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Abstract  

This work shows electrospinning and electrochemical 

exfoliation techniques to produce nylon nanowires/graphene 

composite seeking an optimization process. SEM, AFM, 

XRD, and UV blocking analyses and techniques were 

performed for raw and composite materials. Experimental 

design optimization parameters were carried out to obtain 

graphene and nylon nanowires: some of those parameters 

were polarization potential around 11.45 V using (NH4)2SO4 

0.68 M, electric field of 2.39 kV/cm and pumping rate of 2.30 

mL/h to produce nylon-based nanofibers by electrospinning 

process.  The final composite exhibit significantly UV 

radiation blocking properties to be consider in the use of smart 

textile and IoT applications.  

Keywords: Graphene, Electrospinning, Nanowires, 

Electrochemical Exfoliation.  

 

INTRODUCTION 

Graphene is a material that consists of a two-dimensional 

(2D) sheet of three covalently bonded carbon atoms in a sp2 

hybridization resulting in a hexagonal lattice [1]. Graphene 

properties are highly attractive because of their performance 

in different fields [2-5].  

There are different ways to synthesized graphene [5-10]. 

Electrochemical exfoliation is advisable for the mass 

production of graphene and has advantages like less energy 

consumption and open atmosphere processing [11]. The 

electrochemical exfoliation based on (NH4)2SO4, an 

environmental friendly reagents, is low cost and easily-made 

synthesis to produce graphene [9-12]. In this work was used 

an optimization model like Central Composite Design (CCD) 

to find optimal variables values. When graphene is added to a 

polymeric matrix, a lot of properties might be increased, and 

the possible applications are even more than pristine graphene 

[13-14].  

There are different ways to fabricate polymer/graphene 

composite material as solvent processing; melt mixing, in situ 

polymerization, and spraying [13]. The solvent processing 

method includes electrospinning technique, which is possible 

to produce nanometric materials using the electrical forces 

between polymer surface and the collector, causing an 

electrically charged cone to be ejected in wire form [15-21]. 

Nanocomposite materials fabrication via electrospinning 

process is fast and applied to wide range of applications [21-

22]. In this work, nylon nanowires/graphene composite was 

investigated and optimized showing interesting properties to 

be used in smart textile sector. 

 

MATERIALS AND METHODOLOGY 

Graphene synthesis  

Graphene was synthetized from electrochemical exfoliation 

method using pencil-graphite mines in (NH4)2SO4 solution 

based on [23-24]; this method use graphite electrodes in an 

electrochemical cell and voltage provided by experimental 

design (ED) in terms of yield percent. Were used voltages 

between 8-12 V and (NH4)2SO4 concentrations between 0.1-

1.0 M as coded factors. Reaction products were centrifuged at 

4000 rpm during 45 min, and the precipitated was dried at 200 

°C.  

 

Electrospinning process 

Commercial nylon number 6 was dissolved into formic acid 

(10 % w/v) at 18.0°C. Polymeric solution of nylon was placed 

into a syringe of 20 mL with a diameter needle of 2 mm, with 

positive electrode (needle) while negative electrode (collector 

aluminium foil). Voltage conditions, flow and collector-

needle distance were used to carry out an optimization process 

by surface response methodology, which had average 

diameter as a response. Table 1 shows coded and current 

values used in ED.  

 

Table 1. Values of the central composite experimental design 

for nanowires production. 
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The graphene produced using optimal conditions was added to 

a nylon solution in formic acid (1% w/v). The mixture was 

placed in a 20 mL syringe which is attached to electrospinning 

equipment and optimal conditions given by the response 

surface were adjusted to produce nylon nanowires/graphene 

composite. 

 

Response surface methodology 

Response surface methodology was used to analyse both 

experimental designs which are the fabrication of graphene 

and nylon nanowires production; then, central composite 

design of experiments (CCD) was used by the aid of Design 

Expert software (version 6.0.8, StatEase Inc., Minneapolis, 

MN, USA). Second order model was adjusted for the 

experimental data for both process, and the reliability of the 

models were verified by determination coefficient (R2) and 

ANOVA analysis. Finally, graphene production model was 

maximized to find optimal value that gives a higher percent of 

yield in the range of evaluated conditions. 

