbital shaker (Yellow line 
Os10 Control, Germany) to exchange protons with sodium 
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ions. The ion exchanged was titrated against a standard 
solution of 0.1M NaOH using phenolphthalein as indicator. 
The ion exchange capacity (IEC) was calculated using the 
following equation: 

IEC (meq/g) = VNaOH* CNaOH / Wd (1) 

Where, 𝑉NaOH, 𝐶NaOH, and 𝑊𝑑 are the volume of NaOH 
consumed in titration, NaOH concentration, and the weight 
of the dry sample, respectively. 

2.4. Synthesis of polyacrylonitrile nanoparticles 

The formation of polyacrylonitrile (PAN) particles involved 
the dispersion/emulsion polymerization of acrylonitrile 
(AN) in an aqueous continuous phase, utilizing potassium 
persulfate (PPS) as the initiator (Boguslavsky L et al. 2005). 
PAN nanoparticles were produced by dissolving 3 ml AN 
and 30 mg PPS in 100 ml water. The polymerization of AN 
took place by shaking the vial in a water bath at 60 °C for 6 
hours. The resulting homogeneous and viscous solution 
was then dried at 100 °C for 4 hours. 

2.5. Preparation of PAN/TWV composite nanofibers 

PAN solutions with different concentration (1, 3, 6% wt./v) 
were prepared by adding different amount of PAN powder 
to solvent DMF. The mixtures were stirred under constant 
magnetic stirring for 24 hours at room temperature in 
order to obtain homogeneous solution. The preparation of 
the PAN/TWV composite solution, PAN solution (3 % wt./v 
%) then mixed with different amount of nano TWV powder 
that was selected and characterized sample (S-3) with the 
highest IEC. Various amounts (0.2, 0.4, 0.8 g) of TWV 
nanoparticles were mixed with PAN solution. 
Ultrasonication was applied for 15 min to disperse TWV in 
PAN solution at room temperature before the spinning 
step. 

2.6. Electrospinning of PAN and PAN/TWN composite 
solution 

Electrospinning of both pure PAN and PAN/TWV composite 
solution was pumped with a syringe pump at a feed rate of 
(0.3, 0.5, 0.8) ml/h, a voltage (20, 25, 30) KV and the 
distance between the syringe needle and the receiving 
plate was (10, 15, 20) cm were adjusted to obtain the 
optimum nanofibers. The nanofibers were collected on an 
aluminum foil receiving plate. 

2.7. Adsorption performance of the prepared nanofibers: 

The optimum fabricated nanofibers that attained the 
highest IEC were tested as adsorbent matrices for hardness 
removal from boiler feed water using batch technique. A 
stock synthetic solution of 500 ppm Ca2+ and Mg2+ were 
prepared separately using deionized water. Using 
deionized water in boiler feed water treatment 
experiments can indeed affect the results. Deionized water 
lacks the natural ions, minerals, and impurities found in 
typical feed water, which can lead to several differences in 
experimental outcomes. Deionized water presents an 
idealized environment free from competing ions (such as 
sodium, chloride, or bicarbonate), which can influence the 
behavior of the ions being studied (e.g., Ca²⁺ and Mg²⁺). In 
real boiler feed water, these competing ions could affect 
the cation exchange process or overall water chemistry, 
potentially leading to different removal efficiencies.   A 
certain weight of the prepared nanofibers was added into 
100 ml of the Ca2+ and Mg2+ solutions, followed by shaking 
at room temperature. 5 ml samples of the water were 
taken at predetermined intervals and the final Ca+2 and 
Mg+2 concentrations were determined using atomic 
absorption. The influence of different parameters affecting 
the process as effect of contact time (0-60 min), dosage of 
the nanofiber (30-80 mg), pH (3-9) was studied. 

