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Abstract 

This study investigated the adsorption kinetics, equilibrium, and isotherm of three dyes (i.e., 

methylene blue (MB), rhodamine-B (RB), and safranin T (ST)) onto polyacrylonitrile (PAN) and 

ethanolamine (EA) grafted PAN nanofiber (NFs) membranes (EA-g-PAN). The membranes were 

characterized by field emission scanning electron microscopy (FE-SEM), Fourier-transform 

infrared spectroscopy (FT-IR) spectroscopy, and Brunauer–Emmet–Teller. FE-SEM showed a 

smooth morphology for the NFs before and after grafting, while FT-IR confirmed EA grafting into 

the nitrile group of PAN. The grafting percentage with no change in the physical nature of the 

membrane was 12.18%. The nitrogen adsorption-desorption isotherms for PAN and EA-g-PAN 

were similar and classified as a Type IV according to the International Union of Pure and Applied 

Chemistry. The surface area, pore-volume, and pore size of the EA-g-PAN increased to 21.36 

m2.g−1, 0.16 cm3/g, and 304.93 A°. The pores were cylindrical mesopores with a bimodal opening, 

which means pores are open at both ends. The adsorption of the MB, RB, and ST dyes onto the 

PAN and EA-g-PAN NFs membranes leveled off at ~60 min. The adsorption kinetics showed good 

fitting to the multi-step diffusion process. The order of the dye adsorption was PAN < EA-g-PAN. 

The data were fitted to Langmuir and Freundlich models. The correlation coefficient (r2) for 

Langmuir ranged from 0.940 to 0.995, whereas that for Freundlich ranged from 0.941 to 0.998. 

After adsorption, hydrogen bonding was found as the main interaction between the dyes and the 

membrane. The reusability experiments also showed max desorption for MB (94%), RB (92%), 

and ST (85 %).  The EA-g-PAN NFs membrane showed potential for the removal of organic 

pollutants from the environment. 
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Introduction 

The human population is growing at a fast rate and is estimated to become nearly 9 billion by 

2050. The supply of freshwater to such a huge population is becoming a serious problem, which 

needs quick planning (Ray et al. 2016; Sahay et al. 2012). Hence, there an urgent need for 

developing advanced and novel technologies that could assist water desalination, water 

reclamation, and wastewater treatments (Peng et al. 2016; Thenmozhi et al. 2017). Nanofibers 

(NFs) are considered the most flexible class of one-dimensional nanomaterials that have been 

intensively studied for the last two decades (Lim 2017; Xue et al. 2017). NFs with small 

diameters (10 to 500 nm), exceptional interconnected pores, extraordinary porosity, and high 

surface-to-volume ratio, have changed the entire concept of wastewater treatment. In addition to 

their distinctive characteristics that arise from various engineered designs, the modification of the 

surface functionalities (Saeed et al. 2008) of NFs has also facilitated their use in pioneering 

materials with appropriate properties that could encounter challenges in advanced applications. 

These applications include, but are not limited to, separation/purification, multi-functional 

membranes (Ma et al. 2005), polymer reinforcement for composite fabrication, scaffold in tissue 

implant (Kim et al. 2005), dressing for wound healing (Ueno et al. 2001), drug carrier (Katti et al. 

2004), organ implant (Huang et al. 2003), vascular grafts, (Stitzel et al. 2006) wastewater 

treatment (Mokhena et al. 2015), etc. Various strategies had been employed by different research 

groups around the world to fabricate NFs. These fabrication techniques include drawing, 

template synthesis, phase separation, self-assembly, electrospinning, etc. In particular, since 

1920, electrospinning has received increasing attention both in the scientific and industrial 

communities because of its low cost, simplicity, and proficiency. It has also been accepted as an 

effective method for fabricating NFs with a smooth morphology and a controlled dimension 
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(Mokhena et al. 2015; Peng et al. 2016). Electrospun NFs possess a high surface length ratio, 

low density, excellent porosity, chemical reactivity, and a large number of active sites for 

aqueous pollutants (i.e., organic dyes, heavy metals, and microorganisms) (Anjum et al. 2016). 

High porosity with interconnected pores and easy modification of the surface functionalities are 

significant features that allow NFs to be utilized in wastewater applications (Ray et al. 2016). 

