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a b s t r a c t
This study investigates the potential of electrospun polyacrylonitrile (PAN) nanofibers chemically 
modified with ethylenediamine (EDA) as effective adsorbents for nitrate–nitrogen (NO3–N) removal 
from wastewater. The nanofibers treated with 100% EDA at 95°C exhibited the highest adsorption 
capacity of 47  mg/g at 5  h of reaction time, whereas those at 80°C showed an increased adsorp-
tion capacity over time, reaching 46  mg/g after 15  h. Optimal NO3–N adsorption was observed in 
the weakly acidic pH range (3–6). This study also explored the field applicability and regenera-
tion potential of PAN-EDA nanofibers. An adsorption–regeneration experiment involving fixed-
bed columns showed promising results, with the adsorbent’s performance sustained over multiple 
uses. Overall, this study concluded that PAN-EDA nanofibers are effective and reusable adsorbents 
for nitrate removal, paving the way for more sustainable wastewater treatment strategies.
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1. Introduction

Nitrate–nitrogen contamination is recognized as a sig-
nificant environmental and health concern, originating 
from diverse sources such as sewage, agricultural runoff, 
and industrial discharges [1]. Nitrate salts, nitrate ions, and 
common nitrogen compounds contribute to water pollu-
tion, eutrophication, and potential adverse health effects [2]. 
Nitrate–nitrogen, when present in elevated concentrations in 
drinking water, poses a significant threat to human health, 
potentially causing methemoglobinemia (“blue baby syn-
drome”) and even cancer. Traditional approaches for mitigat-
ing nitrate contamination encounter limitations, including 
high costs, reduced removal efficiency and the generation 
of undesirable byproducts [3]. Consequently, alternative 
strategies for developing effective and sustainable nitrate–
nitrogen removal technologies are imperative.

Chemical treatment methods for nitrate–nitrogen 
removal include photocatalytic decomposition, electrochem-
ical processes, membrane separation, and adsorption [4,5]. 
While photocatalytic and electrochemical methods offer 
the advantages of relatively straightforward process man-
agement and maintenance, they are associated with high 
chemical and energy consumption.

Adsorption processes, contrastingly, offer distinct advan-
tages, as they selectively remove ionized substances such 
as nitrate and ions of heavy metals without the risk of sec-
ondary pollutant generation, ensuring consistent treatment 
efficiency. Consequently, adsorption processes represent 
versatile and cost-effective unit operations that can be eas-
ily integrated into advanced treatment systems. Extensive 
efforts have been devoted to the development of adsor-
bent materials endowed with multifunctionality, high effi-
ciency, selectivity, and economic viability.
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In recent times, there has been a growing trend in the 
field of environmental remediation, focusing on the prom-
ising application of polyacrylonitrile (PAN) fibers as nitrate 
adsorbents, owing to their unique physicochemical prop-
erties [6–8]. PAN fibers are characterized by high thermal 
stability, excellent mechanical strength, and the ability to 
be readily functionalized with abundant amino groups, 
enhancing their adsorption capacity [9]. In recent years, 
considerable research has been directed toward improving 
the nitrate–nitrogen adsorption performance of PAN fibers. 
Surface modification techniques such as plasma treatment, 
chemical grafting, and heat treatment have been employed 
to increase the surface roughness and porosity of PAN fibers, 
thus enhancing their adsorption capabilities [10]. However, 
despite these promising trends, the development of nitrate 
adsorbents based on PAN remains challenging. One of the 
key concerns is the optimization of fiber morphology to 
achieve maximum adsorption. Fine fibers offer a larger sur-
face area for adsorption but tend to form dense networks 
that restrict the accessibility of adsorbate molecules to 
the fiber surface [11,12].

Recently, electrospinning, a technique involving an elec-
tric field to produce fine fibers, has been actively explored in 
various fields. Jasna et al. [13] employed electrostatic self-as-
sembly to create cellulose nanofibers and for the develop-
ment of stable and efficient functional materials for seawater 
evaporation and purification. Yang et al. [14] immobilized 
laccase on a composite hydrogel of functionalized cellulose 
nanofibers and alginate, effectively degrading bisphenol 
A in polluted water.