3. Results and discussions 

3.1. Synthesis of nano-Titanium tungstovanadate Ion 
Exchanger 

3.1.1. Impact of reactants mixing volume ratio 

Table 1 illustrates the synthesis of Titanium (IV) 
tungstovanadate using different volume ratios of titanium 
(IV) chloride, sodium tungstate, and sodium metavanadate 
at 80 °C, with the addition of 0.3 M urea. It is evident that 
increasing the volume of tungstate and vanadate ions 
results in an enhanced ion exchange capacity of the 
prepared material, as opposed to increasing the 
concentration of titanium. This can be attributed to the 
increase in the anionic component responsible for the ion 
exchange process within the ion exchanger. The optimal 
volume ratios of Ti:W:V were determined to be 1:2:1, 
which exhibited the highest ion exchange capacity (IEC) 
(Nabi SA and Naushad M 2007). 

 

Table 1. Effect of reactants volume ratio on the IEC of the prepared Ti (IV) tungstovanadate: 

Sample 

Mixing Volume ratio (v/v) 

IEC (meq/g) 
Ti (IV) chloride (0.1M) 

Sodium tungstate (0.1 
M) 

Sodium metavanadate 
(0.1 M) 

S-1 1 1 1 1.7 

S-2 1 1 2 2.0 

S-3 1 2 1 2.39 

S-4 2 1 1 1.8 

S-5 1 3 1 2.1 

S-6 1 1 3 1.9 

 

3.1.2. Effect of precipitating temperature 

The effect of temperature on the IEC of the prepared 
material  was determined using the predetermined 
optimum reactants ratio (1:2:1)  at different temperatures. 

Table 2 showed that the IEC of the produced ion 
exchangers were increased with increasing the reaction 
temperature, where the maximum IEC of 2.39 meq.g-1 was 
obtained at a temperature of 80 °C. However, further 
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increase in the reaction temperature has a negative effect 
on the IEC. This may be due to the increase in urea 
dissociation producing carbonate ions that foul the 
prepared exchanger surface and decrease its exchange 
capacity (Shaw WH and Bordeaux JJ 1955). 

Table 2. Effect of temperature on the ion exchange capacity of 

TWV: 

Temperature, (˚C) IEC, (meq. /g) 

40 1.5 

60 2.1 

80 2.39 

90 2.15 

3.1.3. Effect of precipitating agent dose 

To optimize the dosage of the precipitating agent (urea), 
several samples of titanium tungstovanadate ion 
exchanger were prepared with varying amounts of urea in 
relation to the weight of titanium chloride used. The urea 
dosage ranged from 0 to 0.6 M. As indicated in Table 3, the 
exchange capacity of the prepared material exhibited an 
increase with increasing urea dosage, followed by a 
subsequent decrease. The optimal ion exchange capacity 
(IEC) value was achieved with 0.3 M urea. The decrease in 
IEC can be attributed to urea hydrolysis and the formation 
of a carbonate precipitate (Boguslavsky L et al. 2005). 

Table 3. Effect of urea dose on the IEC of Ti (IV) tungstovanadate: 

Urea, (M) IEC, (meq./g) 

0.0 1.2 

0.2 1.6 

0.3 2.39 

0.6 1.9 

3.2. Characterization of the prepared titanium 
tungstovanadate sample with the highest IEC (S-3): 

 

Figure 1. X-ray diffraction pattern of titanium (IV) 

tungstovanadate (S-3). 

Figure 1 represents the x-ray pattern of the best prepared 
sample (S-3) that attained the highest ion exchange 
capacity.  The X-ray spectrum confirmed that the 
heteropoly acid salt is crystalline in nature and it revealed 
number of peaks at different 2θ values confirming the 
presence of Ti, W and V and O. The presence of anatase is 
discarded in our sample, whereas the rutile phase of TiO2 
was predominant with diffraction peaks at 2θ = 18.2 
º,25.3º, 37.7º,47.8, 53.9ºand 58.6º. 

Morphological characterization of S-3 was performed using 
SEM. Figure 2 indicates that the prepared hetropoly acid 
salt is spherical in shape and in nano scale with an average 
diameter 59.13 nm.  

 

Figure 2. SEM micrograph of prepared titanium tungstovanadate 

(S-3). 