The environmental existence of dyes has attracted attention mainly because of their biological 

toxicity, chemical stability, aesthetic problems, reduction of the photosynthetic activity in 

receiving waters (toxic to the aquatic organism), and carcinogenicity. Accordingly, several 

conventional wastewater treatment methods and processes have been widely investigated and 

reported in the literature to eliminate wastewater pollutants. These include coagulation (Lee et 

al. 2006), ultrafiltration (Majewska-Nowak et al. 1989), oxidization (Salem and El-Maazawi 

2000), electrochemical (Song et al. 2010), metal oxide photocatalytic degradation (Xia et al. 

2008), and adsorption (Sun et al. 2010). However, most of these methods are either complex or 

insufficient, expensive, and time-consuming. Therefore, adsorption, which is a simple technique, 

is considered a favorable alternative for the treatment of dyes polluting wastewater streams. In 

recent years, a wide variety of adsorbents (e.g., fly ash (Mall et al. 2006), natural phosphate 

(Barka et al. 2009), bentonite (Benguella and Yacouta-Nour 2009), activated carbon (Gomez et 

al. 2007), chitosan (Cestari et al. 2008), and cyclodextrin (Crini 2008)) has been used to treat 

various dye pollutants in water. However, these materials had limitations in low removal 

efficiency and long equilibrium time. 

In our current work, we electrospun polyacrylonitrile (PAN) into NFs via the electrospinning 

technique. The NFs were then grafted with ethanolamine (EA). The EA-g-PAN NFs membrane 
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was used as an affinity membrane onto which adsorption kinetics, equilibrium, and isotherm 

studies were conducted. 

Materials and methods 

Materials 

PAN (Mw 150,000), dimethylformamide (DMF (C3H7NO)), EA (C2H7NO)), methylene blue (MB 

(C16H18CIN3S.3H2O)), rhodamine-B (RB (C28H31ClN2O3)), and safranin T (ST C20H19ClN4)) were 

acquired from Sigma-Aldrich. Sodium carbonate (Na2CO3) anhydrous was procured from Paneac 

Quimica SAU. Teflon frames were prepared locally. All dye solutions were prepared in distilled 

water. All chemicals were used without further treatment. 

NF membrane preparation 

The membrane was produced by the dissolution of 1 g PAN (10 wt.%) powder into 10 mL DMF. 

The solution was homogenized at room temperature for 24 h using a magnetic stirrer. The 

homogenized PAN solution was then poured into a 5 mL syringe positioned in the pump and 

electrospun at optimized conditions. The same procedure was repeated until a membrane sheet of 

sufficient thickness was obtained. The membrane was dried at 50 °C and −0.1 MPa under a vacuum 

oven and kept in a closed container for grafting with a functional group. Many membrane sheets 

were prepared using the abovementioned procedure. 

Morphology 

The surface morphologies of the as-spun and EA-g-PAN NFs were investigated under a high 

vacuum through FE-SEM, (JSM-7600F). The NFs samples fixed on the holder with a double 

sticking tape were coated with platinum in a platinum sputtering machine to increase their 

electrical conductivities and create a contrast between the sample and the background. Finally, 
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NFs micrographs were taken at different magnifications. The NFs diameters for each sample were 

measured by randomly selecting 100 fibers from the FE-SEM micrograph. The Photoshop 

software program was used to perform the measurements, while a Sigma plot 12.5 software 

program was used to prepare graphs and calculate the average diameters. 

EA grafting to PAN 

EA was grafted to the PAN NFs membrane by placing the membranes into a 250 mL beaker 

containing a 4.97 M EA solution. The solution containing the membrane was heated at 85–90 °C 

on a water bath. The reaction was performed for different periods (i.e., 1, 2, 3, and 4 h). The 

samples were then repeatedly cleaned with distilled water, dried at 80 °C in an oven, and kept in a 

closed container for further use. The grafting percentage was calculated according to Eq. (1). Fig. 

1 shows the EA grafting to PAN (EA-g-PAN). 

Cn =
W1 −  W0

W0
 
M0

M1
 × 100                         (1)  

where, Cn is the conversion of the nitrile group in PAN into an amine group (%); W0 and W1 are 

the weights of the membrane before and after the reaction; M1 is the Mw of EA (61.08 g.mol−1), 

and M0 is the Mw of the monomer (acrylonitrile). 

FT-IR study 

The FT-IR spectra of the as-spun and EA-g-PAN NFs membranes were obtained using an FT-

IR spectrometer (Bruker Vertex 70). The samples were grounded with KBr powder. 

