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a b s t r a c t

Here we reported a reactive plasma treatment of polyvinylidene fluoride (PVDF) electrospun membrane by using carbon dioxide (CO 2 ) plasma in order to reduce the hydrophobicity of the PVDF membrane and thereby used to remove toxic crystal violet dye (CV) and iron oxide (Fe 2 O 3 ) nanoparticles from water. The demonstrated plasma treated PVDF electrospun membrane showed a decrement in the hydrophobicity after plasma treatment. Most of the microfiltration membranes based on PVDF were fabricated via phase inversion technique and solvent casting. The main drawback of these methods is that to obtain membranes with uniform pore size. Moreover, the membranes fabricated via phase inversion and solvent casting process have low surface area whereas in the membranes via electrospinning technique have interconnected pore structure with high surface area and uniform pore size. The contact angle of the neat PVDF electrospun membrane and plasma treated PVDF electrospun membrane were 141 and 102 respectively. FTIR studies revealed that, after CO 2 plasma treatment, highly negative carboxylate (COO-) groups were formed on the surface of the PVDF electrospun membrane. With the 10 mg/L of crystal violet (CV) aqueous solution, the dye adsorption capacity was 1.368 mg/g of the membrane for neat PVDF membrane and 3.84 mg/g of the membrane for plasma treated PVDF membrane. It was found that, the CO 2 plasma treated PVDF membrane had two-or threetimes greater adsorption capacity then neat PVDF membrane against crystal violet dyes which was due to the strong electrostatic interaction between the highly negative carboxyl groups on the surface of ⇤

Introduction

Water is an essential requirement for all the living organisms in earth. With the expansion of various industries, water contamination is enhancing drastically day-to-day. The release of the various toxic textile dyes from industries into water is exponentially increasing [START_REF] Zhao | Hydrothermal fabrication of TiO 2 -MoO 3 nanocomposites with superior performance for water treatment[END_REF]. Pollution of the ground and surface water due to the textile dyes is a serious environmental threat especially to humankind and aquatic life [START_REF] Basu | Peptide-based ambidextrous bifunctional gelator: applications in oil spill recovery and removal of toxic organic dyes for waste water management[END_REF][START_REF] Carneiro | Assessment of water contamination caused by a mutagenic textile effluent/dyehouse effluent bearing disperse dyes[END_REF][START_REF] Chawla | Zinc peroxide nanomaterial as an adsorbent for removal of Congo red dye from waste water, Ecotoxicol[END_REF][START_REF] Nandi | A dipeptide-based superhydrogel: Removal of toxic dyes and heavy metal ions from waste water[END_REF]. Due to the growing use of dyes, the dye wastewater is fetching an environmental threat, and the removal of these pollutants from wastewater is challenging [START_REF] Carmen | Textile organic dyes -Characteristics, polluting effects and separation/elimination procedures from industrial effluents -A critical overview[END_REF]. Therefore, it is paramount to develop efficient water purification media to address this issue. Favorably, membrane separation technology is one of