FTIR of the best prepared sample results is shown in Figure 
3. The strong and broad peak at 3398 cm-1 corresponds to 
the presence of interstitial water and hydroxyl groups. A 
sharp peak at 1631 cm-1 corresponds to deformation 
vibration of free water molecules (Al-Othman Z and 
Naushad M 2011). A small peak at 2368.12 cm-1 was due to 
Ti-O vibrations (Busani T and Devine R 2005). However, the 
peak at 1000 cm-1 shows the presence of vanadate ion. And 
the broad band in the region of 806-508 cm-1 indicated the 
existence of Ti-O bond (Zheng L et al. 2016) and may be 
assigned to metal oxide bond formation (Socrates G 1980). 
Hence, from the IR analysis, it can be deduced that the 
materials are composed mainly of a mixture of titanium 
tungsten oxide and titanium vanadium oxide. 

 

Figure 3. FTIR of the prepared titanium (IV) tungstovanadate (S-

3). 

3.3. Fabrication of PAN and PAN/TWV nanofibers 

Effect of PAN Concentration 

Polymer concentration is an important operational 
parameter in the electrospinning process, which influences 
fiber morphology significantly. The formation of the fibers 
is inhibited in the solutions with high concentrations due to 
their high viscosity (Beachley V and Wen X 2009). The high 
viscosity makes the solutions extremely difficult to flow 
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through the syringe needle to form nanofibers under an 
electrostatic force (Ding B et al. 2002). Therefore, 
appropriate solution concentration becomes one of the key 
parameters to optimize the final electrospinning fibers. 
During this experiment, the effect of polymer 
concentration on spinnability and fiber diameter was 
investigated by changing the concentration percentage of 
the PAN in DMF. Different concentrations, such as 1%, 3% 
and 6% wt./v. are taken in a set of experiments. Different 
concentrations, such as other parameters, such as applied 
voltage, feed rate and distance between tip-collector are 
kept fixed at 20 KV, 0.5 ml/hr. and 15 cm, respectively. 

Figure 4 showed the SEM image of pure PAN nanofibers 
electrospun with concentrations of 1%, 3%, and 6% wt. %, 
respectively. At 1% concentration, the obtained fibers were 
nonuniform and some beads were observed due to the lack 
of force balance among the electrostatic repulsion, surface 
tension, and viscoelastic force (Fong H et al. 1999; Huebner 
A 1970). By increasing the concentration to 3 wt. %, the 
morphology of nanofibers was changed from a beaded 
fiber to a uniform fiber structure and the fiber average 
diameter was 80 nm (Bakar SSS et al. 2019). At 6 wt.% 
which consider as high concentrations, resulting in larger 
average diameter of nanofibers because of the inability to 
maintain the flow of the solution at the tip of the needle (Ki 
CS et al. 2005) and due to their higher viscosity resistance 
(Pham QP et al. 2006). Therefore, based on fiber 
morphology and uniformity of fiber diameter distribution, 
3 wt.% is kept fixed for a further studies. 

 

Figure 4. SEM microstructures of pure PAN nanofibers fabricated 

at a concentration of (A) 1%, (B) 3%, and (C) 6% wt.% (applied 

voltage = 20 KV., feed rate= 0.5 ml/hr. and tip-to-collector 

distance =15cm). 

3.3.1. Fabrication of PAN/TWV nanofibers 

PAN was dissolved in DMF (3% wt./v) and mixed using a 
magnetic stirrer at room temperature then a certain weight 
(0.2, 0.4, 0.8 gm) of the best prepared TWV nanoparticles 
sample (S-3) with the highest IEC was added to the previous 
solution. 

a. Effect of TWV amount 

The effect of TWV dosage on the diameter and 
homogeneity of the formed nanofibers was studied under 
a constant voltage of 20 kV, a spinning distance of 15 cm, 
and a feed rate of 0.5 ml/h. The SEM images in Figure 5 
revealed that increasing the TWV amount decreased fiber 
uniformity and caused bead defects. This is attributed to 
the excessive TWV dissolved in the PAN solution, which 
increases ionic strength and disrupts the balance among 
surface tension, viscoelastic, and electrostatic forces. 
Therefore, 0.2 g of TWV was found to facilitate the 
formation of uniform PAN fibers and was selected for 
further studies. 