Subsequently, the mixtures were shaped into KBr disks under hydraulic pressure. The samples 

were analyzed by separately placing them into the FT-IR machine. The spectra were acquired 

in the 400–4000 cm−1 wavenumber range. 
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Brunauer–Emmett–Teller (BET) analysis 

The surface area and pore volume of PAN and EA-g-PAN NFs membranes were analyzed by 

using Micromeritics (Gemini VII, 2390 Surface Area, and Porosity USA). The sample was 

degassed, at 150 °C for 120 min under N2 flow to remove moisture and gasses generated, before 

analysis. The adsorption-desorption isotherm was obtained in the range of relative pressure from 

0.0 to 0.1 at STP. 

 

Adsorption studies 

The adsorption studies were conducted by, batch technique, submerging the as-spun and EA-g-

PAN NF membranes (dried) separately into 10 mL of the 100 ppm dye solutions. The sample-

containing solution was shaken through a batch technique at 25 °C for different periods until 

240 min. The adsorption isotherms were investigated at 25 °C as a function of the dye 

concentration. The initial concentrations used for the adsorption isotherm study ranged from 20 

to 140 ppm. After adsorption, the remaining dye concentration in the solution was determined 

using a UV–Vis spectrometer (Perkin Elmer, Lambda 35). The dye adsorption was determined 

using Eq. (2). 

𝑞 =
(𝐶𝑜 − 𝐶𝑓)𝑉

𝑀
                                                      (2) 

where, q is the adsorbed amount (mg∙g−1); C0 and Cf are the initial and final dye concentrations 

(mg∙ L−1); V is the solution volume (L), and M is the amount of adsorbent (g). 
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Desorption and Reuse EA-g-PAN NF membranes 

Desorption of MB and RB was carried out by washing the membranes using 40 (volume %) of 

acetic acid in methyl alcohol, and ST by using 2 M HCl, followed by washing with distilled 

water. The desorbed dyes were diluted with distilled water for analysis. The percent of 

desorption was calculated by employing Eq. 3 

% 𝐷𝑦𝑒𝑠  𝑟𝑒𝑚𝑜𝑣𝑎𝑙 =
(𝐶𝑜 − 𝐶𝑒)

𝐶𝑜
    × 100                 (3) 

Where Co and Ce (mgL-1) are the initial and equilibrium concentration of the dyes     

Results and discussion 

Preparation and Morphology of EA grafted NFs membrane 

Table 1 and Fig. 2 shows the optimal electrospinning conditions and digital images of the 

successfully fabricated bead-free smooth NFs membrane sheets. The NFs membrane sheets 

were dried and stored for grafting with the EA functional group. Table 2 depicts the grafting 

percentage of EA to PAN. The grafting improved with time and reached a maximum of 12% at 

2 h. A further increase in time impeded the grafting. The increase in grafting until 2 h might be 

attributed to the improved interactions of EA with the nitrile group of PAN to a critical value 

beyond which the interactions decreased. During the reaction, the color of the EA-g-PAN NFs 

membrane transformed to off-white, while the physical nature of the NFs membrane remained 

soft. Figs. 3a–f demonstrate the FE-SEM micrographs, digital images, and histograms of the 

PAN and EA-g-PAN NFs. The EA-g-PAN NFs micrographs exhibited almost identical 

morphologies to the PAN NFs with cracks and degradation (Figs. 3a and b), although the 
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average diameter was increased by 4 nm (from 225 to 229 nm (Figs. 3c and d)). The digital 

image showed a soft physical texture for the EA-g-PAN NFs membranes (Figs. 3e and f). 

FT-IR study 

Fig. 4 depicts the FT-IR spectra of the PAN and EA-g-PAN NFs at different reaction times. The 

PAN spectrum revealed peaks at 1700 cm−1 (C=O stretching) in the regions of 1000–1300 cm−1 

(C–O stretching), 2938 cm−1 (CH stretching), and 1453 cm−¹ (CH2 bending) and a peak at 2241 

cm−1 (C≡N stretching). The presence of these peaks at their characteristic positions indicated that 

PAN is a copolymer of acrylonitrile and methyl acrylate. The peaks of PAN were envisaged in the 

EA-g-PAN spectrum. The intensity of the sharp peak at 2241 cm−1 gradually decreased until 2 h. 

