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Abstract:  

 Environment-friendly chitosan-modified-poly(vinyl alcohol) or (PVA)/sodium alginate (SA) 

electrospun nanofiber membrane (ENM) adsorbent was prepared for the removal of As(III) 

from an aqueous solution. The chitosan (CS)-functionalized-PVA/SA ENM (CS-f-PVA/SA) 

was characterized by scanning electron microscopy (SEM), Fourier transform infrared 

spectroscopy (FTIR), thermogravimetric analysis (TGA), and X-Ray diffraction (XRD). The 

CS-f-PVA/SA ENM showed the maximum As (III) adsorption capacity at neutral pH (540.40 

mg g 1). The adsorption experiments were conducted by varying the initial pH of the arsenic 

solutions and also in the presence of different coexisting anions, such Cl- and F-, SO42 , and 

PO43 . Moreover, the kinetic studies were performed to depict the rate of As(III) sorption 

onto CS-f-PVA/SA ENM. The As(III) adsorption reached equilibrium within 90 min, which 

well fitted to the pseudo-second-order kinetic model. The initial pH of arsenic solutions greatly 

affected the adsorption efficiency but the presence of competing anions in arsenic solutions 

showed a moderate effect on the arsenic adsorption. The FTIR and XRD analyses suggest that–

NH2, –OH, and C–O functional groups of CS-f-PVA/SA ENM are responsible for As(III) 

uptake. The prepared CS-f-PVA/SA ENM can be easily regenerated using 0.003 M NaOH, and 

the As(III) removal rate was still above 90–50% after ten successive adsorption-desorption 

cycles. Thus, such a nanofiber-based adsorbent is quite promising for the removal of As(III) 

from potable water and can be beneficial in combating the current challenges of arsenic 

pollution. 

 

1. Introduction 

 Arsenic (As) in drinking water is of particular concern because of its serious health effects. 

The arsenic pollution of water is a serious issue for many countries in the world, including 

India and Bangladesh and the presence of arsenic in drinking water causes abdominal pain, 



cardiovascular disease, neurological diseases, lung infection, skin lesions, and cancer [1–3]. 

The World Health Organization (WHO) has recommended that arsenic concentration in 

drinking water should not exceed 10 μg L 1. The speciation of arsenic shows that it is present 

in water mainly in two states, arsenite or As(III) and arsenate or As(V), of which As(III) possess 

60 times higher toxicity than As(V). Under oxidizing conditions, AS(V) predominates but 

under reducing conditions AS(III) predominates. Therefore, the removal of As(III) from 

potable water is of utmost importance but it is a challenging task [4,5]. Various technologies, 

including adsorption, have been tested to date, but the adsorption process is preferred over 

other methods because of its simplicity, high removal capacity, being economically viable, and 

also because it allows recovery of arsenic [6].  

In recent years, the ENMs have been found as a promising adsorbent for the removal of 

pollutants from aqueous solutions. Electrospinning has been recognized as a tool for the 

production of flexible and efficient one-dimensional nanostructured membranes with a range 

of submicron to nano-sized nanofibers [7,8]. They show outstanding properties, such as high 

surface area and porosity, no agglomeration tendency, and high pollutant binding capacity 

[9,10]. As a natural water-soluble non-toxic polymer, SA is being widely employed to prepare 

electrospun nanofiber membrane due to its biodegradability, non-toxicity, high mechanical 

stability, and hydrophilicity [11]. However, it is quite challenging to produce pure alginate 

electrospun nanofiber membrane because of high surface tension, high electrical conductivity, 

and lack of chain entanglements in alginate in an aqueous solution [12,13]. The addition of a 

synthetic polymer to alginate, such as polyvinyl alcohol (PVA), has been identified as a 

potential pathway to enhance electro spinnability of SA. Similarly, PVA is a water-soluble 

non-toxic polymer, which is highly biocompatible hydrophilic polymer with good chemical 

and thermal stability, and electro-spinnable at various concentrations [14]. PVA/SA nanofiber 

formation is facilitated by establishing a hydrogen bond between PVA and SA polymers [15]. 

However, only a few studies have been reported that utilized sodium alginate-based electrospun 

nanofibers membranes as an adsorbent for arsenic removal. Wang et al. synthesized sodium 

alginate electrospun nanofiber membrane for methylene blue adsorption [16]. It was reported 

that the maximum adsorption capacity reached 2230 mg g 1. The high surface area and 

porosity of sodium alginate electrospun nanofiber membranes are also suitable for heavy 

metals adsorption from an aqueous solution [17,18]. A recent study carried out by Ebrahimi et 

al. [19] showed that the removal of Cd2+ ions by PVA/SA electrospun nanofiber membrane 

reached 93.163 mg g 1. Although previous studies have shown that sodium alginate 

electrospun nanofiber could be used as an adsorbent, some adjustments are required, such as 