 

Figure 5. SEM images of PAN/TWV nanofibers at different TWV 

NPs dosages dosages (A) 0.2g , (B) 0.4 g (C) 0.8 g (applied voltage 

20KV, tip-to-collector distance 15 cm and feed rate 0.5 ml/h.) 

b. Effect of applied voltage 
Within the electrospinning process, applied voltage is the 
crucial factor. It provides surface charge on the 
electrospinning jet and affects nanofiber diameter. 
Increasing the applied voltage would cause the polymer jet 
to discharge more forcefully, resulting in a rise in drawing 
tension (Macossay J et al. 2007). However, very high 
voltages may facilitate nanofibers at larger diameters due 
to more polymer ejection (Demir MM et al. 2002). In 
addition, bead formations can occur at high voltages 
(Deitzel JM et al. 2001). Different spinning voltages (20, 25, 
and 30 kV) were simulated respectively. According to 
Figure 6, higher bead formation can be observed when the 
applied voltage was increased. This was due to the increase 
in the electrostatic repulsive force on the liquid jet which 
then increased the formation of beads on fibers. Therefore 
20 kV was the optimum voltage for polymer fiber 
fabrication because smooth interconnected fibers were 
produced at this voltage with the smallest diameter.  

 

Figure 6. SEM images of PAN/TWV nanofibers with different 

applied voltage = (A) 20 KV, (B) 25 KV (C) 30 KV. 

c. Effect of tip-to-collector working distance 
The distance between the metallic needle tip and collector 
plays an essential role in determining the morphology of an 
electrospun nanofiber. Hence, a critical distance needs to 
be maintained to prepare smooth and uniform electrospun 
nanofibers. affects the nanofiber morphologies and 
diameter because of their dependence on the evaporation 
rate, deposition time, and instability interval or whipping 
(Matabola K and Moutloali R 2013). The influence of the 
spinning distance on the morphology and diameter of the 
electrospun PAN/TWV nanofibers is evaluated at feed rate 
0.5 ml/h and applied voltage 20 KV. In this study, the three 
receiving distances between the spinneret and the 
collector were 10, 15, 20 cm respectively. 

From Figure 7 it can be observed that, at working distance 
10 cm, beads and non-uniform fiber are observed as the 
formed nanofibers will not have enough time to solidify 
before reaching the collector (Buchko CJ et al. 1999). With 
an increase in the distance, the average fiber diameter 
decreased from 75.8 to 63 nm with improved uniformity. 
This is attributed to the complete solvent evaporation , and 
more stretching and thinning, which favors the formation 
of thinner fibers (Ding W et al. 2010; Ziabari M et al. 2010). 
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When the working distance increased to 20 cm the 
uniformity of the fibers decreased and some cracks were 
observed in the PAN/TWV nanofibers. 

 

Figure 7. SEM images of PAN/TWV nanofibers at different tip to 

collector distance. (A) 10 cm (B) 15 cm (C) 20 cm (Applied 

voltage = 20 KV and feed rate = 0.5 ml/h) 

d. Effect of feed rate 
It has been observed that the feed rate of the polymer 
solution significantly affects the morphology of polymer 
fibers (Deitzel JM et al. 2001). It is essential to maintain a 
minimum flow rate of the spinning solution, ensuring it is 
sufficient for fiber formation. Typically, a lower flow rate is 
favored because it allows the polymer solution within the 
metallic needle ample time for polarization. Additionally, 
the lower flow rate facilitates adequate time for solvent 
evaporation from the forming fiber, resulting in a dry fiber 
on the collector (Zong X et al. 2002; Yuan X et al. 2004). 