At this stage, the conversion was maximum (Table 2) and the membrane remained soft and 

undamaged. Aside from the decrease in the intensities of the existing peaks, some new peaks also 

exhibited the intensities that increased with the reaction time (e.g., broad peaks in the regions of 

3300–3550 cm−1(N–H/O–H stretching), 1630–1670 cm−1 (C=N), and 1440–1395 cm−1 (O–H) 

bending) (Bilba et al. 2004). The spectra revealed that EA was grafted to PAN. The small broad 

peak around 630–1670 cm−1 was assigned to the traces of hydroxamic acid (Teymouri 2013). 

Porosity surface area 

BET was conducted with nitrogen N2 as an adsorbate to measure the surface area and porosity of 

the PAN NFs membrane and determine the effect of grafting on the surface area and porosity of 

the EA-g-PAN NFs membrane. BET is a well-known technique that is consistently used to 

characterize mesopore (diameter range: 2–50 nm) and micropore (diameter: <2 nm) porous 

materials. Fig. 5 shows a typical nitrogen adsorption-desorption isotherm for the PAN and EA-g-

PAN NFs membranes. The observed isotherms for the PAN and EA-g-PAN NFs membranes were 

similar and classified as Type IV according to the International Union of Pure and Applied 
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Chemistry (IUPAC). Type IV indicates that the membranes have relatively uniform cylindrical 

mesopores with a bimodal opening, which means pores are open at both ends. The surface area, 

pore-volume, and pore size of the EA-g-PAN NFs membrane increased to 21.36 m2.g−1, 0.16 

cm3/g, and 304.93 A° (A° is equal to 0.1nm) from  15.95 m2.g−1, 0.15 cm3/g, and 128.93 A°, 

respectively, for PAN NF membrane (Table 3). The increase in the surface area, pore-volume, and 

pore size was attributed to the opening of the NFs caused by the relaxation of the polymer chains 

to accommodate the added functional group. 

Adsorption kinetics and equilibrium 

Figs. 6a and b show the dye adsorption (i.e., MB, RB, and ST) onto the PAN and EA-g-PAN NFs 

membranes (100 ppm solution) as a function of time. The amount of dye adsorption swiftly 

increased until 30 min and flattened at ~60 min. The plot shape showed initial rapid dye adsorption 

to the low-energy sites on the membrane, which gradually decreased until 50 min because of the 

competition between the dye molecules for the active sites. Finally, a homogeneous saturation of 

the membrane surface was achieved at 60 min. The adsorption and desorption rates were equal at 

saturation (i.e., equilibrium). The effect of grafting on the PAN NFs membrane adsorption was 

also investigated. The adsorption of all dyes onto the EA-g-PAN NFs membrane increased in the 

order of PAN < EA-g-PAN. This increase in the dye adsorption for the EA-g-PAN NFs was 

attributed to the increase in active sites of the membranes. Furthermore, RB showed enhanced 

adsorption when all three dyes were adsorbed onto the membrane at the same conditions. The order 

of the adsorption was MB < ST < RB. The increased RB adsorption on the grafted membranes 

suggests that the membrane found more affinity for RB. 
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The data acquired from the equilibrium time study were further applied to the pseudo-first- and -

second-order models to obtain a further understanding of the process of dye adsorption onto the 

PAN and EA-g-PAN NFs membranes. 

Two kinetic models (i.e., Lagergren and Svenska and Ho and Mckay models) reported in the 

literature were used for the abovementioned purpose. The Lagergren model, which is known as 

the pseudo-first-order kinetic model, relates the adsorption rate to the unoccupied adsorptive sites. 

The pseudo-first-order model (Lagergren and Svenska (Lagergren 1898)) is represented as 

follows: 

𝑙𝑜𝑔  (𝑞1𝑒 − 𝑞𝑡) = 𝑙𝑜𝑔(𝑞1𝑒) −  
𝐾1

2.303
 𝑡                            (4) 

where q1e and K1 are the intercepts and the slope of the plot of log (q1e–qt) versus t (Figs. 7a and 

b). 

The pseudo-second-order kinetic model suggests that chemisorption is the rate-limiting step, 

which involves the ionic or covalent bond formation between adsorbent and adsorbate. According 

to the equation, the driving force is proportional to the fraction available for the active sites. The 

pseudo-second-order (Ho and Mckay (Ho and McKay 1998)) kinetic rate equation is expressed as 

follows: 

𝑡

𝑞𝑡
=  

1

𝐾2 𝑞2𝑒
2 +  

1

𝑞2𝑒
 𝑡                                                            (5) 

where q2e and K2 are the slopes and the intercept of the plot of t/qt versus t (Figs. 8a and b). 