the promising techniques to eliminate the impurities from water, where the filtration efficiency is mainly influenced by hydrophobicity, hydrophilicity, porosity surface charge etc of the membrane [START_REF] Cao | Robust polyacrylonitrile nanofibrous membrane reinforced with jute cellulose nanowhiskers for water purification[END_REF]. The commercial membranes like nanofiltration and conventional membranes are porous in nature and typically produced via phase immersion method, where it is very difficult to achieve the uniform porosity which resulted in the lower water flux [START_REF] Yoon | High flux ultrafiltration membranes based on electrospun nanofibrous PAN scaffolds and chitosan coating[END_REF][START_REF] Ma | Ultrafine polysaccharide nanofibrous membranes for water purification[END_REF][START_REF] Ma | Thin-film nanofibrous composite ultrafiltration membranes based on polyvinyl alcohol barrier layer containing directional water channels[END_REF]. With the development of the electrospinning technique, most of the synthetic polymer nanofibers have been applied extensively into diverse research fields and industries like air purification, gas storage , drug delivery, sensors, tissue engineering and electrodes for use in electronics [START_REF] Ma | Functionalized electrospun nanofibrous microfiltration membranes for removal of bacteria and viruses[END_REF][START_REF] Zhang | Electrospinning of gelatin fibers and gelatin/PCL composite fibrous scaffolds[END_REF][START_REF] Bhardwaj | Electrospinning: A fascinating fiber fabrication technique[END_REF][START_REF] Raghavan | Electrospun polymer nanofibers: The booming cutting edge technology[END_REF][START_REF] Gopakumar | Meldrum's acid modified cellulose nanofiber-based polyvinylidene fluoride microfiltration membrane for dye water treatment and nanoparticle removal[END_REF][START_REF] Aruchamy | Electrospun nanofibers nanocomposites and characterization of art: Insight on establishing fibers as product[END_REF]. During the electrospinning process, when the applied voltage is strong enough to overcome the surface tension of the (charged) polymer solution at the tip of the spinneret, a fine jet stream is ejected. As this jet stream travels from the spinneret to the collector, the solvent in the jet stream is evaporated while the polymer solution begins to form a thinner and thinner jet stream, resulting in the formation of a non-woven fibrous scaffold at the collector [START_REF] Huang | A review on polymer nanofibers by electrospinning and their applications in nanocomposites[END_REF]. The fiber diameter and the morphology are affected by both processing and materials parameters. A relatively new utilization of the electrospun nanofibrous scaffolds is their application in water purification [START_REF] Yoon | High flux ultrafiltration membranes based on electrospun nanofibrous PAN scaffolds and chitosan coating[END_REF][START_REF] Bahmani | High-flux ultrafiltration membrane based on electrospun polyacrylonitrile nanofibrous scaffolds for arsenate removal from aqueous solutions[END_REF][START_REF] Park | Preparation of electrospun membrane for low-fouling ultrafiltration[END_REF][START_REF] Tang | UV-cured poly(vinyl alcohol) ultrafiltration nanofibrous membrane based on electrospun nanofiber scaffolds[END_REF].