SA nanofiber has high water solubility and therefore they are weakly stable in aqueous solution, 

but the stability of the adsorbent in water is one of the major challenges in the adsorption 

process. The addition of PVA to SA will make SA electro-spinnable and coating of PVA/SA 

nanofiber membrane with chitosan also may enhance the stability and arsenic adsorption 

capacity of alginate nanofiber membrane in water. Chitosan is an interesting natural cationic 

polysaccharide polymer because of its beneficial physicochemical properties, including solid-

state structure phenomena. In the dissolved state, it can make a chain entanglement and also 

has various has functional groups (carboxyl and amino) [20–23]. Most importantly, its non-

toxicity and biodegradability make it a suitable candidate for environmentally-friendly 

adsorbent applications, especially in organic pollutants removal from potable water [24–26].  



Previous studies claimed that the addition of chitosan to sodium alginate-based composites 

showed higher thermal and mechanical stability than the same sodium alginate composites 

without chitosan because of the formation of strong electrostatic bonds between amino groups 

of chitosan and carboxyl groups of SA [27,28]. In the present work, we developed a chitosan 

functionalized SA/PVA electrospun nanofiber membrane as a novel adsorbent for the removal 

of As(III) from water. To the best of our knowledge, no published literature reported its 

application for the removal of pollutants from water.  

2. Experimental 

 2.1. Materials 

 In this study, 98% hydrolyzed polyvinyl alcohol (PVA) was purchased from Sinopharm 

Chemical Reagent Co. Ltd. (China). Sodium alginate was purchased from Tianjin Damao 

Chemical Reagent Factory (China). Chitosan (high viscosity, 80% deacetylated, Mw~40 × 104 

g mol 1) was purchased from Fluke Aldrich Chemical Co. Ltd. (China). Non-woven PET 

paper was supplied by Guocheng CO. (Wuxi, China), which was used as a collector for 

electrospinning. The arsenic solution containing 1000 μg mL 1 in 5% 1.0 mol L 1 nitric 

acid (HNO3) () was purchased from a national standard sample library (GBS-04-1714- 2019), 

China. Sodium hydroxide (NaOH) and acetic acid (CH3COOH) were procured from 

Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). All chemicals and reagents were 

used without further purification.  

2.2. Preparation of adsorbents  

The Preparation of adsorbent solution for ENM was as follows: An aqueous solution of PVA 

(8%) and SA (3%) (w/v) was prepared by dissolving them in water with continuous magnetic 

stirring at 80 ºC temperature for 3 h or until complete dissolution and a clear and uniform 

solution was formed [29,30]. The solution was then cooled to room temperature. 

Electrospinning experiments were then carried out on a MELT Electrospinning machine 

(Model M06, Foshan Lepton Precision Measurement, and Control Technology Co., Ltd, 

China). The blended polymer solution was loaded into 10 mL syringes with a 20 G needle. The 

electrospinning of the PVA/SA solution was carried out at 16 kV at a flow rate of 0.6 mL min 

1 and the distance between the tip of the needle and the collector (nonwoven PET paper) was 

15 cm [31]. After the collection of ENM from the collector, they were dried at 60 ◦C for 6 h to 

remove the residual solvent.  

The fabricated fibrous PVA/SA ENMs were spin-coated with chitosan [32]. For this purpose, 

1% (w/v) amount of the chitosan casting solution was applied onto the PVA/SA ENMs placed 

between the casting knife and the glass plate and spin-coated at a speed of 7000 rpm at room 

temperature. The spin-coated chitosan-functionalized PVA/SA electrospun nanomembranes 

(CS-f-PVA/SA ENMs) were dried for at least 24 h at 50 ºC in a drying oven to evaporate acetic 

acid and the residual water in the ENM. The dried CS-f-PVA/SA-ENMs were washed with 

distilled water until completely neutralized [33]. They were then dried again at room 

temperature. 

2.3. Characterization  

The viscosity of SA/PVA and CS-f-SA/PVA solutions was measured at 28 ºC temperature by 

using a rotational viscometer (NDJ-8S Digital Viscosity Meter, Movel Scientific Instrument 



Co., Ltd, China). The electrical conductivity and pH of each solution were measured by pH/ 

conductivity meter (Shanghai INESA Scientific Instrument Co., Ltd., China). The 

hydrophilicity of ENMs was evaluated by contact angle measurement (Droptmete-A300 Kudos 

