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Abstract An electrospun nanofibrous composite mat

was prepared from polyacrylonitrile yarn waste and

graphene oxide. The physical and chemical properties of

the nanofibrous composites were characterized using

attenuated total reflections Fourier transform infrared,

scanning electron microscopy, X-ray diffractometer, and

TGA studies. The mean fiber diameters of the pristine

polyacrylonitrile yarn waste nanofiber, polyacrylonitrile

yarn waste/0.5 wt% graphene oxide, polyacrylonitrile

yarn waste/1.0 wt% graphene oxide, and polyacrylonitrile

yarn waste/1.5 wt% graphene oxide nanofibrous compos-

ites were in the range of 41–50, 31–40, 31–40, and

31–40 nm, respectively. The mean pore sizes of the

polyacrylonitrile yarn waste nanofiber, polyacrylonitrile

yarn waste/0.5 wt% graphene oxide, polyacrylonitrile

yarn waste/1.0 wt% graphene oxide, and polyacrylonitrile

yarn waste/1.5 wt% graphene oxide nanofibrous compos-

ites were 0.5541, 0.4533, 0.4229, and 0.4168 lm,

respectively. The maximum dye removal efficiency was

attained in the polyacrylonitrile yarn waste/1.5 wt%

graphene oxide composite at basic pH.

Keywords Polyacrylonitrile yarn waste � Graphene
oxide � Scanning electron microscopy � Methylene blue �
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Introduction

Wastewater management is one of the global environ-

mental challenges and the pollution of water resources by

various pollutants also currently a major environmental

issue as it would lead to a loss of biodiversity. The water

system is an important ecosystem in the environment for

the existence of biotic species. At present, it is very

difficult to protect the water resources from domestic,

agricultural, and industrial wastes. Particularly, dyes and

pigments create severe problems to the environment.

Synthetic organic dyes have been used in various

industries such as textiles, tannery, food, and cosmetics,

which lead to the pollution of the environment due to

their high toxicity and non-biodegradability (Gupta and

Suhas 2009). Among the different types of water pollu-

tants, textile dyes are considered to be the most danger-

ous for the environment (Ayad and Abo El-Nasr 2010;

Wong et al. 2003). It is estimated that annually 70,000

metric tons of commercial dyes are discharged into

wastewater in the worldwide (Auta and Hameed 2011;

Nassar et al. 2012). The release of textile effluents causes

abnormal coloration of surface waters and the colored

water system blocks the sunlight penetration, which is

very essential for photosynthetic bacteria and aquatic

plants. Methylene blue (MB) is the cationic dye, which is

the most commonly used coloring matter for dyeing

cotton, wool, and silk (Baybars et al. 2012).

Many methods such as chemical coagulation, photo

degradation, membrane filtration, and adsorption have

been studied conventionally for dye removal purpose

(Gomes et al. 2005; Sivakumar and Palanisamy 2009).

Though a number of techniques are available for dye

removal from aqueous solutions, adsorption is one of the

most efficient techniques used worldwide due to the high
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adsorption capacity, cost effectiveness, and simple han-

dling process (Dubey et al. 2009; Christian Kemp et al.

2013; Linjun et al. 2013). Polyacrylonitrile (PAN) rapidly

adsorbs the cationic dye molecules, due to the presence of

the anionic groups in the polymer. Polyacrylonitrile is the

most widely used polymer among all the polymers,

because of its excellent spinnability and environmental

stability (Pang and Gong 2008). Graphene oxide (GO) is

prepared from natural graphite, which is a promising

adsorbent material for the removal of cationic dye mole-

cules from aqueous solutions (Bradder et al. 2011; Ram-

esha et al. 2011; Liu et al. 2012; Huang et al. 2003). The

GO has a large surface area, and it also contains carboxyl,

hydroxyl, carbonyl, and epoxide groups.

These functional groups of the graphene enhance the

negative charge density on the layer in basic medium.