Nylon nanowires and nylon nanowires/graphene composite 

were studied using a scanning electron microscope (JEOL 

JSM-6490LV) images. An AFM equipment (Asylum 

Research, MFP-3D) in tapping mode was used to imaging and 

analysing the composites. X-Ray diffraction were obtained 

using PANalytical X'Pert PRO MPD with Cu K (λ=1.54056 

Å) for the different studied materials. 

To perform the antibiogram, 10 g of TSA agar was dissolved 

in 250 mL of distillate water. Liquid culture of Micrococcus 
luteus was used in the study. 100 µL of culture was inoculated 

in a petri dish with TSA. Three samples of 1 cm2 were put in 

the petri plate whit the culture and finally, all were inoculated 

at 30°C for 24 h. UV–visible spectrometer (Thermo Scientific, 

Evolution 300) was used to investigate the blocking ability of 

UV rays in the composites. 

 

RESULTS AND DISCUSSION 

Optimization of graphene production and parameters 

effect 

Surface response methodology and central composed design 

(Figure 1 (a)) were used to investigate the effect of variables 

voltage and concentration of (NH4)2SO4 solution in graphene 

production by electrochemical exfoliation process.  

𝑌(%) = ‒ 566.89 + 111.31 𝑥1 + 52.74 𝑥2 ‒ 4.98 𝑥 21 ‒ 36.23 𝑥 22 ‒ 0.82 𝑥1 𝑥2   (1) 

Equation 1 represents a second order polynomial model that 

correlates voltage x1 (V) and concentration x2 [M] with yield 

Y(%). 

Analysis of variance confirms the significance of the model. 

Statistically the ANOVA p-value = 0.0047 indicates that the 

model is statistically significant because p<0.05. The lack of 

fit value (0.1051) and R2 0.9809 make evident that model is 

well adjusted to experimental data and it can be used in order 

to know the yield at certain conditions. 

With this model was maximized the yield percent (Y) to bring 

the optimal values; Figure 1(a) shows the surface response. 

Parvez et. al., [12] investigated the (NH4)2SO4 concentration 

effect in electrochemical exfoliation synthesis (EES) for 

graphene production. Results demonstrated that the 

concentration of salt and voltage produce low yield (~ 5%), 

which suggests that limited number of ions are available to 

exfoliate. In contrast when concentration increases to 1.0 M, 

the yield is ~ 75%, also when concentration is high (3 to 5 M) 

the yield was <50%, and it is due to the formation of OH− 

moieties were suppressed because of the low water content, 

and SO4
2− ion intercalation processes are expected to be 

relatively slow. In this work, the optimal values obtained were 

11.45V and 0.68 M (NH4)2SO4 to obtain a yield of 

67.21±10.01%. 

 

 

Figure 1 (a) Surface response for graphene production by 

EES. (b) Voltage effect in EES at (NH4)2SO4 constant 

concentration (0.68 M), and (c) (NH4)2SO4 Concentration 

effect in EES at constant voltage (11.45 V). 

 

Effect of variable voltage is shown in Figure 1(b), as the 

voltage increases at concentration constant (0.68 M), yield 

also increases until the value of 11.45 V, and it is because that 

with higher voltage applied the pencil-graphite mine breaks 

and the exfoliation process finished. Using maximum voltage 

(12 V) resulted in a decrease of 3.33% respect to maximum 

value in terms of yield. 

The (NH4)2SO4 concentration showed similar effect than 

voltage. Figure 1(c) shows that higher salt concentration than 

0.60 M induces electrode (pencil-graphite mine) to break, 

finishing faster the exfoliation process. Using maximum 

concentration (1 M) yield was decreases in 5.60% respect to 

maximum value. 
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Optimization of nylon nanowires production and effect of 

parameters  

The effect of variables: voltage, flow and collector-needle 

distance for nylon nanowires was studied using the central 

composite design (CCD) showed in Figure 2.  