Instruments Corporation, USA). The surface morphology of the prepared ENMs was observed 

using a scanning electron microscope (SEM, Phenom XL, Phenom world, Netherlands) at an 

accelerating voltage of 5 kV. Before the SEM scanning, the top surface of ENM samples was 

sputter-coated with gold to prevent them from charging. The mean diameter of nanofibers was 

calculated using ImageJ software (National Institute of Health, USA). The functional groups 

of the produced nanofibers were identified using an FTIR spectrometer (IR, Interspectrum, low 

noise DLATGS, FTIR-920, Estonia). Few milligrams of the ENMs and potassium bromide 

were mixed and ground to fine powder by a mortar and pestle before being placed on the ATR 

crystal to get the IR spectra. The thermal stability of the samples was measured by a 

thermogravimetric analyzer (Model: SDTA851e, Mettler Toledo Instruments Ltd., Shanghai, 

China) by heating at 20 ◦C min 1 under a nitrogen atmosphere. XRD patterns were recorded 

on an XRD instrument (Mini Flex 300/600, Rigaku Corporation, Japan) at a voltage of 40 kV 

and 15 mA. The data were collected from 8.0◦ to 70.0◦ at a scanning speed of 1.0◦ min 1. The 

zeta potential of the ENM surface was measured by a zeta potential analyzer (Zeta Potential 

Measuring Instrument (Model: ZETA-PM94J2, Xiangtan Xiangyi Instrument Limited, China).  

2.4. Adsorption studies  

2.4.1. Effect of adsorbent dosage  

The capacity of CS-f-PVA/SA ENM to remove As(III) was investigated using a batch 

adsorption test by varying the dosage from 0.1 to 1.0 g L 1. Initial As(III) concentration at 

neutral pH was 250 μg L 1. The As(III) solution containing the adsorbent was stirred on a 

rotary shaker at 210 rpm for 4 h at ambient temperature. After filtration via filter paper, the 

arsenic concentrations were determined by an inductively coupled plasma—optical emission 

spectrometer (ICP-OES), (Model: Optima 8000, Perkin Elmer Company, USA). The 

calibration curve was prepared by measuring various concentrations of standard arsenic 

solutions and the prepared calibration curve is provided in Fig. S1 (Supplementary Materials). 

The limit of detection (LOD) and limit of quantification (LOQ) for arsenic measurement by 

ICP-OES are 6 and 12 μg l 1 respectively. The R2 value was 0.981.  

2.4.2. Effect of solution pH  

The effect of solution pH was examined in the range of pH 2–11 and the pH of the arsenite 

solution was set by adding acetic acid (CH3COOH) for acidic pH and NaOH for an alkaline 

pH. 10 mg adsorbent was added to 10 mL of 250 μg L 1 As(III) solution for each arsenic 

adsorption experiment and the final equilibrium As(III) concentrations were measured.  

2.4.3. Effect of initial concentrations of As(III) ions  

The effect of the initial concentrations of As(III) ions on the equilibrium adsorption by pristine 

PVA/SA ENM and CS-f-PVA/SA ENM was examined. Five initial concentrations of As(III) 

200, 250, 300, 350, and 400 μg L 1 were used and the As(III) adsorption was carried out at 

room temperature.  

2.4.4. Adsorption kinetics and isotherm  



Adsorption experiment studies were performed to investigate the As (III) binding capacity of 

CS-f-PVA/SA and pristine PVA/SA ENMs. 10.0 μL of 1.0 mol L 1 HNO3 in distilled water 

was added to a certain volume of As(III) stock solution (100 μg mL 1) and diluted to the 

desired concentration. The AS(III) adsorption performance of the CS-f-PVA/SA and pristine 

PVA/SA ENMs was investigated using a series of experiments, such as the effect of pH, contact 

time, and solution concentrations, etc. The equilibrium curves were prepared by carrying out 

As(III) adsorption at 25 ºC. For equilibrium curves, 10 mg of CS-f-PVA/SA and pristine 

PVA/SA ENM adsorbents were added into a 10 mL aqueous solution containing 250, 300, 350, 

400, 450 μg mL 1 of As(III) [34]. These samples were placed in a rotary shaker at room 

temperature and shook at 210 rpm. Kinetic curves with contact times ranging from 0 to 200 

min were prepared at an initial As(III) concentration of 250 μg mL–1at 25 ºC and 210 rpm 

using an appropriate adsorbent dose and pH [34–36]. For the kinetic studies, As(III) 

concentrations were monitored at different time (15 min, 30 min, 50 min) intervals using the 

ICP-OES instrument. The percentage of As(III) ions removal was calculated using (Eq. 1). 

%As(III)removal = CCsubs0  Ce Csubs0 × 100 (1) The equilibrium adsorption capacities of 

CS-f-PVA/SA and pristine PVA/SA ENMs samples were calculated and the amount of As(III) 

adsorbed per unit mass of adsorbent (mg), qe (mg g 1), was obtained by (Eq. 2), Adsorption 

capacity, qe = CCsubs0  Ce M × V (2) Where, Csubs0 and Ce are the initial and equilibrium 

concentrations of arsenic (μg mL 1), respectively, V is the total volume (mL) of the arsenic 

solution, and M is the mass of the ENM adsorbent (mg).  