Electrospun membranes have a high porosity (< 80%) with fine diameters (from about 0.1 µm m to about 1 µm) and an interconnected-pore structure, which yields a relatively very high specific surface area. Newly, electrospun based membrane materials with good water flux has been attained a considerable attention in membrane separation technology especially in nanofiltration and ultrafiltration applications due to their fascinating specific surface area, excellent interconnectivity of fibers and uniform porosity with 3D nanofibrous structure [START_REF] Huang | A review on polymer nanofibers by electrospinning and their applications in nanocomposites[END_REF][START_REF] Ma | Ultra-fine cellulose nanofibers: New nano-scale materials for water purification[END_REF][START_REF] Ramakrishna | Electrospun nanofibers: Solving global issues[END_REF]. Recently, electrospinning technique has been applied to diverse polymers to fabricate uniform 3D porous water filtration membranes having fiber diameters ranging from nanometers to micrometers could be controlled via different processing parameters like surface tension, applied voltage, concentration of solution, applied voltage, flow rate etc. So far, a lot of literatures have been reported on the removal of organic pollutants from water [START_REF] Zinatloo-Ajabshir | Rare earth zirconate nanostructures: Recent development on preparation and photocatalytic applications[END_REF][START_REF] Zinatloo-Ajabshir | Facile synthesis of nanocrystalline neodymium zirconate for highly efficient photodegradation of organic dyes[END_REF][START_REF] Mortazavi-Derazkola | Facile hydrothermal and novel preparation of nanostructured Ho 2 O 3 for photodegradation of eriochrome black T dye as water pollutant[END_REF][START_REF] Abbasi | Photodegradation of methylene blue: photocatalyst and magnetic investigation of Fe 2 O 3 -TiO 2 nanoparticles and nanocomposites[END_REF][START_REF] Mortazavi-Derazkola | Fabrication and characterization of Fe 3 O 4 @SiO 2 @TiO 2 @Ho nanostructures as a novel and highly efficient photocatalyst for degradation of organic pollution[END_REF][START_REF] Khojasteh | Preparation and characterization of Fe 3 O 4 @SiO 2 @TiO 2 @Pd and Fe 3 O 4 @SiO 2 @TiO 2 @Pd-Ag nanocomposites and their utilization in enhanced degradation systems and rapid magnetic separation[END_REF][START_REF] Mahdiani | Grafting of CuFe 12 O 19 nanoparticles on CNT and graphene: Eco-friendly synthesis, characterization and photocatalytic activity[END_REF][START_REF] Zinatloo-Ajabshir | Facile synthesis of Nd 2 Sn 2 O 7 -SnO 2 nanostructures by novel and environment-friendly approach for the photodegradation and removal of organic pollutants in water[END_REF][START_REF] Zinatloo-Ajabshir | Green synthesis and characterization of Dy 2 Ce 2 O 7 nanostructures using Ananas comosus with high visible-light photocatalytic activity of organic contaminants[END_REF][START_REF] Li | Metal-organic framework-based materials: superior adsorbents for the capture of toxic and radioactive metal ions[END_REF][START_REF] Wu | Environmental remediation of heavy metal ions by novel-nanomaterials: A review[END_REF][START_REF] Gu | Recent advances in layered double hydroxide-based nanomaterials for the removal of radionuclides from aqueous solution[END_REF][START_REF] Zhao | Polymer-based nanocomposites for heavy metal ions removal from aqueous solution: A review[END_REF]. Among the fluoropolymers, PVDF has gained considerable attention as an excellent membrane material due to its fascinating properties like chemical resistance against base, acids and solvents, mechanically robust, excellent thermal stability etc. In addition to this, PVDF could be easily dissolve in almost organic solvents. These above mentioned properties of PVDF suggests it as an efficient filter membrane for water treatment [START_REF] Dong Kang | Application and modification of poly(vinylidene fluoride) (PVDF) membranes -A review[END_REF][START_REF] Liu | Progress in the production and modification of PVDF membranes[END_REF][START_REF] Chang | Preparation of poly (vinylidene fluoride) microfiltration membrane with uniform surface[END_REF][START_REF] Byun | Surface modification of PVDF membranes for water treatment via hydrophilic thermal cross-linking method[END_REF].