Nanofibrous technology is an advanced technique and has

rapidly grown over the last decade, which has been used for

wastewater treatment (Teo and Ramakrishna 2006; Ohka-

wa et al. 2004). The non-woven material produced by the

electrospinning technique (Buchkoa et al. 1999) has fine

diameter (Saeed et al. 2008), large surface area, high

porosity, high gas permeability, and small pore size

(Qingqing et al. 2013). Moreover, the PAN yarn waste/GO

nanofibrous composites have not yet been used for dye

removal. Polyacrylonitrile yarn waste is an inexpensive

wastage product in textile industry, which can be studied

for the production of nanofibers via electrospinning. The

nanofibrous composite adsorbents are an inexpensive and

ready to use for removal of dyes. In this study, the PAN

yarn waste/GO nanofibrous composite was produced by the

electrospinning technique. The physical and chemical

properties of the nanofibrous composites were studied

using scanning electron microscopy (SEM), Fourier trans-

form infrared (FTIR), Thermogravimetric analyzer (TGA),

and X-ray diffractometer (XRD) techniques. The dye

removal efficiency and adsorption capacity of the adsor-

bent was studied using the UV–Vis spectrometer.

Materials and methods

Graphene oxide (Sigma-Aldrich) was dispersed in dimethyl

formamide (DMF; Sigma-Aldrich) and sonicated for

30 min at room temperature. Polyacrylonitrile yarn waste

was dissolved with DMF at 60 �C and placed at sonicator

for 30 min, followed by the mixing of PAN yarn waste and

GO solutions, under continuous stirring till a homogeneous

solution obtained. The solution was taken into a 2-ml

syringe, which was fixed vertically in an electrospinning

set up. A 15 kV of anode and cathode was connected to the

syringe needle and a metal collector drum, respectively.

During the electrospinning, the distance between the needle

and collecting drum was 15 cm and the flow rate of the

spinning solution was 1 ml/h.

Scanning electron microscopy analysis

The surface morphology of the PAN yarn waste/GO

nanofibrous composite mat was studied by scanning elec-

tron microscopy. The average diameter of the nanofibers

was measured from SEM image using image tool software

(UTHSCSA).

Thermogravimetric analyzer (TGA)

The thermal stability of PAN yarn waste and PAN yarn

waste/GO nanofibrous composite was analyzed using TGA

(Perkin–Elmer). The temperature scans ranged from 30 to

800 �C at the rate of 20 �C/min under nitrogen gas

atmosphere.

Pore size distribution

A capillary porometer (FPA-1500A, Porous Materials Inc.,

USA) was employed to measure the mean pore size and

pore size distribution, where a wetting fluid GalwickTM

(Porous Materials Inc.) with a surface tension of

15.9 dynes/cm was used.

X-ray diffraction

The PAN yarn waste nanofiber and PAN yarn waste/GO

composite nanofibers were analyzed using an X-ray dif-

fractometer, under CuKa (k = 1.54) radiation at 40 kV/

200 Ma. A scan was taken with 2h values ranging from 10�
to 80� at a rate of 5 �/min. The crystallinity and crystal size

of the samples were calculated, using an Eq. (1).

Crystal size ðA�Þ ¼ kk
bcosh

ð1Þ

where k is the wavelength of X-ray (A�), k is the shape

factor and value of 0.9, b is full width half maximum

(FWHM), h is Bragg angle.

Dye adsorption

One gram of MB dye (Sigma-Aldrich) was dissolved in

1,000 ml of deionized water (stock solution). 10 ppm of a

working solution was prepared from the stock solution for
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all the experiments. 50 mg of nanofibrous composite was

placed in 100 ml (10 ppm) of MB dye solution, under

shaking condition at room temperature and optimized pH 8.

The adsorption rate of the nanofibrous composite was

studied for 10, 20, 30, 40, and 50 ppm dye concentration.

The effect of pH on the dye adsorption rate of the nano-

fibrous composite was studied. The adsorption rate was

measured using the UV–Vis spectrometer (Hitachi U-2800,

Japan), with a scanning range of 400–700 nm.