𝐷 = ‒ 24896.68 + 1861.61 𝑧1 + 17.80 𝑧2 ‒ 205.01 𝑧3 ‒ 33.82 

𝑧2
1 ‒ 4.32 𝑧2

2 + 4.79 𝑧2
3 ‒ 0.62 𝑧1𝑧2 + 3.43 𝑧1𝑧3 + 1.43 𝑧2𝑧3      

(2) 

Equation 2 represents a second order polynomial model that 

correlates mean diameter D (nm) with Voltage z1 (kV), Flow 

z2 (mL/h) and collector-needle distance z3 (cm) 

To confirm the reliability of model, ANOVA analysis was 

used. The ANOVA for quadratic model of nylon nanowires 

production, p-value=0.0047 probes that the model is 

statistically significant (the lack of fit value equal to 0.52 and 

coefficient of determination (R2) equal to 0.96). 

This model was minimized to find values of variables that 

makes average diameter minimum. Figure 2 (a)(b)(c) shows 

the surface response of the model which optimal values were 

27 kV, 2.30 mL/h, and 11.40 cm of collector-needle distance, 

in order to obtain 65.83 ±12.09 nm of diameter.  

Figure 2(a)(b),(c) shows effect of voltage in average 

nanowires diameter, there is a parabolic behaviour with 

inflection point in 28.1 kV on the x axis, while the extremes 

of the range evaluated predict a smaller fiber diameter as 

showing by Zhang et. al., [25] and showed that high voltage 

favours the narrowing of wire diameter [26]. The optimal 

value is which one that makes the fiber had minimum 

diameter using the smallest possible applied voltage, bringing 

to the process the best alternative in terms of input energy. 

 

 

Figure 2. Surface response representation for nylon nanowires production showing effects between interactions of (a) Flow and 

voltage with constant distance equal to 11.40 cm, (b) Collector-needle distance and voltage with constant flow equal to 2.30 mL/h 

and (c) collector needle distance and flow with constant voltage equal to 27 kV, (d) Effect of Voltage with flow and collector-

needle distance constant equal to 2.3 mL/h and 11 cm respectively in average diameter, (e) Effect of flow with voltage and 

collector-needle distance constant equal to 27 kV and 11 cm respectively in average diameter, and (f) Effect of Collector-needle 

distance with voltage and flow constant equal to 27 kV and 2.3 mL/h respectively in average diameter. 
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Effect of flow in electrospinning process is shown in Figure 

2(e), as the flow increases, average diameter presents a quasi-

constant pattern, it means that in comparison with the other 

effects, flow is not considered a crucial parameter. Figure 2(f) 

shows effect of collector-needle distance in fiber diameter. 

Here, when the distance diameter of nanowires, consistent 

with literature [27] where it is demonstrated that if the 

distance is too long, bead-wires can be obtained, and diameter 

are increased, while the distance is too short, there is no 

enough time for fiber solidification before reaching the 

collector [25-26]. 

 

Characterization of obtained materials 

Figure 3(a) shows micrographs of single layer (red line) and 

figure 3(b) few layers of graphene obtained by 

electrochemical exfoliation (thickness of graphene sheets are 

in a range of 33-70 nm). 

 

Figure. 3(a) SEM images of single layer, (b) few-layer 

graphene sheets after electrochemical exfoliation process, and 

(c) SEM image obtained using optimal conditions via 

electrochemical exfoliation. 

 

Figure 3(c) shows the product of the exfoliation process of 

pencil-graphite mines under optimal conditions presented in 

section 3.1 (Optimization of graphene production and 

parameters effects).  

XRD patterns of graphite and graphene after electrochemical 

process can be seen in the Figure 4; a weak peak appeared at 

2θ = 54.6° for graphite (a) that corresponds to (1 0 1) plane 

and is absent in the graphene diffractogram (b) [28]. Main 

diffraction peak of both spectrums are located at 2θ = 26.5° 

which relates to (0 0 2) crystal plane of carbon with different 

intensities and interlayer distance of 0.94 Å using. 