Primarily, hydrophobic membranes are more prone to membrane fouling in contrast to hydrophilic membranes which could be attributed to the hydrophobic interaction between membrane materials, solutes and microbial cells [START_REF] Choi | The behavior of membrane fouling initiation on the crossflow membrane bioreactor system[END_REF]. Moreover, the adsorption of organic species, the precipitation of less soluble inorganic species and adhesion of microbial cells also resulted in the membrane fouling [START_REF] Choo | Membrane fouling mechanisms in the membranecoupled anaerobic bioreactor[END_REF]. It is well known that the membrane fouling is higher for hydrophobic membranes than hydrophilic ones. A few literatures have been reported on the PVDF based membranes for dye removal. Gopakumar et al. [START_REF] Gopakumar | Meldrum's acid modified cellulose nanofiber-based polyvinylidene fluoride microfiltration membrane for dye water treatment and nanoparticle removal[END_REF] reported Meldrum's acid modified CNF based PVDF membrane for the removal of crystal violet and they removed 3.98 mg/g of membrane of Crystal violet dye from water [START_REF] Gopakumar | Meldrum's acid modified cellulose nanofiber-based polyvinylidene fluoride microfiltration membrane for dye water treatment and nanoparticle removal[END_REF] . Similarly, Gopi et al. [START_REF] Gopi | Chitin nanowhisker (ChNW)functionalized electrospun PVDF membrane for enhanced removal of Indigo carmine[END_REF] also removed indigo carmine dye using chitin nanowhisker-functionalized electrospun PVDF membrane and they achieved a removal efficiency of 88.9% against indigo carmine dyes [START_REF] Gopi | Chitin nanowhisker (ChNW)functionalized electrospun PVDF membrane for enhanced removal of Indigo carmine[END_REF]. In most of the abovementioned works, a surface modified poly saccharide material was employed to coat over the PVDF electrospun membrane which are very difficult to commercialize at the industrial level. Some works have been reported on the removal of dyes using PVDF based blend membranes. Srivastava et al. [START_REF] Srivastava | Performance of modified poly(vinylidene fluoride) membrane for textile wastewater ultrafiltration[END_REF] reported on the PVDF/SAN blend membrane for the removal of reactive black (RB5) and congo red (CR) from water and the fabricated membrane removed 97% of CR dye and 70% of RB5 dye from the feed solution [START_REF] Srivastava | Performance of modified poly(vinylidene fluoride) membrane for textile wastewater ultrafiltration[END_REF]. The other work was reported by Nikooe et al. [START_REF] Nikooe | Preparation and characterization of novel PVDF nanofiltration membranes with hydrophilic property for filtration of dye aqueous solution[END_REF] and they removed reactive red dye 141 by using PVDF/Brij-58 surfactant blend nanofiltration membrane [START_REF] Nikooe | Preparation and characterization of novel PVDF nanofiltration membranes with hydrophilic property for filtration of dye aqueous solution[END_REF]. Recently, Surface modification using Reactive Plasma treatment has been shown an excellent technique for polymer treatment for a few reasons. Plasma treated membranes have been used widely in water treatment, biomedical, pharmaceutical, food and gas separation industries. Reactive Plasma Process can activate only the upper layer of the membrane not affecting the bulk properties of the polymer [START_REF] Gancarz | Modification of polysulfone membranes 1. CO 2 plasma treatment[END_REF][START_REF] Steen | Low temperature plasma treatment of asymmetric polysulfone membranes for permanent hydrophilic surface modification[END_REF][START_REF] Steen | Hydrophilic modification of polymeric membranes by low temperature water plasma treatment[END_REF]. Additionally, this technique is versatile since by controlling some system variables it is possible to modify considerably the physical and chemical properties of membranes by sparing time and chemical reagents by comparing them with the techniques conventionally used in materials chemistry. Some reports have been investigated on the effect of plasma on the PVDF membranes [START_REF] Yang | Effective evaporation of CF 4 plasma modified PVDF membranes in direct contact membrane distillation[END_REF][START_REF] Kim | Preparation and characterization of polyamide thin-film composite (TFC) membranes on plasma-modified polyvinylidene fluoride (PVDF)[END_REF][START_REF] Jiding | Surface modification of polyvinylidene fluoride (PVDF) membranes by low-temperature plasma with grafting styrene[END_REF][START_REF] Xu | Morphological and hydrophobic modifications of PVDF flat membrane with silane coupling agent grafting via plasma flow for VMD of ethanol-water mixture[END_REF][START_REF] Ju | Superhydrophilic and underwater superoleophobic PVDF membranes via plasma-induced surface PEGDA for effective separation of oil-in-water emulsions[END_REF][START_REF] Pascu | Surface modification of PVDF by plasma treatment for electroless metallization[END_REF]. Among them, a very few literatures have been reported on plasma modified PVDF membranes for dye removal. Buonomenna et al. [START_REF] Buonomenna | New PVDF membranes: The effect of plasma surface modification on retention in nanofiltration of aqueous solution containing organic compounds[END_REF] reported Argon plasma treated PVDF membrane for the removal of methylene blue and congo red but in this case, they used phase inversion process for the fabrication of PVDF membrane [START_REF] Buonomenna | New PVDF membranes: The effect of plasma surface modification on retention in nanofiltration of aqueous solution containing organic compounds[END_REF]. The main issue in the membranes which are fabricated via phase inversion process is very difficult to achieve the uniform pore size. In this context, herein we make use of CO 2 plasma treatment on the PVDF electrospun membrane in order to reduce the hydrophobicity and for the removal of iron oxide nanoparticles and crystal violet dye from water. So far, this is the first report on the CO 2 plasma treated PVDF electrospun membranes for removing toxic crystal violet textile dyes and iron oxide nanoparticles from water via adsorption and size exclusion mechanism respectively. 