Fig. 7a-d, and Table 4 illustrate the correlation coefficients of the kinetic data to the pseudo-first- 

and pseudo-second-order kinetic models. A well-fit model was determined from the correlation 

coefficient values. A good data fitting was noticed with the pseudo-second-order kinetic model 
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compared to the pseudo-first-order model. Additionally, the acquired q2e values for MB, RB, and 

ST from the pseudo-second-order kinetic model were close to the experimental qexp values 

compared to q1e, acquired from the pseudo-first-order kinetic model, which did not give reasonable 

values (Table 4). Furthermore, the K values for the pseudo-first-order kinetic model showed an 

overall increase, whereas those for the pseudo-second-order kinetic model did not show any 

change, although the individual case may vary. These results propose that the adsorption of MB, 

RB, and ST followed the pseudo-second-order kinetic model, which further suggests that the rate-

limiting step may be chemisorption. Some diffusion must occur in chemical adsorption. The 

pseudo-first- and pseudo-second-order  kinetic models cannot detect the influence of diffusion  on 

adsorption; hence, the probability of intraparticle diffusion was investigated herein using the 

intraparticle diffusion model. The intraparticle diffusion model assumes  that boundary layer 

diffusion is insignificant, and the rate-controlling step is intraparticle diffusion (Haider et al. 2011). 

The intraparticle diffusion equation is presented below (Weber and Morris, 1962): 

𝑞𝑡 =  𝐾𝑑𝑡1/2                                                                   (6) 

where, Kd is the diffusion coefficient; t is time, and qt is the amount of adsorbed dye. 

The plot of qt versus t1/2 must be linear, and the plotlines must pass through the origin if the rate-

controlling step is intraparticle diffusion (Weber and Morris 1963). Nevertheless, if the plot lines 

do not pass through the origin, then this designates some degree of boundary layer control. This 

also emphasizes that intraparticle diffusion is not the only rate-limiting step; other kinetic models 

may also be controlling the adsorption rate. All of these may be functioning simultaneously. Fig. 

8 illustrates that the dye adsorption is not linear over the entire range. The plotlines are separated 

into three regions, revealing that adsorption happens in three stages. The first sharp region shows 

the boundary layer film diffusion effect, while the second region may be the rate-controlling step . 
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The third region is the equilibrium, where intraparticle diffusion slows down because of saturation 

(Chen et al. 2003). 

Adsorption isotherms 

Figs. 9a and b show the dye adsorption at equilibrium time and as a function of the equilibrium 

concentrations. The dye adsorption showed an initial rapid increase. Nevertheless, the adsorption 

rates gradually decreased as the dye concentrations increased until the curve attained a semi-

plateau shape. The increase in the initial adsorption was attributed to the driving force provided by 

the higher concentration, which was adequate to overcome the mass transfer resistance between 

the solid and liquid phases. We used the Langmuir and Freundlich isotherms to understand the 

adsorption phenomenon in the NFs membranes. The Langmuir isotherm stated that the molecules 

were adsorbed as the liquid molecules struck the adsorbent surface, but some of them then 

desorbed and allowed the new molecules to adsorb fairly rapidly. Consequently, a dynamic 

equilibrium was eventually established between the two opposing processes of adsorption and 

desorption. 

The Langmuir isotherm is mathematically given in Eq. (7). 

𝐶𝑒

𝑞𝑒
=  

1

𝐾𝐿𝑞𝑚
+  

𝐶𝑒

𝑞𝑚
                                                        (7) 

where qe is the adsorbate equilibrium quantity (mg.g−1); Ce is the equilibrium concentration 

(mg.L−1); qm is the saturation adsorption capacity (mg.g−1), and KL is the binding energy (affinity) 

(L.mg−1). 

On the contrary, the Freundlich isotherm is related to the solute concentration on the surface of an 

adsorbent with which it was in contact. The Freundlich isotherm curve was exponential and often 
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characterized adsorption, followed by condensation that is a result of an exceedingly strong solute–

solute interaction. The isotherm is mathematically shown in Eq. (8) (Hall et al. 1966). 

𝐿𝑜𝑔(𝑥
𝑚⁄ ) = 𝐿𝑜 − 𝑔(𝐾𝑓) + 

1

𝑛
 𝐿𝑜𝑔(𝐶)                 (8) 

Eq. (8) is comparable with the equation of the straight line, y = m x + c, where m represents the 

slope, and c represents the intercept. Plotting a graph between log(x/m) ″ or log(qe), where qe = 

x/m″, and log C, we will obtain a straight line with a slope value that is equal to 1/n and log(Kf) as 

the y-axis intercept. Kf and n are Freundlich constants associated with maximum adsorption 

capacity (mg.g−1) and adsorption intensity (dimensionless), respectively. The n value indicates 

how favorable the adsorption processes were ( 1 > n > 10 represents favorable adsorption). 