In contrast, higher flow rates can lead to the formation of 
beaded fibers. This is attributed to the combination of low 
stretching forces and a shortened drying time for the fiber 
before it reaches the collector (Zuo W et al. 2005). Figure 8 
shows the SEM microstructures of the PAN/TWV 
nanofibers fabricated at constant working distance of 15 
cm, a fixed applied voltage of 20 kV, and different flow 
rates 0.3, 0.5 and 0.8 ml/h respectively. With increasing 
feed rate from 0.3 to 0.5 ml/h, the average diameter is 
decreased from 75 to 63 nm (Megelski S et al. 2002). When 
the flow rate increased to 0.8 ml/h, the nanofibers with 
thick diameter was formed were unable to dry completely 
before reaching the collector and higher bead defects were 
therefore observed (Zuo W et al. 2005). 

 

Figure 8. SEM images of PAN/TWV nanofibers at different feed 

rate (a) 0.3 (B) 0.5 (c) 0.8 ml/hr. (Applied voltage =20 KV and tip 

to collector distance= 15 cm) 

3.4. Characteristics of PAN/TWV composite nanofiber:  

a. X-ray diffraction 
Figure 9 shows the XRD diffraction patterns of electrospun 
PAN/TWV Composite NF.  We could see that there was a 
diffractive peak where 2θ was 16.9, which corresponded 
with PAN crystal. Which confirms the presence of PAN and 
an additional peak also observed at 25.52 due to 
incorporation of TWV with PAN polymer. Very sharp peaks 
occurred between 20 and 30°, were associated with 
successful TWV grafting on the PAN polymer This shows 
that TWV are well distributed in the PAN matrix, and this 
filler does not affect the crystal structure, it only changes 

the connection between the two phases and improves 
interfacial compatibility (Zadeh ZE et al. 2021). 

 

Figure 9. X-ray diffraction pattern of PAN/TWV composite 

nanofiber 

b. Infrared Spectroscopy (FTIR) 
FT-IR nanofibers were tested by a Fourier Transform 
infrared spectrometer. Figure 10 illustrates the FTIR 
spectrum of PAN/TWV composite nanofiber. 

The FTIR spectrum of the PAN/TWV nanocomposite ion 
exchanger revealed sharp peak at 2926 cm-1 was mapped 
to C-H (García Vera YE et al. 2019), absorption peaks of 
nitrile (–C≡N) group at around 2240 cm-1, The peak at 1627 
cm-1 was assigned to C=C, the peak at 1027 cm-1 can be 
attributed to the C–C asymmetric stretching vibration of 
the aromatic group (Strankowski M et al. 2016; Wang S et 
al. 2021).The bands at 985 cm-1, 738 cm-1 and 543 cm-1 may 
be due to tungstate and metal-oxide groups present in the 
material and the peaks at 831 cm-1 were due to presence of 
WO4 2- which confirms the impregnation of Titanium 
tungstate over the PAN film. 

 

Figure 10. FTIR of the prepared PAN/TWV composite nanofiber 

3.5. Adsorption performance evaluation: 

Batch adsorption studies were carried out to investigate 
the Ca+2 and Mg+2 ions adsorption. The parameters 
affecting the adsorption process such as dose, pH and time 
were studied. 

3.5.1. Batch Experiments for hardness removal using TWV 
NPs and PAN/TWV composite NF: 

a. Effect of contact time 
The study examined the influence of contact time on the 
sorption of Ca+2 and Mg+2 ions onto titanium 
tungstovanadate NPs and PAN/TWV Composite NF, and 
the findings are presented in Figure 11. Experiments were 
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performed by taking 100 ml hard water to two different 
glass bottles. The first one contains approximately 0.5 g of 
TWV NPs and the second one contains 50 mg of PAN/TWV 
nanofibers and the mixture of each sample was stirred for 
varying time periods from (0-60 min). 

The results depicted in the figure demonstrate that the 
percentage of calcium and magnesium removal increases 
as the contact time extends, reaching equilibrium within 40 
mins with TWV NPs and 30 mins with PAN/TWV NF. 
Subsequently, the removal efficiency of hardness exhibits a 
gradual increase until it reaches a state of equilibrium, 
likely indicating that the active sites on the sorbent become 
saturated with calcium and magnesium ions (Cetin G 2014). 
Moreover, by using PAN/TWV NF reached equilibrium 
before TWV NPs, where The main reason for the fast stage 
is the plenty of free active sites on PAN/TWV nanofiber. 