Materials and methods

Materials

PVDF with Mwt (2,76000 g/mol) and iron oxide (Fe 2 O 3 ) nanoparticles in the range of 50-100 nm were procured from Sigma-Aldrich, Brazil. Crystal violet dye (CV, C 25 H 30 N 3 Cl, max = 584 nm, MM = 407.89 g/mol) was purchased from Vetec (Brazil).

Preparation of PVDF electrospun membrane

Initially (Acetone/DMF) at a volume ratio of 40:60 solvent mixture was used to dissolve 17 wt% of PVDF pellets at 50 C. The electrospinning equipment (HOLMARC: HO-NEV-02) was employed to fabricate PVDF electrospun membrane at 15 KV at 29 C with a tip to collector distance of 15 cm at a feed rate of 1 mL/h. In order to improve the structural integrity of the fabricated electrospun membrane and for the removal of the residual solvent from the membrane, the fabricated porous membrane was kept in a hot air oven at 140 C for 3 h prior to the characterization.

CO 2 plasma treatment on the PVDF electrospun membrane

Fig. 1 is a schematic representation of the plasma enhanced chemical vapor deposition (PECVD) system used to treat the PVDF electrospun membrane. Vacuum was performed with a rotary vane pump of 10 m 3 /h pumping speed (Edwards model RV8). For the plasma generation, a microwave source (2.460 GHz, 1000 W) was used. CO 2 (99.99% pure) was mixed with Argon (99.99% purity) during the plasma discharge. The residual pressure before gases admittance was 1.0 mTorr. The gases used in the treatment was introduced in the quartz chamber and the flux was controlled using need valve (Edwards model LV10K). In this study we used reactive plasma treatment by mixtures of CO 2 and Argon to reduce the hydrophobicity of PVDF electrospun membrane. The Argon was first admitted in the chamber until the pressure of 350.0 mTorr and after, CO 2 was introduced until the final pressure reached 450.0 mTorr. The sample holder with the membrane was kept at approximately 10 cm from the microwave source. The samples were treated for 5 min and at this time of treatment no appreciable increase in temperature was observed.

Scanning Electron Microscopy

SEM (CARL ZE ISS, EVO MA10) was used to investigate the surface morphology of the neat PVDF and plasma treated PVDF electrospun membrane. The samples were dried and sputtered with gold coating in an argon atmosphere. The samples were observed at an acceleration voltage of 20 KV.

Fourier Transform Infrared spectroscopy

Attenuated Total Reflection (ATR) technique was employed to obtain the IR spectra of neat PVDF membrane and plasma treated membrane from 400 to 4000 cm 1 using FTIR Agilent Technologies, Carry 600 Series FTIR Spectrometer and ATR purchase from Pike Technologies.

Contact angle studies

In order to obtain the water contact angles of neat PVDF and plasma treated electrospun membrane, SCA20 contact angle analyzer was employed. 10 µL of distilled water was used for obtaining the water contact angle values. Five measurements were taken for each sample in order to calculate the average value.

UV-visible spectrophotometer

Iron oxide nanoparticle and CV dye removal were studied using UV-spectrophotometer ((FEMTO Mod. 800X I) via transmittance, absorbance respectively. The starting solution and filtrate were transferred into PMMA disposable cuvette and transmittance was obtained from 300 to 900 m for the assessment of the nanoparticle removal where as in the case of dye removal evaluation, the same procedure was repeated, and absorbance was measured at 590 nm. A spectrum of cuvette with water was used as the reference for the calibration of the transmittance and absorbance of the samples. In order to obtain the solute concentrations in the feed and final solutions, UV-Vis procedure was used.