2.4.5. Effect of coexisting anions  

Additionally, five representative coexisting anions phosphate (PO43-), sulfate (SO42-), 

chloride (Cl-), nitrate (NO22-), silicate (SiO32-), and fluoride (F-) with concentrations ranging 

from 0.5 to 1.0 mM were used to investigate the effect of competing anions on As(III) 

adsorption. After 1 h, the samples were filtered and analyzed for As(III) measurement [37,38]. 

2.5. Regeneration experiment The regeneration of CS-f-SA/PVA ENM adsorbent was 

examined by adding 10 mg of adsorbent into 50 mL As(III) solutions (250 μg mL 1) in a 

glass bottle. After 5 h of agitation at 200 rpm, the adsorbent was separated, washed with 

distilled water, and transferred into a 50 mL glass bottle. And then, 10 mL of the 0.05 M NaOH 

was added and shaked for 5 h. The adsorbent was removed, washed, neutralized, and again 

added to the new arsenic solution, and again the adsorbent was removed, and the concentration 

of As(III) was measured. 10 cycles of regeneration and reuse of adsorbent were carried out for 

evaluating the reusability of the developed adsorbent. 

3. Results and discussion  

3.1. Nanofiber formation by electrospinning  

In the electrospinning process, the physical properties of the polymer solution are very 

important as the viscosity and conductivity of the polymer solutions have the greatest impact 

on the shape and diameter of the formed nanofibers and ENMs [39]. We found that PVA/SA 

solution of 220 mPa s viscosity and electrical conductivity of 600 mS cm 1 produced smooth 

and uniform nanofiber without bead formation. The color of CS-f-PVA/SA ENM changed from 

white to gray color after surface coating with chitosan.  

3.2. Morphology  



Fiber morphology is an important property since it indicates the uniform nanofiber formation 

and porosity of the prepared membranes. Herein, we investigated our as-prepared nanofiber 

and membrane morphology by SEM. It was found that the combination of 10% PVA and 2% 

SA produced beads-free uniform nanofiber. The distributions of the diameter of nanofibers and 

the morphology SA/PVA ENM before and after the functionalization with chitosan are shown 

in Figs. 1a and 1b, respectively. The diameter of SA/PVA nanofiber increased after the coating 

with chitosan. The average diameter of the PVA/SA nanofibers was about 159 nm but after 

coating with chitosan, the diameter of the nanofibers increased to 164 nm as shown in Figs. 1c 

and 1d, respectively. The change in nanofiber diameter shows successful coating of nanofibers 

with chitosan.  

3.3. Characterization 

 The FTIR spectra of neat PVA/SA ENM and CS-f-PVA/SA ENM are shown in Fig. 2a. The 

spectrum of neat SA/PVA ENM shows IR bands at 3435 cm 1, 2945 cm 1, 1718 cm 1, 

1625 cm 1 that are assigned to the –OH, CH3, -COOH, and C– – C stretching vibration due 

to the presence of -COOH and -OH groups in SA, and OH, C– – C and CH3 groups in PVA 

(due to the presence of non-hydrolyzed vinyl acetate groups). The spectrum of CS-f-SA/PVA 

ENM also shows similar IR bands but also extra IR bands at 1402 cm 1 and 848 cm 1, 

which are related to the CH-OH groups and out-of-plane bending of NH2 of chitosan. It also 

can be noticed that the intensity of COOH of SA IR band at 1730 cm 1 decreased in the 

spectrum of the CS-f-SA/PVA ENM because of the coating of the SA/PVA nanofibers with 

chitosan. Besides, the loading content of CS on CS-f-PVA/SA ENM surface was 13.8% in 

mass measured by the ICP-MS [32]. The thermal degradation behavior of the pristine PVA/SA 

and CS-f- PVA/SA ENMs was illustrated by thermogravimetric analysis (TGA) shown in Fig. 

2b. The pristine PVA/SA ENM exhibited two-stage weight loss. At the first stage between 30 

ºC to 95 ºC approx. 4% weight loss occurred due to the loss of moisture absorbed by the 

composite nanofibers. In the second/final stage, another 84% weight loss was occurred for 

PVA/SA ENM between 285 ºC to 450 ºC due to the degradation of PVA and SA. On the other 

hand, the CS-f-PVA/SA ENM showed three-stage degradation. At the first stage, 4.2% weight 

loss occurred due to the loss of moisture absorbed by the CS-f-PVA/SA ENM. At the second 

stage between 220 and 350 ◦C, the weight loss (approx. 66%) occurred due to the 

decomposition of functional groups of PVA, SA, and CS. At the final stage, another 22% 

weight loss occurred due to the partial degradation of PVA and SA. The addition of CS to 