 

Figure 11. Effect of contact time on the sorption of Ca2+ and 

Mg2+ using TWV NP and PAN/TWV NF (initial conc. = 500 ppm; 

solution volume = 100 mL, temperature = 25 °C; agitation speed= 

200 rpm; pH = 7). 

b. Effect of Ion Exchanger Dose 
To determine the optimum and equilibrium amount of 
adsorbent for all adsorption experiments, a series of 
adsorption studies were carried out by changing adsorbent 
dose of the TWV NPs in the range (0.2-1 g), the mixture was 
stirred for 60 min. The solution is then filtered and analyzed 
to determine the concentrations of Ca²⁺ and Mg²⁺. 
Additionally, varying amounts of PAN/TWV nanofibers (30, 
50, and 80 mg) are used to identify the optimal dosage. 

 According to the results obtained in Figure 12, the removal 
efficiency of calcium and magnesium hardness increases 
with rising amount of the dose (Ho YS and McKay G 2000). 
It was provides a great ion exchange sites to replace. From 
this result, it was found that, the %Removal of Ca2+, Mg2+. 
increases with adsorption dose up to 0.2 g of TWV NPs and 
50 mg for PAN/TWV NF and after that it remains almost 
constant for all materials (Elkady M et al. 2014). 

However, increasing the adsorbent dose did not result in a 
significant increase in Ca2+ and Mg2+ removal. This 
suggests that the total available surface area was not 
enhanced, likely due to the aggregation of adsorption sites 
and/or the adsorbate surface not being fully accessible for 
adsorption (Mittal H et al. 2016; Biswal SK et al. 2020). The 
optimum value was 50 mg, higher than that the weight 
becomes ineffective because the arrival of saturation state 
(Ravi VP et al. 1998). 

 

Figure 12. Effect of ion exchange dosage (initial conc. = 500 ppm; 

solution volume = 100 mL, temperature = 25 ± 2°C; agitation 

speed = 200 rpm; pH = 7). 

c. Effect of solution pH 
The pH of the solution has a significant effect on affinity of 
the prepared ion exchange for calcium and magnesium 
ions. The initial pH range (3-9). During the study of the 
effect of pH on adsorption process, other affecting 
parameters were constant. 

The effect of pH on removal efficiency is shown in Figure 
13. The maximum uptake capacity occurred at pH =7 (Abd 
Aziz NI 2019). An increase in pH beyond 7 can trigger the 
hydrolysis of metallic ions, thereby causing a decline in the 
biosorption process. Conversely, at lower pH values, the 
reduction in Ca2+, Mg2+ ion removal may be attributed to 
the competition between H+ ions and Ca2+, Mg2+ ions in the 
ion exchange process on the prepared cation exchanger 
(Saeed A et al. 2005). 

 

Figure 13. Removal efficiency of TWV NPs and PAN/TWV NF at 

different pH values (initial conc. = 500 ppm; solution volume = 

100 mL, temperature = 25 ± 2°C; agitation speed= 200 rpm). 

3.6. Comparison between the sorption performances of 
TWV nanoparticles and PAN/TWV composite nanofiber:  

Batch adsorption studies were carried out to investigate 
the Ca2+ and Mg2+ adsorption by using TWV NPs and 
PAN/TWV NF. The parameters affecting the adsorption 
process which have been previously investigated in 
adsorption using TWV nanoparticles.  It is clearly observed 
that the of Ca2+ and Mg2+ removal is improved by using 
PAN/TWV composite nanofiber over pure TWV 
nanoparticles. PAN/TWV NFs is recorded the maximum 
percentage of Ca2+ and Mg2+ removal of is 99.9% and 
98.8%, respectively.  In conclusion, the impregnation of 
TWV NPs on the PAN NFs showed significant improvement 
of the adsorption rather than pure TWV NPs. This result 
indicated that the adsorption capacities of the PAN/TWV 
composite nanofibers and TWV nanoparticles depended 
primarily on the surface area and the pore size of the 
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adsorbents. The porous PAN/TWV nanofibers exhibited the 
highest efficiency for the removal of Ca2+ and Mg2+ ions.  