Assessment of the adsorption capacity of PVDF and plasma treated PVDF membranes against crystal violet dyes

Firstly, 0.06 g of plasma treated and untreated PVDF membrane was soaked in 30 ml of CV solution (concentration of (10 mg CV /L)/ pH-7.0) on shaking bed for 4 h at room temperature. The value of the adsorption capacity of both membranes against CV dye was determined as a function of time. UV-visible spectrophotometer was employed to determine the concentration of the absorbed CV dye on to the both membranes via optical adsorption at 590 nm.

The dye removal efficiency (R%) of the fabricated CO 2 plasma treated PVDF membrane was evaluated by the following equation [START_REF] Zhu | High adsorption capacity for dye removal by CuZn hydroxyl double salts[END_REF].

R(%) = C i C o C o ⇥ 100
Where Ci (mg/L) and Co (mg/L) are concentrations of crystal violet dye in the feed and final solutions These concentrations were obtained from variation of absorbance, obtained from UV-Vis spectra, versus dye concentration.

Microfiltration test of the neat PVDF membrane and plasma treated PVDF electrospun membrane

A glass filtration assembly with a filtration area of 9.5 cm 2 (Holder-46 mm) was employed to conduct the microfiltration performance of both treated and untreated PVDF electrospun membranes. The feed solution was prepared by using 0.3 wt% of Fe 2 O 3 nanoparticles in 50 ml of distilled water via stirring at 10,000 rpm for 10 min with an Ultra-turrax homogenizer (IKA T25). The filtration test was conducted using feed solution with 0.3 wt% of Fe 2 O 3 nanoparticles in the range of 50-100 nm at a pressure of 200 mm Hg.

Results and discussion

Physicochemical characterization of the membrane

FTIR Studies

The FTIR spectra of neat PVDF membrane and CO 2 plasma treated PVDF membrane are shown in Fig. 2. As shown in Fig. 2, neat PVDF membrane exhibited characteristic peaks at 1405 cm 1 and 1168 cm 1 were attributed to CH 2 and CF 2 stretching vibrations. Moreover, a skeletal vibration of C-C bond was shown at 877 cm 1 [START_REF] Yu | Preparation of a novel antifouling -cyclodextrin-PVDF membrane[END_REF][START_REF] Chen | Enhancing the photocatalytic and antibacterial property of polyvinylidene fluoride membrane by blending Ag-TiO 2 nanocomposites[END_REF]. In the case of CO 2 plasma treated PVDF membrane, displayed main peaks at 1738 cm 1 and 1261 cm 1 which was due to the C= =O and C-O stretching after CO 2 plasma treatment. Additionally, a stretching of O-H was shown at 3008 cm 1 , which clearly indicates the reduction of hydrophobicity of PVDF membrane after CO 2 plasma treatment.

Morphology of plasma treated PVDF electrospun membrane

The SEM images of PVDF membrane and CO 2 plasma treated PVDF electrospun membrane are shown in the Figs. 3(a) and 3(b) respectively. It is clearly evident from the Figs. 3a & 3b, that both membranes exhibited a 3-D network of irregular arrangement of PVDF nanofibers with 700 nm of average fiber diameter. It could be seen that, after plasma treatment the polymer nanofibers were well interconnected and fused as shown in Fig. 3(b). Moreover, after plasma modification the surface of the PVDF membrane become smoother which resulted in the reduction of contact angle when contrast to the neat PVDF membrane. It can be concluded that, after plasma treatment, the hydrophobicity of PVDF membrane was reduced to some extent, this will reduce the fouling problem of the highly hydrophobic PVDF electrospun membrane.