Results and discussion

SEM analysis

Figure 1a–d shows the SEM images of pristine PAN yarn

waste nanofiber, 0.5, 1.0, and 1.5 wt% GO blended with

PAN yarn waste nanofibrous composites. The figure shows

that the fibers were randomly distributed in the nanofiber

composite and the diameter of the nanofiber was calculated

from the SEM image. Figure 2a–d shows the fiber diameter

distribution in the range of 41–50, 31–40, 31–40, and

31–40 nm, respectively. From these results, it could be

concluded that the diameter of the fibers diminished on

increasing the percentage of GO in the polymer solution

(Zhao et al. 2008) and the GO is attributed to the rough

surface on the composite nanofibrous mat. The fiber

arrangement and fiber diameter of the nanofibrous com-

posite were evaluated from the SEM image, which is one

of the factors to determine pore size and porosity of the

fibrous composite. The pore size and porosity are playing a

vital role for the removal of dye (Hasanzadeh and Mogh-

adam 2013).

FT-IR analysis

The FT-IR analysis was carried out for the prepared

PAN yarn waste/GO nanofibrous composites, to exam-

Fig. 1 SEM Images of a PAN, b PAN ? 0.5 wt% GO, c PAN ? 1 wt% GO, d PAN ? 1.5 wt% GO
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ine the functional groups present in the electrospun nano

fiber composite, as shown in Fig. 3a–d. The vibrational

band appeared at 2,000–2,500 cm-1, which may be

assigned to the presence of the nitrile groups in the

composite nanofiber (Saeed et al. 2008; Nie et al. 2013).

The band observed at 1,461 cm-1 is due to the C–H

bending vibration of the CH2 of polymeric chain. The

C–O–C and C–O stretching vibrations of the GO were

observed at 1,280 and 1,700 cm-1, respectively. The

peak appeared at 1,650 cm-1 is due to the vibrations of

the skeletal structure of the aromatic ring domain in

GO. This result shows that there was no chemical

bonding between PAN and GO and intensity of the peak

decreased, on increasing the GO in the nanofibrous

composite, which may be due to the intermingling of

GO with PAN yarn waste (Wang et al. 2012).

X-ray diffraction

Figure 4a shows the intensity peaks at 16.9� (2h) and

23.5� (2h) and their corresponding space (d) of 5.24 and

3.81 Å, respectively, for the polyacrylonitrile nanofiber

(Wu et al. 2008). Figure 4b shows the major intensity

peaks at 16.9� and 25.12� (2h), and their corresponding

space of 5.24 and 3.55 Å, respectively, for polyacrylo-

nitrile yarn waste/0.5 wt% GO composite nanofiber.

Figure 4c shows the major intensity peaks at 12.1�,
16.9�, and 24.92� and its corresponding space of 7.26,

Fig. 2 Fiber diameter distribution of a PAN, b PAN ? 0.5 wt% GO, c PAN ? 1 wt% GO, d PAN ? 1.5 wt% GO
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5.24, and 3.58 Å, respectively, for polyacrylonitrile yarn

waste/1.0 wt% GO composite nanofiber. Figure 4b–d

shows the major intensity peaks at 12.19�, 16.9�, 24.92�,
and 26.48� (2h), and its corresponding space of 7.26,

5.24, 3.58, and 3.25 Å, respectively, for polyacryloni-

trile yarn waste/1.5 wt% of GO composite nanofiber.

The peak at 12.12� corresponds to the interplanar

spacing of GO. The peak at 16.88� is associated with

hexagonal structure of PAN and GO. The additional

peaks at 24.56� and 26.48� present in Fig. 4c, d indicate

the disruption of crystalline structure of GO due to

stabilization with PAN. It indicates that a significant

portions of GO has been involved in linkage with PAN.

In addition, intensity of the peak at 16.9� upon addition

of GO to PAN is a neat indication of formation of

nanofibrous composite. Figure 4b–d confirms the pre-

sence of GO dispersion in the PAN nanofiber. This peak

is similar to that of the raw GO. The crystal sizes of the

pristine PAN yarn waste, PAN yarn waste/(0.5, 1.0, 1.5)

wt% GO nanofibrous composites are 27.2, 33.49, 31.5,

and 26 Å, respectively. The crystal size decreased with

an increase in the wt% of the GO, which may be due to

the presence of GO in the PAN yarn waste nanofibrous

composite, and also it may have affected the orientation

of the fiber molecules in the PAN nanofiber. It proved

that the amorphous content increased with increasing

the wt% of GO.