Figs. 10a and b and 11a and b showed that the data fitted to both the Langmuir and Freundlich 

equations. The value of the correlation coefficient (r2) for Langmuir ranged from 0.940 to 0.995, 

while that for Freundlich ranged from 0.941 to 0.998. A slightly better variation in the correlation 

coefficient values for Freundlich proposed that the monolayer adsorption was followed by some 

condensation (physical adsorption). Table 5 shows the values of n and Kf for Freundlich and qm 

and KL for Langmuir. The n values in all cases were more than 1 and less than 10, suggesting 

favorable adsorption. The qm values of the Langmuir plots for the RB, ST, and MB adsorption onto 

our grafted membrane were higher than those reported in the literature for the same dyes on 

conventional adsorbents (Table 7). The KL values were further used to calculate the dimensionless 

constant separation factor or the equilibrium parameter (RL). The vital characteristic of the 

Langmuir isotherm can be stated in terms of RL, which specifies the shape and the nature of 

adsorption and is given as follows in Eq. (9): 
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𝑅𝐿 =  
1

(1 + 𝐾𝐿𝐶0)
                                                         (9) 

 

where, C0 is the highest initial concentration of the adsorbate (mg.L−1), and KL (L.mg−1) is the 

Langmuir constant. 

The RL value specifies the isotherm shape as unfavorable (RL > 1), linear (RL = 1), favorable (0 < 

RL < 1), or irreversible (RL = 0). In our case (Table 6), all dyes showed smaller 0 < RL values; 

hence, it is safe to assume that the dye adsorption onto the PAN and EA-g-PAN NFs membranes 

is favorable. The equilibrium time was also much shorter than that reported in the literature. These 

enhanced adsorption values (Table 7), favorable adsorption, and short equilibrium time suggested 

that our grafted membranes could find potential industrial applications. We also performed an FT-

IR study after the adsorption to understand the interaction of the molecule dyes with the PAN and 

EA-g-PAN NFs membranes. 

FT-IR after adsorption 

Fig. 12 illustrates the FT-IR spectra of the EA-g-PAN NFs before and after the adsorption. The 

EA-g-PAN NFs membranes showed all characteristic peaks. The peak at 1440–1395 cm−1 was 

accredited to the carbonyl (C=O) and hydroxyl (OH) bending (Bilba et al. 2004), while the peak 

at 1630–1670 cm−1 was attributed to (C=N) and traces of amide C=O stretching vibration. After 

adsorption, this peak exhibited a shift in position, and its intensity decreased and became broader. 

The peak at 1440–1395 cm−1 remained unchanged. The shift in the peak positions and the 

broadness signaled hydrogen bonding between the EA-g-PAN NFs membranes and the dyes. 

Hydrogen bonding occurred because the hydrogens (i.e., oxygen: 3.44, nitrogen: 3.04, and sulfur: 

2.58 electro-negativity) in the dyes were polarized. The stronger the polarization of the bond 
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between the electronegative atom and the hydrogen, the larger the amount of hydrogen forming 

bonds with another electronegative atom of a molecule. The earlier discussion revealed that the 

interaction between the EA-g-PAN NFs membrane and the dyes was hydrogen bonding. We did 

not obtain information about the true chemical bonds because of the overlapping of the complex 

dye bands. These results are in agreement with the literature. We have formulated the preliminary 

interactions between the dyes and the EA-g-PAN NFs membranes in Fig. 13 based on our 

discussion in the above sections. 

Desorption and reusability of the adsorbent 

To study the potential reuse of the EA-g-PAN NFs membranes, a five-step adsorption/desorption 

test was performed. Figure 14 depicts that the desorption capacity decreased until cycle 3 beyond 

which there was no further decrease was observed. The maximum removal was MB 94%, RB 

92%, and ST 85 %. After the third cycle, the removal for MB, RB, and ST became constant at 90, 

88, and 75. These results show that EA-g-PAN NFs membranes retained their ability to reabsorb 

the dyes. Furthermore, the slight reduction in adsorption was attributed to the saturation of 

adsorption sites on EA-g-PAN NFs membranes and the structural defects that occurred in the 

membrane during the useability experiments. Similar results are also reported in the literature 

(Arslan and Günay 2017; Azimvand et al. 2018).  