Contact angle studies of PVDF membrane and CO 2 plasma treated membrane

The water contact angle values of both membranes were analyzed in order to investigate the wettability and fouling problem of the membrane. Generally, a highly hydrophobic membrane shows fouling problem due to the accumulation of the oil particles on the surface of the membrane due to the highly hydrophobic nature of polymer which eventually affects the water filtration performance and water flux of the membrane. The obtained water contact angles were 142.6 and 102 for neat PVDF membrane and CO 2 plasma treated PVDF membrane respectively. It was quite interesting that, after CO 2 plasma treatment, the contact angle of the PVDF membrane was reduced from 142.6 to 102 which indicates the better wettability and decrement in the hydrophobic nature of the PVDF membrane as shown in the Fig. 4. With the decrement in the hydrophobic nature of PVDF membrane after CO 2 plasma treatment, it can be concluded that the CO 2 plasma treatment could reduce the fouling issue of the membrane to some extent.

Evaluation of membrane performance

Estimation of adsorption capacity of neat PVDF membrane plasma treated PVDF membrane towards crystal violet dye

In order to evaluate the adsorption capacity of both membranes, UV-Vis spectroscopy was used. The absorption capacity of both PVDF and CO 2 plasma treated PVDF membranes against 10 mg/L of crystal violet (CV) dye as a function of time are shown in the Fig. 5. The obtained adsorption capacities of neat PVDF membrane and CO 2 plasma treated PVDF membrane were 1.367 and 3.84 mg/g of the membrane respectively. These results were proportionate with values of Ma et al., and Gopakumar et al., who reported that the absorption of crystal violet dye was 3.8 mg/g and 3.984 mg/g using cellulose nanowhiskers based Poly acrylonitrile membrane and PVDF based Meldrum's acid CNF membrane respectively [START_REF] Gopakumar | Meldrum's acid modified cellulose nanofiber-based polyvinylidene fluoride microfiltration membrane for dye water treatment and nanoparticle removal[END_REF][START_REF] Ma | Nanofibrous microfiltration membrane based on cellulose nanowhiskers[END_REF]. Table 1 shows some of the reported dye removal values of PVDF based membranes. From Table 1, it is evident that the dye removal capacity of the fabricated CO 2 plasma treated membrane was comparable with other reports.

It was found that, the CO 2 plasma treated PVDF membrane had two-or three-times greater adsorption capacity then neat PVDF membrane against crystal violet dyes which was due to the strong electrostatic interaction between the highly negative carboxyl groups on the surface of plasma treated PVDF electrospun membrane and protonated CV dye molecule. The mechanism of the CV dye adsorption of the plasma treated PVDF membrane is shown in the Fig. 6. Therefore, the demonstrated plasma treated membrane will be an effective adsorbent for the elimination of toxic textile dyes from the water.

Microfiltration performance of PVDF membrane and plasma treated PVDF membrane against nanoparticles

Fig. 7a & 7b shows the upper and the lower surfaces of the neat PVDF membrane afterwards the filtration of iron oxide nanoparticles. It is shown that, after filtration against Fe 2 O 3 nanoparticles, most of the nanoparticles were filtered on the upper surface of the PVDF electrospun membrane, whereas in the lower portion no trace of nanoparticles was observed. Similarly, in the case of plasma treated PVDF electrospun membrane, most of the particles were removed/ filtered on the upper surface of the 

Reusability studies of the fabricated membrane

In order to study the reusability of the carbon dioxide plasma modified PVDF electrospun against crystal violet dyes, plasma modified PVDF membrane was washed and dried after the first adsorption cycle in running water for 25 min. After this, the membrane was transferred to a 200 mL of beaker and stirred for 3 h. Then the cleaned plasma modified PVDF membrane was used for the second adsorption cycle. The same procedure was repeated for 3rd absorption cycle too. From the Fig. 10, it is shown that, 87.6% of removal efficiency was observed for the first adsorption cycle whereas during 2nd adsorption cycle it was reduced to 62.8% and 33.4% for 3rd adsorption cycle. From this, it can be concluded that the reusability and removal efficiency of the fabricated plasma modified PVDF membrane is noteworthy as an absorbent material against toxic crystal violet dyes.