PVA/SA reduced the thermal stability of PVA/SA-ENM as the maximum degradation 

temperatures well as the yield decreased. Fig. 2c illustrates the XRD patterns of PVA/SA and 

CS-f-PVA/SA ENMs. The XRD patterns of PVA/SA and CS-f-PVA/SA ENMs showed a 

broad peak at 18–22◦, suggesting that the produced nanofibers were amorphous, which 

occurred due to the strong intra- and intermolecular hydrogen bonding [40,41]. Fig. 2d, shows 

that the static water contact angle of neat PVA/SA ENM, which is 62.42 ± 1.5◦ but for the CS-

f-PVA/SA ENM the static water contact angle reduced to 31.56 ± 1.7º indicating that the 

hydrophilicity of the SA/PVA ENM increased after coating with chitosan. Although both 

ENMs showed hydrophilicity, the surface of CS-f-SA/PVA ENM was considerably more 

hydrophilic than the surface of neat SA/ PVA ENM due to the coating with hydrophilic 

chitosan.  

 



 

Fig. 1. SEM and diameter distribution of pristine PVA/SA ENM (a,c), and CS-f-PVA/SA ENM 

(b,d). 

 

Fig. 2. FTIR spectra (a), TGA curves (b), XRD pattern (c), and (d) water contact angle of 

PVA/SA ENM and CS-f-PVA/SA ENM, respectively. 



3.4. As(III) adsorption studies  

The effect of dosage rate, contact time, the effect of pH, and initial concentrations on the 

adsorption of As(III) by SA/PVA and CS-f-SA/PVA was examined. The adsorption kinetics 

and isotherms were also studied to understand the transfer rate of As(III) from the aqueous 

solution to the solid ENMs. Additionally, qualitative EDX spectra were employed to analyze 

the surface elements on the PVA/SA and CS-f-PVA/SA-ENM nanofiber after the As(III) 

loaded, as shown in Figs. S2a, 1b. EDX result demonstrates that the presence of As(III) in the 

CS-f-PVA/SA ENM as the elemental composition of As was 12.22%. After of modification of 

PVA/SA ENM surface with CS, the cationic surface charge increased resulting in an increase 

in adsorption of As (III) by CS-f-PVA/SA ENM [42,43]. Fig. S3 shows that after the adsorption 

of As(III) by CS-f-PVA/SA ENM), the diameter of the nanofibers considerably increased (Fig. 

S3 in Supplementary Materials).  

 

 

Fig. 3. Effect of pH on the As(III) removal percentage (a) and adsorption capacity (b) of 

pristine PVA/SA-ENM and CS-f-PVA/SA ENM and (c) pHpzc plot of CS-f-PVA/ SA ENM. 

 

3.4.1. Effect of pH on adsorption capacity  

The effect of solution pH on As(III) removal rate and adsorption capacities of pristine PVA/SA 

and CS-f-PVA/SA ENMs are shown in Fig. 3. The change in solution pH changes the 

adsorbent/adsorbate surface charge, and therefore the solution pH plays an important role in 

the adsorption behavior. The pristine PVA/SA and CS-f-PVA/SA ENMs both showed the 



highest As(III) adsorption capacity at pH 6.5–7.5. Further decrease or increase in solution pH 

reduced the removal of As for both ENMs, which is consistent with the results reported in 

published literature [44,45]. At a pH range of 6.5–7.5, the As(III) removal capacity of CS-f-

PVA/SA ENM was 90% to 93% with adsorption capacities between 227 and 229 mg g 1, 

whereas for the pristine PVA/SA ENM, te As (III) removal capacity was only 58–62% As(III) 

with adsorption capacities between 123.4 and 127.6 mg g 1. The CS-f-PVA/SA ENM 

exhibited much higher As(III) binding capacity compared to the PVA/SA ENM. Thus, the CS-

f-PVA/SA ENM can be considered as a highly efficient adsorbent for removing As(III) at 

neutral pH. At neutral pH, the maximum electrostatic interaction occurred between the 

adsorbent’s positively charged amino groups and negatively charged As(III) [46,47]. Besides, 

the electrostatic attraction and complexation have occurred between hydroxyl group and 

As(III) [39,48]. The pH effect behavior could be explained in terms of pHpzc of the adsorbent 

in the solution (pHpzc= 6.8, Fig. 3c), as As(III) adsorption would be facilitated by electrostatic 

interaction between negatively charged As(III) species (H2AsO3 and HAsO3 are 

predominant in the experimental pH range) and positively charged absorbent surface. In this 

case, the higher removal efficiency was due to the abundant protonation of the adsorption sites 

on CS-f-PVA/SA ENM, which interacted with negatively charged arsenate species at pH 

<pHpzc. With the increasing pH, the net surface charge on the adsorbent became less positive 

and even negative, and repulsive forces between anionic adsorbate and adsorbent resulted in a 

decrease of the As(III) adsorption capacity [37, 49].  