Conclusions 

This study investigated and discussed the electrospinning of PAN to NFs membranes, grafting of 

the EA functional group to the PAN NFs membrane (EA-g-PAN), and their application to the dye 

adsorption from the synthetic solution of dyes. The FE-SEM micrographs indicated smooth 

morphologies for the NFs before and after the EA grafting, while the FT-IR spectra established 

EA grafting to PAN. The grafting % for EA was 12.18, with no change in the physical nature of 
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the membrane (the membrane remained soft). The nitrogen adsorption-desorption isotherms of 

PAN and EA-g-PAN were classified as Type IV, thereby indicating relatively uniform cylindrical 

mesopores in the membranes with a bimodal opening. The surface area, pore-volume, and pore 

size of the EA-g-PAN NF membranes increased (21.36 m2.g−1, 0.16 cm3/g, and 304.93 A°).  The 

adsorption of the MB, RB, and ST dyes from the solution onto the EA-g-PAN NFs membrane 

showed that the adsorption leveled off at ~60 min for all the dyes. The adsorption of all the dyes 

on the membranes increased in the order of PAN < EA-g-PAN. The adsorption kinetics data 

showed good fitting to the multi-step diffusion process, as well as, to the Langmuir and Freundlich 

models. The correlation coefficient (r2) for Langmuir ranged from 0.940 to 0.995, whereas that for 

Freundlich ranged from 0.941 to 0.998. The slightly higher correlation coefficient for Freundlich 

suggested that monolayer adsorption was followed by condensation (physical adsorption). The FT-

IR spectra did not show any real chemical interactions between the dye and the membrane after 

adsorption. They exhibited only a shift in the peak position and a broadening of the peaks caused 

by hydrogen bonding. The reusability experiments also showed max desorption for MB (94%), 

RB (92%), and ST (85 %).  
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Figure 1. Digital images for PAN NFs as a prepared sheet. Whereas the image shows the sample 

prepared for characterization.  

 

 

 

Figure 2.  Scheme for the grafting EA to PAN NFs 
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Figure 3. FE-SEM micrographs of the membranes: (a) PAN, (b) EA-g-PAN, (c-d) digital images 

of EA-g-PAN (Figure. d illustrates softness) and (e-f) histogram: (e) PAN and (f) EA-g-PAN. 
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Figure 4. FT-IR spectra of PAN NFs membranes at a different time interval of EA grafting; (a) 0 

h (b) 1 h, (c) 2 h, (d) 3 h and (e) 4 h 

 

Figure 5. BET adsorption/desorption isotherms of the NFs membranes,(a) PAN, and (b) EA-g-

PAN. 
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Figure 6. Adsorption of MB, RB, ST as a function of time on to (a) PAN and (b)EA-g-PAN NFs 

membranes 

 

 

Figure 7. Adsorption kinetics of dyes onto (a) PAN and (b) EA-g-PAN (pseudo-first-order), and 

(c) PAN and (d) EA-g-PAN (Pseudo-second-order) 
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Figure 8. Intraparticle diffusion plots; (a)  PAN and, (b) EA-g-PAN  

 

 
Figure 9. Adsorption isotherms : (a) PAN and (b) EA-g-PAN NFs membranes  
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Figure 10. Langmuir adsorption isotherm: (a) PAN and (b) EA- g-PAN NFs membranes. 

 

 

 

Figure 11. Freundlich adsorption isotherm: (a) pristine PAN and (b) EA-g-PAN NFs membranes 
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Figure 12. FT-IR spectra of EA-g-PAN NFs membranes before (a) and after adsorption: (b) MB 

(c) ST, and (d) RB 

 

 
Figure 13 Adsorption of dyes onto EA-g-PAN NFs membranes 
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Figure 14. Effect of the number of cycle on the desorption of dyes adsorbed onto EA-g-PAN 

 

 

 

Table 1. Optimal electrospinning parameters for PAN. 

Parameters  Optimized values 

PAN Solution Concentration  10 wt.% 

Flow rate  0.8 ml/h 

Applied voltage  20 kV 

Needle diameter  0.8 mm 

Needle to collector distance   150 mm 

 Viscosity   387 mPa.s 

 Conductivity   109.9µs/cm 

 Nanofiber  diameter  225 nm 
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Table 2. Grafting of EA onto PAN NFs membrane. 