Conclusion

PVDF electrospun membrane was successfully fabricated via electrospinning process. CO 2 plasma treatment on the fabricated PVDF electrospun membrane was successful, which reduces the contact angle of the neat PVDF membrane from 141 to 102 . Using 10 mg/L of CV solution, the neat PVDF showed an adsorption capacity of 1.368 mg/g of the membrane, whereas in the case of the plasma treated PVDF membrane showed 3.84 mg/g of the membrane. Plasma treated PVDF membrane showed twoor three-times CV adsorption capacity than neat PVDF membrane which was due to the strong electrostatic interaction between the protonated CV molecules and highly negative carboxyl groups on the surface of plasma treated PVDF membrane. The fabricated membrane had good rejection rate against Fe 2 O 3 nanoparticles which implies that most of the nanoparticles were entrapped on the surface of the electrospun membrane due to its 3D interconnected network pore structure which was confirmed from the SEM images. Morphology studies revealed that, after plasma treatment the surface of the PVDF electrospun membrane become more smoother compared to neat PVDF membrane. The decrement in the contact angle of the PVDF electrospun membrane after the plasma treatment will be reduced the fouling problem of the membrane to some extent. Both pristine and plasma treated PVDF membrane showed excellent filtration performance against Fe 2 O 3 nanoparticles. The demonstrated plasma treated PVDF electrospun membrane could successfully eliminate the crystal violet dyes and Fe 2 O 3 nanoparticles via adsorption and size exclusion mechanism respectively. So, we strongly considered that the present study will be an impressive platform to design the PVDF microfiltration membranes for the removal of water pollutants via adsorption and size exclusion mechanism in the near future.
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 1 Fig. 1. Schematic representation of the PECVD system used to treat the PVDF electrospun membrane.
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 2 Fig. 2. SEM image of (a) neat PVDF electrospun membrane and (b) CO 2 plasma treated PVDF electrospun membrane.
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 3 Fig. 3. FTIR spectra of neat PVDF electrospun membrane and CO 2 plasma treated electrospun membrane.
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 5 Fig. 5. Adsorption capacity of neat PVDF electrospun membrane and CO 2 plasma treated PVDF electrospun membrane.
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 6 Fig. 6. Schematic picture illustrating a proposed mechanism for the removal of crystal violet dye by CO 2 plasma treated PVDF electrospun membrane.

Fig. 7 .

 7 Fig. 7. SEM images of (a) top and (b) bottom portion of PVDF electrospun membrane after the filtration of iron oxide nanoparticles.

Fig. 8 .

 8 Fig. 8. SEM images of (a) top and (b) bottom portion of the plasma treated electrospun membrane after filtration of iron oxide nanoparticles.

Fig. 9 .

 9 Fig. 9. UV-visible spectra of feed and filtrate solution of iron oxide nanoparticles for the CO 2 plasma treated PVDF electrospun membrane.

Fig. 10 .

 10 Fig. 10. Reusability study of CO 2 plasma treated PVDF electrospun membrane.

Table 1

 1 Dye removal values of some PVDF based membranes.

	Materials	Dye pollutant	Dye removal (mg/g)	Dye removal efficiency (%)	References
	PVDF based Meldrum's acid CNF membrane	Crystal violet	3.984	-	[15]
	Chitin nanowhisker based PVDF membrane	Indigo carmine	-	88.9	[42]
	PVDF/Brij-58 blend nanofiltration membrane	Reactive red	-	77	[44]
	PVDF/ SAN membrane	Reactive black 5	-	70	[43]
	CO 2 plasma treated PVDF membrane	Crystal violet	3.84	87.6	This work
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