 

Fig. 4. Effect of adsorbent dosage on the As(III) removal and its concentration by CS-f-PVA/SA 

ENM; [As(III)]0 = 0.2 mg L 1, initial neutral pH, 220 rpm for 3.5 h, at room temperature. 

 

 



 

3.4.2. Effect of adsorbent dosage  

The effect of different adsorbent dosages on the removal of As(III) from its 200 μg L 1 

aqueous solution is shown in Fig. 4. The concentration of As(III) in the solution rapidly 

decreased and As(III) removal efficiency increased with an increase in the ENM dosage. For 2 

mg L 1 adsorbent, the removal efficiency of As(III) was 45% which increased to almost 93% 

when the applied dosage of CS-f-PVA/SA ENM was increased to 10 mg L 1. The adsorption 

capacity increased from 170 mg g 1 to 367 mg g 1 with an increase in the dosage of 

adsorbent from 2 mg L 1 to 10 mg L 1. This finding indicates that CS-f-PVA/SA ENM 

demonstrated satisfactory performance for the removal of As (III). As 10 mg L 1 adsorbent 

dosage provided the highest removal of As (III), 10 mg L 1 dosage was adopted in the later 

experiments.  

 

Fig. 5. The As(III) adsorption capacity of PVA/SA-ENM and (b) CS-f-PVA/ SA ENM. 

 

3.4.3. Effect of initial concentration  

The effect of the initial concentration of As(III) ions on the As binding capacities of the pristine 

PVA/SA and CS-f-PVA/SA ENMs is shown in Fig. 5. For CS-f-PVA/SA ENM, adsorption 

capacity rapidly increased with an increase in initial concentration of As(III), whereas, for 

PVA/SA ENM, it was saturated with As at Csubs0 of 350 mg L 1 as at this level the 

adsorption reached a plateau but for CS-f-PVA/SA ENM, the As(III) binding capacity was still 

increasing. The CS-f-PVA/SA ENM exhibited the highest adsorption capacity of 367.99 mg 



g 1 compared to the pristine PVA/SA ENM‘s 178.543 mg g 1 As binding capacity at the 

initial concentration of 400 ug mL 1. The addition of cationic CS to PVA/SA considerably 

enhanced their As(III) binding capacity.  

 

3.4.4. Adsorption kinetics  

Adsorption kinetics study play a crucial role in understanding adsorption behavior. In this 

study, the kinetic behavior of pristine PVA/ SA and CS-f-PVA/SA ENMs were evaluated 

employing kinetic capacity curves (qt) as a function of contact time (t) for different initial 

As(III) concentrations (Fig. 6). The adsorption experiments were carried out over 3.5 h at room 

temperature and natural pH. For CS-f-PVA/SA ENM, the adsorption process progressed 

rapidly and almost reached equilibrium within 90 min. On the other hand, for the pristine 

PVA/SA ENM, the adsorption equilibrium reached within 108 min. The adsorption capacities 

increased gradually regardless the As(III) concentration [34, 37]. More than 90% of the total 

adsorption of As(III) occurred within the first 60 min for CS-f-PVA/SA ENM, which was much 

higher than pristine PVA/SA-ENM. The mechanism of As(III) elimination was investigated 

using the PFO, PSO kinetic models. Sorption is preceded by diffusion across a boundary layer 

in the PFO model [42]. Chemical surface adsorption, where the removal of adsorbate from a 

solution is due to chemical interactions between the adsorbent and the adsorbate, is the rate-

limiting step in the PSO model [42]. To analyze the adsorption kinetics precisely, PFO (Eq. 3) 

and PSO (Eq. 4) models were used, which can be expressed as follows:  

Qt=Qe(1 e k1t (3) 

Qt = k1Qe2t 1 + k2Qet (4)  

Where Qt (mg g  1) and Qe (mg g  1) are the adsorption capacity at any time and adsorption 

equilibrium, the parameters k1 (min  1) and k2 (g mg  1 min  1) are the first and second-

order kinetic rate constants, respectively. The adsorption kinetics were fitted by non-linear PFO 

and PSO models and the relative fitting curves are shown in Fig. 6. In addition, the 

corresponding kinetics data are summarized in Table 1. For CS-f- PVA/SA ENM, a slightly 

higher correlation co-efficiency was observed for the PSO (R2 = 0.98) than the PFO (R2 

=0.93), as shown in Table 1. On the other hand, for PVA/SA-ENM, the lower correlation co-

efficiency was observed for the PFO (R2 =0.94) than the PSO (R2 =0.97), shown in Table 1. 