 

Figure 14. Removal efficiency of Ca2+ and Mg2+ ions using the 

prepared TWV NPs and PAN/TWV NF 

3.7. Kinetic studies 

Kinetic experiments were made by using 100 mL of Calcium 
solutions and Magnesium solutions with initial 
concentration 500 ppm were prepared separately and 
adjusted to the suitable pH value at room temperature. 
Samples were taken at different time intervals (0-60 min). 
The adsorption data of PAN/TWV composite nanofiber was 
fitted by applying various adsorption kinetics models such 
as, pseudo-first order and pseudo second order. 

a. Pseudo-first-order reaction kinetic 
Simple linear equation for pseudo-first-order reaction 
kinetic is given below: 

ln (qe − qt) = ln qe − k1 t (2) 

Where, k1 is the rate constant of the first-order adsorption, 
qt is the amount of metal adsorbed at time ‘t’ (mg/g) and 
qe is the amount of metal adsorbed at saturation (mg/g).  

Plot of ln (qe - qt) versus t allows calculation of the rate 
constant k1 and qe for calcium and magnesium removal 
(Figure 16). 

 

Figure 15. Pseudo-first-order reaction kinetics A) Ca2+ B) Mg2+ 

ions on PAN/TWV NF. (Adsorbent= 50 mg, pH=7, Temp=25) 

 

Table 4. Comparison of adsorption rate constants, experimental and calculated qe values for the pseudo-first- reaction kinetics of 

removal of Ca2+ and Mg2+ using PAN/TWV NF. 

Sample Initial Conc. (mg/l) qe  experimental (mg/g) K1 (min-1) qe Calculated (mg/g) R2 

Ca2+ 300 600 -0.00128 705.28 0.96 

500 988 -0.00133 1168.29 0.96 

700 1160 -0.00064 1382.29 0.95 

Mg2+ 300 598 -0.00097 621 0.95 

500 999 -0.00087 1071 0.97 

700 1100 -0.00055 1347 0.94 

Table 5. Comparison of adsorption rate constants, experimental and calculated qe values for the pseudo-second- reaction kinetics of 

removal of Ca2+ and Mg2+ using PAN/TWV NF. 

Sample Initial Conc. (mg/l) qe  experimental (mg/g) K2 (g/mg min) qe Calculated (mg/g) R2 

Ca2+ 300 600 0.00024 666 0.96 

500 988 0.00162 1111 0.96 

700 1160 0.000625 1240 0.95 

Mg2+ 300 598 0.00021 625 0.96 

500 999 0.00016 1115 0.98 

700 1100 0.00024 1428 0.95 

 

b. Pseudo-second-order reaction kinetic:  
Pseudo-second-order reaction kinetic can be expressed as:  

t/qt = 1/k2qe
2 + t/qe (3) 

Where, k2 (g/mg.min) is the pseudo-second-order rate 
constant, qe the amount adsorbed at equilibrium and qt is 

the amount of metal adsorbed at time ‘t’. Similar to the 
pseudo-first-order reaction kinetic, qe and k2 can be 
determined from the slope and intercepts of plot t/qt 

versus t. 
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Figure 16. Pseudo-second-order reaction kinetics A) Ca2+ B) Mg2+ 

ions on PAN/TWV NF. (Adsorbent= 50 mg, pH=7, Temp=25) 

From the two previous tables, which summarize the 
calculated rate constants (k1 and k2), adsorbed amounts of 
calcium and magnesium per unit mass of PAN/TWV 
composite NF (qe) and linear regression correlation 
coefficients (R2) for pseudo-first- and -second-order 
reaction kinetics. It was clear that, in pseudo-second-order 
reaction kinetic, calculated values of qe are closer to the 
experimental values for metal ions calcium and 
magnesium. Furthermore, correlation coefficients are 
higher for second order kinetic studies. This confirms that, 
the sorption of metal ions calcium and magnesium on the 
prepared ion exchangers composite nanofiber follows the 
pseudo second order kinetic model (Namasivayam C and 
Sureshkumar M 2008). 