This study places particular emphasis on the develop-
ment of innovative adsorbents for nitrate–nitrogen removal 
by modifying PAN nanofibers using electrospinning. 
Electrospinning enables the production of PAN nanofibers 
with high surface area and porosity. To enhance these fea-
tures, ethylenediamine (EDA) was introduced as a modifier 
to create PAN-EDA nanofibers. This research systematically 
investigates the chemical modification process of nanofi-
bers and characterizes the resulting materials. The primary 
objective of this study is to examine the structural changes 
and adsorption performance of PAN-EDA nanofibers to con-
tribute to the development of an effective and sustainable 
adsorbent for nitrate–nitrogen removal. The insights gained 
from this research highlight the potential of modified nano-
fibers as a novel approach to address nitrate contamination 
and provide valuable insights into potential applications, 
thereby advancing the fields of water treatment and envi-
ronmental remediation.

2. Materials and methods

2.1. Preparation of adsorbent

Electrospun PAN nanofibers were used as substrate 
polymer fibers to synthesize nitrate–nitrogen adsorbents. 
EDA (≥99%, Sigma-Aldrich, USA) was purchased from the 
manufacturer and used as the monomer for the amination 
reaction without purification.

The electrospun PAN nanofibers were modified as fol-
lows: approximately 0.2  g of the PAN fibers was refluxed 
with EDA in an oil bath at a temperature of 80°C–95°C for 

2–15 h. The resulting aminated nanofibers (PAN-EDA) were 
washed with deionized water and dried in an oven at 60°C 
until a constant weight was achieved. Upon completion of 
the reaction, the nanomaterial was neutralized with a 2-M 
HCl solution, extensively rinsed with deionized water, and 
then dried in an oven at 50°C. The modified nanofibers 
were stored in a desiccator for further use.

2.2. Adsorption experiment and analysis

A batch adsorption experiment was conducted using 
artificial wastewater to evaluate the adsorption performance 
of PAN-EDA nanofibers. The batch adsorption experiment 
involved adding 0.1 g of the adsorbent to 100 mL of the adsor-
bate solution and stirring the mixture at 120  rpm at 25°C 
for 24 h, utilizing a rotary constant temperature stirrer. The 
residual anion concentration after adsorption was analyzed 
using UV-Vis spectrophotometry (Shimadzu UV-2401PC, 
Japan) according to the standardized water quality pro-
cess test method. The adsorption capacity (mg/g) was cal-
culated based on the difference in the anion mass between 
the filtrate before and after adsorption:

q
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where q represents the adsorption capacity (mg/g) per gram 
of adsorbent at equilibrium; C0 and Ce are the initial and 
equilibrium concentrations of the adsorbate in the solution, 
respectively; V is the volume of the solution (L); and W is the 
mass of the adsorbent added (g). Additionally, a fixed-bed 
column adsorption experiment was conducted in continu-
ous flow mode at room temperature using a polyethylene 
column with an inner diameter of 4.6  mm. The fixed-bed 
column was filled with PAN-EDA nanofibers, controlling 
a height-to-diameter ratio of 0.28 and a packing density of 
0.46. To assess the regeneration efficiency of the adsorbent, 
desorption of the adsorbate was achieved using a 1.0-M 
NaCl and HCl solution, followed by rinsing with distilled 
water after each cycle of the fixed-bed column adsorption 
experiments.

Scanning electron microscopy (SEM) was used to 
observe changes in the surface morphology of the PAN and 
PAN-EDA nanofibers. The chemical structures of the PAN 
and PAN-EDA nanofibers were analyzed using Fourier-
transform infrared (FTIR) spectroscopy using an infrared 
spectrophotometer (Shimadzu IR-435, Japan).

3. Results and discussion

3.1. Adsorbent preparation

To find the optimum reaction conditions for the amina-
tion of PAN nanofiber, the effects of the reaction time and 
temperature, and the concentration of EDA on the amination 
of PAN nanofiber were investigated. The degree of amina-
tion was confirmed by the nitrate–nitrogen (NO3–N) adsorp-
tion capacity of the resulting aminated PAN products. Fig. 1 
shows the effect of reaction time on the amination of PAN 
nanofibers and its impact on the adsorption capacities of the 
resulting aminated PAN-EDA nanofibers. All reactions were 
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conducted at 95°C with 100% EDA. As shown in Fig. 1, the 
NO3–N adsorption capacity increased with the extension 
of the reaction time up to 5 h and then slightly decreased.