The above discussion suggests that the As(III) adsorption onto CS-f-PVA/SA and PVA/SA-

ENMs followed PSO kinetics. The chemisorption was occurred during As(III) adsorption onto 

the CS-f-PVA/SA ENM involving the specific interactions with the surface functional group 

[50]. The PSO was found to be the most appropriate for describing the kinetic behavior, with 

the highest value for the coefficient of determination R2 and adjusted coefficient of  

 

 



 

Fig. 6. Kinetic curves onto CS-f-PVA/SA and PVA/SA ENMs; [As(III)]0 = 0.2 mg L 1, at 

neutral pH, 220 rpm for 3.5 h, at room temperature. (Adjustment of pseudo-first-order and -

pseudo-second-order kinetic models to the experimental data). 

 

Fig. 7. Equilibrium curves (a) Adsorption isotherm, (b) Langmuir and (c) Freundlich isotherm 

model for As(III) adsorption onto CS-f-PVA/SA ENM. [As (III)]0 = 0.2 mg L 1, initial pH 

= 7, 3.5 h, and room temperature. 



determination (R2adj) (between 0.98 and 0.98) and lowest values for the average relative error 

(ARE < 2.7%). The PSO model indicates that the adsorption mechanism is dependent on the 

diffusion-controlled system [49,51]. The maximum adsorption capacities for CS-f-PVA/SA 

and PVA/SA ENMs were 343.8 mg g 1 and 207.82 mg g 1, respectively. These results 

confirm that the chitosan coating (CS-f-PVA/SA ENM) has significantly improved PVA/SA 

ENM’s As(III) adsorption performance.  

 

3.4.5. Adsorption isotherms of As(III)  

Many adsorption isotherm models are used for understanding solid-liquid interface adsorption 

but Langmuir and Freundlich are the most commonly used models [52]. The As(III) adsorption 

isotherms for CS-f-PVA/SA ENM, are shown in Fig. 7. The CS-s-PVA/SA ENM showed a 

maximum adsorption capacity of 540.54 mg g 1 at neutral pH. It demonstrates that the CS-f-

PVA/SA ENM showed considerably higher As(III) adsorption capacity at neutral pH. 

Adsorption isotherms As(III) is known to all, Langmuir (Eq. 5) and Freundlich (Eq. 6) isotherm 

models were used to analyze the adsorption equilibriums data, which can be expressed as 

follows: Qe = QmkLCe 1 + kLCe (5) Qe = kFCe1/n (6) Where Ce (mg L 1) and Qe (mg g 

1) are the amounts of the equilibrium concentration and equilibrium adsorption quantities, and 

kF (mg g 1) * (L mg 1)^1/n is Freundlich constant, and 1/n is the heterogeneity factor. The 

adsorption isotherm constant was analyzed by the widely used non-linear Langmuir and 

Freundlich isotherm models. Freundlich isotherm model represents multilayer adsorption, and 

the Langmuir model represents monolayer adsorption. As shown in Table 2, after analyzing 

the adsorption data, the correlation coefficients (R2), R2adj and ARE (%) values indicated that 

the Freundlich model was well fitted and showed a higher regression co-efficiency value than  

 

 

the Langmuir model. As(III) adsorption on CS-f-PVA/SA ENM fitted better by the Freundlich 

isotherm model, indicating a multilayer adsorption mechanism and heterogeneous surface. 



Table 3 shows a comparison of As(III) adsorption performance of CS-f-PVA/SA ENM with 

other CS-based adsorbents. The comparative results show that the CS-f-PVA/SA ENM had 

excellent adsorption performance, which might be attributed to its surface being rich with 

amino groups. As (III) was captured by amino groups through electrostatic attraction, which 

greatly enhanced its removal. Therefore, the surface-modified PVA/SA ENM could be a 

promising powerful adsorbent for the removal of As(III) from an aqueous solution.  

 

Fig. 8. (a) Effect of coexistence ions on As(III) removal by CS-f-PVA/SA ENM (b) Regeneration 

of CS-f-PVA/SA ENM over ten adsorption-desorption cycles with 0.003 M NaOH. 

 

3.5. Effect of coexisting anions 

 Here, the effect of coexisting anions on the adsorption of As(III) by the CS-f-PVA/SA ENM 

adsorbent was examined. There are ubiquitous anions present in polluted water and nature 

which can affect the As(III) removal, thus reducing the As(III) removal efficiency due to the 

competitive binding or blocking the adsorbent sites by anions and As (III). In this study, 

different coexisting representative anions such as Cl , SO42 , SiO32 , F- and PO43 with 

the 0.5 mM and 1.0 mM initial concentration were used. The presence of various competing 

anions influenced the adsorption capacity and removal of As(III). The effect of co-anions on 

the As adsorption by CS-f-PVA/SA was examined using the initial concentration of As(III), 

0.004 mM, at neutral pH and the results are presented in Fig. 8a. The experimental results 

indicated that Cl and F ions up to 0.5 mM and 1.0 mM concentration didn’t show a negative 

effect on As(III) adsorption, whereas SO42 , and PO43 exhibited some levels of negative 

effects on As(III) adsorption, which is consistent with the As adsorption by similar adsorbents 

[58–60]. The reasons for the different behavior of coexisting anions were due to different pKa 

values of the coexisting anions. P and As(III) both have similar chemical speciation [61] which 

may be a reason for the decrease in the removal efficiency and adsorption capacity [60,62]. A 

negative influence has occurred for SiO32 because of steric effects on the surface potential 

of absorbent with As(III) [60]. Overall, the competitive coexisting anions.  