Phyiscal 

nature 

Color Conv. % C)OTemp ( Time (h) Exp. No 

Soft White 6.820347 

85-90 

1 1 

Soft Off White 12.17799 2 2 

Soft White 8.568778 3 3 

Soft White 4.075368 4 4 

 

Table 3. Surface area and  porosity  determination of the nanofiber membranes 

Samples name Surface area (m2/g) Pore volume 

(cm3/g) 

Pore size (AO) Total area in 

pores (AO) 

PAN 15.95 0.051 128.71 14.83 

PAN-EA 21.36 0.16 304.93 14.83 
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Table 4. Comparison of correlation coefficients, experimental and calculated “q” values  

Dye Adsorbent qexp 
Pseudo-First-order Pseudo-second-order 

K1 q1e r2 K2 q2e r2 

MB 
PAN 35.523 0.031 14.178 0.946 0.0046 36.523 0.999 

EA-g-PAN 37.058 0.036 19.023 0.937 0.0046 37.979 0.999 

RB 
PAN 63.467 0.025 16.679 0.935 0.0049 64.062 0.999 

EA-g-PAN 64.458 0.036 22.887 0.894 0.0056 64.977 0.999 

ST 
PAN 41.800 0.053 32.06 0.879 0.006 42.463 0.999 

EA-g-PAN 43.524 0.031 13.828 0.924 0.006 44.111 0.999 

 

 

Table 5.  Langmuir and Freundlich constants dyes adsorption onto PAN and EA-g-PAN NFs membranes. 

Mem. 

type 

 

Langmuir Freundlich 

MB RB ST M B RB ST 

q max KL r2 q max KL  r2 q max KL r2 Kf n r2 Kf n r2 Kf n r2 

PAN 42.662 1.163 0.989 99.305 2.309 0.967 72.465 0.926 0.995 3.293 2.011 0.941 5.609 1.775 0.990 5.979 1.522 0.988 

EA 65.617 0.859 0.940 130.719 1.800 0.989 77.160 0.933 0.978 2.305 1.650 0.998 3.385 1.438 0.988 2.042 1.502 0.990 
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Table 6. Calculated values of RL. 

 

Table 7.  Data taken from literature for the adsorption of M B, RB, and ST dyes onto 

conventional adsorbents. 

Adsorbent 
Eq. Time 

(min) 
mq 

(mg/g) 
Ref. 

  Methylene Blue    

Peanut hull  ~720 68.03 (Gong et al. 2005) 

Banana pee ~120 20.80 (Annadurai et al. 2002) 

Rice husk ~200 40.59 (Vadivelan and Kumar 2005) 

Egg shells ~120 0.80 (Tsai et al. 2006) 

Walnut shells  activated carbon ~1440 3.53 (Aygün et al. 2003) 

Poly(vinyl alcohol) - 13.80 (Umoren et al. 2013) 

CNTs  119.71 (Shahryari et al. 2010) 

PAN 60 42.66 Present 

EA–g-PAN 60 65.62 Present 

Rhodamine B 

Fruit waste ~120 34.48 
(Parimaladevi and 

Venkateswaran 2011) 

Sodium Montmo- rillonite clay ~ 400 42.19 (Selvam et al. 2008) 

Coal ash ~ 4320 2.86 (Wang et al. 2006a) 

Anaerobic sludge ~70 19.52 (Wang et al. 2006b) 

Unburned carbon ~3000 9.68 (Wang and Li 2005) 

Australian natural zeolite ~3000 2.12 (Wang and Zhu 2006) 

Kaolinite ~80 46.08 (Khan et al. 2012) 

PAN 60 99.31 Present 

EA–g-PAN 60 130.72 Present 

Safranin T 

NaOH treated rice husk 45 37.70 (Chowdhury et al. 2012) 

Magnetic charcoal 90 20.00 (Šafařík et al. 1997) 

Magnetic brewer’s yeast 90 46.00 (Šafaříková et al. 2005) 

PET depolymerization products 2880 29.00 (Acar et al. 2012) 

Starch-g-acrylic acid copolymer 1 1440 116.50 (Güçlü et al. 2007) 

Starch-g-acrylic acid copolymer 2 1440 204.0 (Güçlü et al. 2007) 

Coal 50 12.5 (Spitzer 1988) 

PAN 60 72.465 Present 

EA–g-PAN 60 77.160 Present 

 

  RL 

MB RB ST 

PAN 0.0062 0.0077 0.0036 

PAN-EA 0.0083 0.0076 0.0043 