Fig. 2 shows the influence of reaction temperature for 
the amination of PAN nanofiber on the adsorption capaci-
ties of the resulting PAN-EDA nanofibers. All reactions were 
conducted at 80°C and 95°C for durations ranging from 5 
to 15 h, with 100% EDA. As shown in Fig. 2, the PAN-EDA 
nanofiber aminated at 95°C exhibited a maximum adsorp-
tion capacity of 47 mg/g at a reaction time of 5 h, with a sub-
sequent decrease as the reaction time increased. Conversely, 
the PAN-EDA nanofiber aminated at 80°C demonstrated 
an initial adsorption capacity of 26  mg/g after 5  h, which 
increased with prolonged reaction time, reaching 46  mg/g 
after 15 h. The variations in adsorption tendencies depend-
ing on the amination reaction temperature can be attributed 
to the impact of temperature on the surface properties and 
functional groups of the PAN-EDA nanofibers. Higher 

amination reaction temperatures (95°C in this case) likely 
facilitated a higher degree of functionalization, resulting in 
more active adsorption sites for nitrate ions [11]. However, 
as the reaction progresses, higher temperatures may also 
contribute to the degradation or alteration of adsorption 
sites, leading to a decrease in overall adsorption capacity 
over time [15].

Fig. 3 shows the impact of EDA concentration on the 
adsorption capacities of aminated PAN-EDA nanofibers. 
All reactions were carried out at 95°C for 5 h with 33%, 50%, 
and 100% EDA. As shown in Fig. 3, the NO3–N adsorption 
capacity of the PAN-EDA nanofiber aminated with 100% 
EDA was highest (48 mg/g) at 5 h and then decreased with 
increasing reaction time, whereas those of the PAN-EDA 
nanofibers aminated using 33% and 50% EDA increased 
until 10  h and then levelled-off. After a reaction time of 
more than 10 h, the PAN-EDA nanofiber aminated with 50% 
EDA exhibited a higher adsorption capacity than the case 
using 100% EDA.

This observed pattern can be ascribed to the complex 
interplay among EDA concentration, surface functional-
ization, and reaction kinetics. When EDA concentration is 
higher, a larger quantity of amino groups becomes accessible 
for engaging with nitrate ions, which results in elevated ini-
tial adsorption rates. Nevertheless, as the reaction advances, 
surface saturation takes place, restricting the availability 
of unoccupied amino groups. Consequently, this leads to a 
gradual decline in adsorption capacity over time. The pres-
ence of a 50% EDA concentration appears to establish an 
equilibrium between having an adequate number of amino 
groups for adsorption and maintaining sustained adsorp-
tion capacity.

3.2. Physico-chemical properties of the adsorbent

The physico-chemical properties of the adsorbent were 
investigated by focusing on the structural changes induced 
by the chemical modification of the PAN nanofibers. SEM 
analysis was conducted to examine the surface morpholo-
gies of the PAN and PAN-EDA nanofibers. SEM images are 

 
Fig. 1. Effect of reaction time on the amination of polyacrylo-
nitrile nanofiber.

 
Fig. 2. Effect of reaction temperature on the amination of 
polyacrylonitrile nanofiber.

 

Fig. 3. Effect of ethylenediamine concentration on the amina-
tion of polyacrylonitrile nanofiber.
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shown in Fig. 4. show that the PAN and PAN-EDA nano-
fibers have similar average diameters of approximately 
289 ± 31 nm and 288 ± 68 nm, respectively. Chemical modifi-
cation using EDA resulted in negligible changes in the aver-
age diameter of the nanofibers, although some variations in 
size were observed [16].

FTIR spectroscopy was performed to analyze the chem-
ical groups present in the PAN and PAN-EDA nanofi-
bers. The infrared spectra in Fig. 5 reveal the characteristic 
absorption frequencies of the various functional groups. 
The absorption peaks observed in the PAN nanofibers were 
assigned as follows: 3,437 cm–1 for OH stretching, 2,939 and 
2,872  cm–1 for CH stretching in CH, CH2, and CH3 groups, 
2,243 cm–1 for C≡N stretching, 1,734 cm–1 for C=O stretching, 
1,454 cm–1 for CH bending, 1,384 cm–1 for symmetric blend-
ing of CH3 in CCH3, and 1,072  cm–1 for C–O stretching in  
acetate ester.

After chemically modifying PAN with EDA, significant 
changes were observed in the FTIR spectra of the result-
ing PAN-EDA nanofibers. The weak and broad peak at 
3,437 cm–1, attributed to OH stretching in PAN nanofibers, 
transformed into a strong and broadband with a maximum 
frequency at 3,389 cm–1 in PAN-EDA nanofibers. This band 
resulted from the combined intensities of the OH and NH 
stretching and vibration bands on the surface of the PAN-
EDA nanofibers, as reported in previous studies involving 
the chemical binding of diethylenetriamine with PAN fibers 
[17]. The intensity reduction of the peak at 2,243 cm–1 in the 
PAN-EDA nanofibers indicates the partial conversion of 
surface nitrile groups to amidine groups (N–C=N) during 
the formation process, as supported by the absorption at 
wavenumber 1,639 cm–1 [18].