Thermal stability

The thermal stability of the pure PAN yarn waste and

PAN yarn waste/(0.5, 1.0 1.5) wt% GO nanofibrous

composites was studied using TGA. Figure 5a–d shows

Fig. 3 FT-IR spectra of a PAN, b PAN ? 0.5 wt% GO,

c PAN ? 1 wt% GO, d PAN ? 1.5 wt% GO

Fig. 4 XRD pattern of a PAN, b PAN ? 0.5 wt% GO,

c PAN ? 1 wt% GO, d PAN ? 1.5 wt% GO

Fig. 5 Thermogravimetric analysis of a PAN, b PAN ? 0.5 wt%

GO, c PAN ? 1 wt% GO, d PAN ? 1.5 wt% GO
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the pristine PAN yarn waste and PAN yarn waste/(0.5,

1.0 1.5) wt% GO, respectively. Figure 5a shows the first

stage weight loss at 100 �C, due to the water evapora-

tion in the mat. The second stage weight loss occurs at

280 �C, due to the decomposition of the polymer chain

(Khan and Baig 2013). Figure 5b shows the first weight

loss at 100 �C for PAN yarn waste/0.5 wt% GO com-

posite mat, which may be attributed to water evapora-

tion. The second weight loss occurs at 300 �C.
Figure 5c shows the first weight loss at 100 �C for the

PAN yarn waste/1 wt% GO composite, due to the water

evaporation. The second stage weight loss takes place at

320 �C. Figure 5d shows the first stage weight loss at

100 �C for PAN yarn waste/1.5 wt% GO nanofibrous

composite mat, which may be associated with water

evaporation. The second stage weight loss starts at

310 �C. The thermal stability is increased with

increasing the GO content in the nanofibrous composite

mat, when compared to pristine PAN yarn waste nano-

fibrous mat. However, the thermal stability of PAN yarn

waste/1 wt% GO is higher than that of the PAN yarn

waste/1.5 wt% GO nanofibrous mat, due to the presence

of a higher amount of GO in the PAN yarn waste/

1.5 wt% GO fibrous mats. The GO may collapse the

fibrous structure and also enhances the amorphous nat-

ure in the nanofibrous mat. C. Wang and B. Chen et al.

found that the amorphous percentage increased with

increasing the GO in the nanofibrous composite. The

amorphous nature is one of the factors that increase the

dye removal percentage.

Pore size distribution and porosity analysis

The pore size is decreased in the nanofibrous composite

mat with increasing the GO in the polymer solution, as

shown in Fig. 6. The percentage of porosity is increased

Fig. 6 Pore size distribution of a PAN, b PAN ? 0.5 wt% GO, c PAN ? 1 wt% GO, d PAN ? 1.5 wt% GO
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with the addition of GO in the PAN polymer solution,

which may be due to the better homogeneous dispersion

of GO in the nanofibrous composite mat. The dye

adsorption takes place not only via surface chelation on

the outer surface of the nanofibrous mat but also on the

internal surface by diffusion of the dye molecule into

the pores of the nanofibers mat. A higher porosity with

small pore size is also one of the factors that play a vital

role for the diffusion of dye molecules to the inner

surface sites of the fibrous composite mat.

Effect of pH on adsorption

The adsorption property of the PAN yarn waste/GO

nanofibrous composite was studied at different pH range

with 4 h reaction time. The dye adsorption rate was

increased with the increase in pH range. The maximum

adsorption rate was found to be higher at the optimum

pH 8. With further increase in pH, the dye adsorption

rate was not significant. The pH may affect the surface

properties of PAN yarn waste/GO nanofibrous compos-

ite mat. The basic pH may enhance the anionic site on

the PAN yarn waste/GO nanofibrous composite. The

PAN yarn waste/1.5 wt% GO nanofibrous composite

mat showed a higher adsorption capacity than the other

fibrous composites at the same pH value, due to the

presence of a higher number of absorptive sites in the

PAN yarn waste/1.5 wt% GO nanofibrous composite,

which may have enhanced the electrostatic interaction

between the nanofibrous composite mat surface and the

MB dye molecular structure. The effect of pH on the

adsorption of MB onto the PAN yarn waste/GO nano-

fibrous composite mat is shown in Fig. 7. From Fig. 7,

it can be observed that the adsorption capacity of the

nanofibrous composite is minimum in an acidic pH and

maximum in basic pH.