3.8. Thermodynamic studies:  

The apparent thermodynamic parameters enthalpy change 
(ΔHo) and entropy change (ΔSo) for calcium and Magnesium 
sorption onto PAN/TWV composite nanofiber at different 
initial metal ion concentrations are calculated from the 
slopes and intercepts of the linear variation of ln(Kd) vs. 1/T 
by the equation (4) (Argun ME 2008). 

ln Kd = (ΔS°/R) – (ΔH°/RT) (4) 

The distribution coefficient Kd was calculated using the 
following equation: 

d

qe
k

Ce
=

 

(5) 

Where, R is the universal gas constant, 8.314 J.mol−1 K−1 and 
T is the absolute temperature in Kelvin. The free energy 

(ΔGo) for the specific sorption is calculated by using the 
following equation: 

ΔG° = ΔH° – TΔS° (6) 

The computed thermodynamic sorption parameters ΔHo 
and ΔSo from the plots of lnKd versus 1/T as shown in Figure 
17. The values of ΔHo and ΔSo of the adsorption process 
were, respectively, obtained from the slope and intercept. 

 

Figure 17. Thermodynamic parameters for A) Ca2+ b) Mg2+ions 

sorption using PAN/TWV NF. 

4. Conclusions 

Cation exchange in boiler treatment plays a critical role in 
improving water quality by removing scale-forming ions 
such as calcium (Ca²⁺) and magnesium (Mg²⁺). This process 
helps prevent scaling, corrosion, and other operational 
issues in boilers, thus enhancing efficiency and extending 
the lifespan of equipment. Nanotitanium (IV) 
tungstovanadate, an inorganic cation exchanger, was 
successfully synthesized using the homogenous 
precipitation method and subjected to characterization. 
The most favorable volume ratios of Ti:W:V were 
determined to be 1:2:1, resulting in the highest ion 
exchange capacity. The material demonstrated a sodium 
ion exchange capacity of 2.39 meq g−1. The prepared ion 
exchange material demonstrated an ion exchange capacity 
(IEC) of 2.39 meq.g-1 for Na+ ions. Incorporating the 
nanoparticles into the nanofibers imparted sorption 
capabilities to the composite. The morphologies and 
structures of the nanofibers were analyzed using Fourier 
transform infrared (FTIR) spectroscopy, scanning electron 
microscopy (SEM), and X-ray diffraction (XRD). Batch 
sorption experiments were conducted to evaluate the 
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sorption properties. Controlled experiments examined the 
impact of various factors, including solution pH, 
temperature, dosage, contact time, and initial 
concentration of hard water. Additionally, the nanofibers 
were easily separable from the solution and demonstrated 
high reusability over multiple cycles, indicating their 
potential for effective wastewater treatment applications. 

The influence of various adsorption conditions on removal 
efficiency was investigated. Results showed that PAN/TWV 
composite nanofibers could effectively remove Ca2+ and 
Mg2+ ions, with optimal conditions achieving removal 
efficiencies of 99% for Ca2+ and 98% for Mg2+. These 
optimal conditions included 50 mg of adsorbent, 500 ppm 
of Ca2+ and Mg2+ solutions, a pH of 7, and a contact time of 
30 minutes at room temperature. Additionally, the kinetic 
data fit well with the pseudo-second-order model. 
Thermodynamic studies suggested that the adsorption of 
Ca2+ and Mg2+ on PAN/TWV nanofibers was endothermic 
and spontaneous. The Future Challenges that we will 
consider in our future work is the regeneration efficiency 
as the use of chemical regenerants (e.g., sodium chloride) 
poses environmental challenges, necessitating the 
development of more sustainable regeneration methods. 
In addition improving the longevity and effectiveness of ion 
exchange materials to withstand harsh operating 
conditions is crucial. Top of Form 
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