 

3.6. Regeneration  



The developed adsorbent needs to be regenerable and reusable to compete with the commercial 

adsorbents and these properties are considered as the most crucial indicator to show the 

performance of an adsorbent. It is usually not easy to desorb the As(III) from adsorbent in an 

aqueous solution by using 0.1 M concentration NaOH [40]. As shown in Fig. 8b, CS-f-PVA/SA 

ENM showed highly efficient reusability performance with above 30% of As(III) removal 

efficiency even after ten times successive cycles, and no change was found in the color, size, 

weight, and shape of the CS-f-PVA/SA ENM. 3.7. Adsorption mechanism The removal of 

As(III) by the one-dimensional (1D) ENM occurred possibly by complexation, and 

electrostatic interaction adsorption process, as shown in Fig. 9. The hydrogen from the 

protonation of amino groups and methyl groups of strongly cationic CS-f-PVA/SA ENM was 

replaced by anionic arsenite utilizing at the low acidic or neutral pH, and similar interaction 

was observed by Sharma et.al. [63]. The surface-active OH groups of CS-f-PVA/SA ENM may 

further bind or release As, where the surface remains positive ue to the below Reaction 1: CS-

OH + H3O+ = CS-OH2 + H2O Reaction 1 Reaction 1 indicates that the removal efficiency of 

CS-f-PVA/SA ENM is more at low acidic or neutral pH. In this condition, As(III) adsorption 

mechanism was represented in two different mechanisms, which were (a) electrostatic 

interaction between CS-f-PVA/SA ENM positively charged amino groups and negatively 

charged of As(III) oxoanions (Reaction 2) and (b) electrostatic interaction and complexation 

between CS-f-PVA/SA ENM surface positively charged of the hydroxyl group and arsenite 

(Reaction 3) [64]. The dependent pH (range 6.5–7.5) behavior could be explained by the more 

ionization adsorption of both adsorbent and adsorbate causing the change of electrostatic 

interaction force. It has been demonstrated that H2AsO3 are the dominant Arsenite species 

at pH values < 9.0 [65]. CS-NH2 + H2AsO3- = CS-NH2+ - HAsO3- Reaction 2 CS-OH + 

H3O+ + HAsO3- = CS-NH2+ - HASO3- + H2O Reaction 3  

 

Fig. 9. Proposed adsorption mechanism of As (III) in the presence of CS-f-PVA/SA ENM. 

 



4. Conclusions  

We successfully prepared an ENM composed of beads-free nanofibers from CS-f-PVA/SA, 

which showed considerably higher As(III) binding capacity compared to the pristine PVA/SA 

ENM. The morphological characterizations carried out by XRD, SEM, TGA, and EDX show 

that the produced nanofibers are amorphous but fairly uniform in diameter. Based on the 

experimental results and the kinetics study, the CS-f-PVA/ SA ENM showed the maximum 

As(III) adsorption capacity (more than 92%) at neutral pH. Compared with PVA/SA ENM, 

CS-f-PVA/SA ENM demonstrated exceptionally higher As(III) adsorption capacity. The 

adsorption equilibrium reached within 90 min and the adsorption kinetic is well fitted with the 

pseudo-second-order kinetics model than the pseudo-first-order kinetics model. The CS-f-

PVA/SA ENM exhibited a maximum absorption capacity up to 540.54 mg g 1 and the 

adsorption isotherm is well-fitted with the Freundlich isothermal model. Additionally, the 

spectroscopic analysis implied that –NH2, –OH, and C–O could make the dominant 

contributions for the As(III) adsorption onto CS-f-PVA/SA ENM. The presence of coexisting 

anions of Cl and F- up to 1.0 mM didn’t cause a negative effect on the As(III) adsorption, 

whereas SO42 slightly affected the As adsorption at 1.0 mM, but SiO32 and PO43 greatly 

interfered the sorption of As onto CS-f-PVA/SA ENM surface. The recycle and reusability of 

CS-f-PVA/SA ENM was studied with 0.003 M NaOH, and the As adsorption performance was 

still 80% after 4 times recycle and reuse. This study demonstrates that the developed ENM can 

be used for the removal of As(III) from potable water and can be a potential green adsorbent 

for the trace level of As(III) removal from water with high adsorption capacity and easy 

separation from water.  
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