Furthermore, reductions in the peak intensities at 
1,731  cm–1 (C=O stretching), 1,454  cm–1 (CH blending), 
1,384  cm–1 (symmetric blending of CH3 in CCH3), and 
1,072 cm–1 (C–O stretching) suggested the hydrolysis of esters 
of itaconic and methacrylic acid monomers [17]. New peaks 
appeared at 1,674 and 1,612  cm–1, assigned to the stretch-
ing vibrations of the C=O groups in amides and primary 
amines (NH2), respectively.

3.3. Adsorption properties

The effect of pH on the adsorption capacity of the 
PAN-EDA nanofibers for NO3–N was explored by prepar-
ing a pH 2–10 solution containing 1  mM NO3–N, with pH 

adjustments made using 1.0 N HCl and NaOH. Adsorption 
tests were conducted by adding 0.5  g of the adsorbent to 
1  L of wastewater. Fig. 6 shows the recorded pH values of 

Fig. 5. Fourier-transform infrared spectra of polyacrylonitrile, 
polyacrylonitrile-ethylenediamine (5  h), and polyacryloni-
trile-ethylenediamine (10 h) nanofibers.

 
Fig. 4. Scanning electron microscopy images of polyacrylonitrile (a), polyacrylonitrile-ethylenediamine (5  h) (b), and polyacry-
lonitrile-ethylenediamine (10 h) nanofibers (c).

 
Fig. 6. Comparison of NO3–N adsorption capacity according to 
pH change.
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the solution and the corresponding adsorption quantities 
of the NO3–N post-adsorption reaction [9].

The NO3–N adsorption rate by the PAN-EDA nanofi-
ber adsorbent was the highest (68 mg/g) within the weakly 
acidic pH range (pH 3–6). As the pH increased towards the 
alkaline region, NO3–N adsorption capacity declined, with 
limited adsorption observed beyond pH 9 [16]. The variation 
in NO3–N adsorption capacity with the pH alteration can 
be attributed to factors such as adsorbent surface degrada-
tion and NO3–N species differentiation [19].

The pH of the solution affects the surface charge of the 
PAN-EDA nanofiber adsorbent. At low pH (acidic con-
ditions), the solution becomes positively charged, which 
promotes electrostatic interactions between the positively 
charged surface of the nanofiber and the negatively charged 
NO3–N ions, thereby increasing the adsorption capacity. The 
surface charge in the weakly acidic range (pH 3–6) is opti-
mal for strong electrostatic attraction and improved adsorp-
tion of NO3–N [16].

Additionally, pH changes can affect NO3–N differen-
tiation in the solution. At low pH values, NO3–N can be 
present as non-separated nitric acid (HNO3) or proton-
ated nitric acid ions (NO3–). These species are more easily 
adsorbed by the PAN-EDA nanofiber adsorbents because of 
their strong electrostatic interactions. As the pH increases 
to alkaline conditions, NO3–N is mainly present as dissoci-
ated nitrate ions (NO3–), which can lead to weak electrostatic 
interactions with the nanofiber surfaces, thus reducing the 
adsorption capacity [20].

To assess the field applicability and regeneration poten-
tial of the PAN-EDA nanofiber adsorbent, its adsorption 
and regeneration capabilities were evaluated using fixed-
bed columns. In the adsorption–constriction experiment, 
artificial wastewater containing 62 mg/L of NO3– ions was 
injected into a fixed-bed column (H/D  =  2.83) at a flow 
rate of 0.15 cm/s. The adsorption–regeneration experiment 
involved injecting the regeneration solution at the same flow 
rate as the adsorption process and rinsing with distilled 
water until the effluent NO3– ion concentration reached 
1.0  mg/L or less. The first to fourth adsorbent regenera-
tion solutions used 1.0-M NaCl, whereas the fifth and sixth 
solutions employed 1.0-M HCl.