Effect of contact time

The dye adsorption capacity of the PAN yarn waste/GO

nanofibrous composite was carried out at different time

intervals, at an optimum pH 8 as shown in Fig. 8. In the

first phase, the dye adsorption rate of the PAN yarn waste/

GO nanofibrous composite rapidly increased for the first

30 min, due to the outer surface’s active sites. In the sec-

ond phase, the dye adsorption rate of the nanofibrous

composites gradually increased for 420 min, which is

associated with the inner surface layer active sites of the

nanofibrous composite. In the third phase, the dye

adsorption rate reached the equilibrium point, which may

be due to less accessible active sites in the nanofibrous

composite. The rapid dye adsorption rate occurred for the

first 30 min due to the presence of more active sites on the

nanofibrous composite. After a certain period of contact

time, the dye adsorption rate reached the equilibrium, due

to the dye molecules being accumulated in the pores of the

Fig. 7 Effect of pH on the removal methylene blue by PAN/GO

nanofibrous composite mat

Fig. 8 Effect of contact time on the adsorption of methylene blue of

PAN/GO nanofibrous composite
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nanofibrous composite, which in turn decreased the dye

adsorption.

Effect of dye removal efficiency

The percentage of dye removal increased on increasing the

contact time. The maximum rapid dye removal occurred in

the first 30 min as shown in Fig. 9, due to the presence of

more surface active sites on the nanofibrous composite.

The dye removal efficiency gradually increased up to a

certain period of contact time; after that, it reached the

saturation point, which may be due to the presence of the

inner surface active sites and the pores are blocked by dye

molecules in medium.

Effect of graphene oxide dosage on dye removal

efficiency

Figure 10b shows the dye removal efficiency of pristine

PAN yarn waste, PAN yarn waste/0.5 wt% GO, PAN yarn

waste/1.0 wt% GO, and PAN yarn waste/1.5 wt% GO

nanofibrous composites, for the same contact time of

240 min and optimum pH of 8 (Fig. 10a). The dye removal

efficiency increased with the increase in the percentage of

GO. From the result, it could be observed that the dye

removal efficiency is lower in the pristine PAN yarn waste

nanofibrous mat than in the PAN yarn waste/GO composite

nanofibrous mat, due to the presence of GO in the PAN

yarn waste/GO nanofibrous composites. The maximum dye

removal is found to be higher in the PAN yarn waste/

1.5 wt% GO nanofibrous composite than in the pristine

PAN yarn waste, PAN/0.5 wt% GO, and PAN yarn waste/

1.0 wt% GO. The presence of higher amount of GO in the

nanofibrous mat, in turn, increases the dye removal effi-

ciency. Moreover, the addition of GO plays a vital role to

reduce the pore size and diameter of the nanofibrous

composite mat. The GO enhanced the amorphous content

in the polymer nanofibrous composite, due to the good

dispersion of GO in the nanofibrous composite, and also it

provided a rough surface to the nanofibrous composite. The

rough surface and amorphous structure are the factors thatFig. 9 Removal of dye efficiency with contact time

Fig. 10 Effect of graphene oxide dosage on a methylene blue adsorption performance and b dye removal efficiency

3506 Int. J. Environ. Sci. Technol. (2015) 12:3499–3508

123



improve the dye removal efficiency. The fiber diameter in

the fibrous composite decreased with increasing the per-

centage of GO, thus reducing the pore size and increasing

the porosity in the nanofibrous composite. The porosity and

pore size are also factors that increase the dye removal

efficiency in the PAN yarn waste/GO nanofibrous com-

posite than in the pristine PAN yarn waste nanofibrous mat.

The dye removal efficiency of the PAN/1.5 wt% GO

nanofibrous composite is twice that of the pure nanofibrous

mat.

Conclusion

A nanofibrous composite was prepared from waste PAN

yarn waste and GO. The diameter and pores size decreased

with increasing the GO in the polymer solution. The crystal

size decreased with increasing the GO in the polymer. The

PAN yarn waste/1.5 wt% GO nanofibrous composite pos-

sessed lower thermal stability than the other nanofibrous

composites. The dye removal efficiency of the PAN yarn

waste/1.5 wt% GO composite was 90.5 %, at the opti-

mized pH 8. The dye adsorption equilibrium was reached

within 7 h.
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