Fig. 7 depicts the breakthrough curve (data points) of 
NO3– ions as a function of the number of adsorbent uses, 
along with the theoretically calculated breakthrough curve 
(line) obtained by applying a numerical model formula. 
The NO3– breakthrough time and the stoichiometric time 
(C/C0  =  0.5) were shortened with an increasing number of 
uses when NaCl solution was used as the regeneration solu-
tion. However, considering that this shortening disappeared 
when HCl solution was used as a regeneration solution, it 
is thought to be caused by incomplete regeneration of the 
fixed-bed. Table 1 presents the characteristic constants cal-
culated using the Bohart–Adams model as a numerical 
model equation for interpreting the breakthrough curve 
through linear regression analysis [21]. Regardless of the 
number of adsorbent uses, the calculated characteristic con-
stants aligned with the Bohart–Adams model equation [22]. 
The rate constant KBA increased within the error range until 
the third regeneration using 1.0-M NaCl, but it decreased 
from the fifth regeneration using 1.0-M HCl. When 1.0-M 

NaCl was used as a regeneration solution, there was a clear 
tendency for the adsorption capacity N0 to decrease as the 
number of regeneration cycles increased. However, after 
washing the fixed-bed with 1.0-M HCl, its adsorption capac-
ity recovered to a level similar to its initial use.

Fig. 8a illustrates the change in the NO3– concentra-
tion and regeneration efficiency as functions of the efflu-
ent waste liquid volume during the regeneration process. 
Within the fixed-bed column regeneration process, the 
effluent waste liquid exhibited a maximum peak NO3– con-
centration when the volume of the NaCl washing solution 
reached 7–8 times the fixed-bed. Subsequently, it rapidly 
decreased to less than 1.0  mg/L, 15–20  times the fixed-bed 
volume. The regeneration efficiency of the fixed-bed column 
was influenced by the regeneration solution type, resulting 
in a NO3– ion concentration of 3,500  mg/L when employ-
ing 1.0-M NaCl as the regeneration solution and an increase 
to 5,300 mg/L when using 1.0-M HCl (Fig. 8b).

4. Conclusions

In this study, the efficiency of PAN-EDA nanofibers for 
nitrate–nitrogen (NO3–N) removal from water was investi-
gated. The synthesized PAN-EDA nanofibers demonstrated 
effective adsorption capabilities with an optimal adsorption 
capacity of 48  mg/g achieved at high EDA concentrations 

 
Fig. 7. Experimental and theoretical breakthrough curves for 
NO3–N removal based on the number of repeated uses of 
polyacrylonitrile-ethylenediamine nanofiber adsorbent.

Table 1
Parameters calculated from Bohart–Adams model

Operation cycle KBA (L/mg·h) N0 (mg/L) q0 (mg/g) R2

1 0.0902 39,456 85.22 0.9915
2 0.1083 36,287 78.37 0.9948
3 0.1280 34,453 74.41 0.9983
4 0.1071 31,775 68.63 0.9998
5 0.0825 28,885 62.39 0.9966
6 0.0838 38,898 84.01 0.9986
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and elevated reaction temperatures. However, the capac-
ity decreased owing to factors such as steric hindrance and 
saturation of adsorption sites over time, with the high-
est sustained adsorption capacity of 45  mg/g observed at 
50% EDA concentration after 15 h.

The study also revealed the impact of the amination 
reaction temperature on the adsorption capacity of the 
PAN-EDA nanofibers. A higher adsorption capacity was 
observed at higher reaction temperatures owing to increased 
functionalization. However, higher temperatures were 
also linked to the degradation of the adsorption sites over  
time.

The physical and chemical properties of the PAN-EDA 
nanofibers, as assessed using SEM and FTIR analyses, 
revealed negligible changes in the nanofiber diameter after 
EDA modification but significant changes in their chem-
ical composition. These chemical changes were largely 
attributed to the functionalization process with EDA, which 
introduced new functional groups, leading to more active 
adsorption sites for nitrate ions.

This study also confirmed that the pH of the solu-
tion significantly influences the adsorption efficiency. The 

maximum adsorption rate of NO3–N by the PAN-EDA 
nanofiber was observed under weakly acidic conditions (pH 
3–6), owing to the optimal electrostatic interactions between 
the nanofiber surface and NO3–N ions.

Fixed-bed column-based adsorption–regeneration 
experiments validated the promising potential of PAN-
EDA nanofibers for practical applications, as the adsorbent 
demonstrated high regeneration efficiency, particularly 
when 1.0-M HCl was used as the regeneration solvent. The 
adsorbent’s performance was sustained over several cycles 
of use, confirming its durability and reusability.

In conclusion, the PAN-EDA nanofibers provide a poten-
tially effective and environmentally friendly solution for 
nitrate removal from water. These findings have important 
implications for wastewater treatment and environmental 
protection strategies, particularly in regions facing nitrate 
contamination challenges. Further studies would be benefi-
cial for exploring the optimal synthesis and treatment con-
ditions, gaining mechanistic insights, and scaling up the 
process for real-world applications.
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