 

Figure. 4 (a) XRD Patterns of graphite and electrochemical 

exfoliated graphene, (b) SEM image of the optimal nylon 

nanowire material. Insert: Diameter distribution in the sample, 

(c) X-Ray diffraction patterns of (red-line) nylon nanowires 

and (blue-line) nylon nanowires/graphene composite and (d) 

SEM image of optimal nylon nanowires/graphene composite 

material 

 

Figure 4(b) shows a SEM image proving the nylon nanowire 

distribution. Average diameter of nanowires is 69±15 nm 

while the model for these conditions predicts is 65.83±12 nm 

clearly demonstrating the consistency of proposed model. 

 

Optimal nylon nanowires/graphene composite  

Figure 4(c) shows comparison between XRD patterns of 

nylon nanowires and nylon nanowires/graphene composite. 

The addition of 1% of graphene in to the mixture, decreases 

the intensity of 20.45° and 24.53° 2θ peaks and increase 

28.89° 2θ peak, it is because addition of graphene gives a 

greater proportion of the plane (0 0 2) and decrease the 

intensity of the characteristic nylon plane in the sample. 

In Figure 4(d) nylon nanowires/graphene composite can be 

observed. Here, graphene is not crossed but is bonded and 

surrounding the nylon nanowires. This suggests that graphene 

has hydrophilic groups that can interact with amide groups of 

nylon; being according to [29]. 

Nylon nanowires/graphene composite was analysed using 

atomic force microscope. This material presented two zones, 

the first one is observed in Figure 5 (a), that shows typical 

nanowires obtained from electrospinning process with 

roughness of 68.1 nm in diameter; Figure 5(c) also shows the 

roughness profile in the sample (black line in Figure 5(a)). 

Figure 5(b) shows sections where graphene can be found, 

agglomerations are present in the same sample, because there 

are clusters of graphene layers between nylon, roughness 

profile of this section is presented in Figure 5(d) where 

principal roughness parameter Ra was 113.5 nm. The 

difference in roughness between both sections of the sample 

was 45.4 nm. 

 

Figure 5 .Topography of nylon nanowires/graphene 

composite employing AFM. (a) Isolated nanowires and (b) 

nylon nanowires/graphene composite, and (c) – (d) show line 

scan data corresponding to the black lines in (a) and (b), 

respectively. 
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Antimicrobial test and UV-Blocking test  

Antimicrobial activity of nylon nanowires/graphene 

composite for Micrococcus luteus, section revelled inhibition 

halo with 0.92 cm of diameter. Composite material film does 

not have any antibiotic and for this reason this material 

inhibits activity for this microorganism, this property is 

attributed to graphene in the polymeric matrix [30]. 

Ultraviolet light is harmful to living organisms.  

To investigate UV blocking properties of nylon 

nanowires/graphene composites measure process was carried 

out at room 18°C. The absorbance spectra of nylon nanowires 

and nylon nanowires/graphene composites where performed. 

When, the addition is 1% of graphene the light absorption of 

different wavelengths increases by an average of 70% because 

of the absorbance of UV light for transferring the electron 

from the valance band to the conduction band 

(semiconducting behaviour). There are similar reports in 

literature with other composites [31]. Above results 

demonstrate the possibility about to use nylon 

nanowires/graphene composite material in textile industries 

taking advantage of the UV blocking property.      

 

CONCLUSIONS  

In the present study, the optimal conditions to produce 

graphene and nylon nanowires were assessed, for which it was 

obtained that applied voltage equal to 11.45 V and 0.68 M 

concentration of (NH4)2SO4 gives a 67.21% of yield in 

graphene production and applied voltage equal to 27 kV, flow 

equal to 2.3 mL/h and collector-needle distance of 11.40 cm 

for nylon nanowires production gives average diameter fiber 

of 65.83 ±12.09. The properties of nanometric materials were 

confirmed via different characterizations as SEM, AFM, FTIR 

and XRD. Optimal materials were used to fabricate composite 

via electrospinning process. Composite material was analysed 

by SEM, AFM, FTIR, XRD, UV-visible spectroscopy and 

antimicrobial. This material has the ability of blocking UV 

rays 70% times more than pristine nylon nanowires, and, 

present antimicrobial activity for Micrococcus luteus. Further 

studies about conductivity assessment can support that this 

material can be used in e-textile industry. Finally, the 

techniques presented in this work can be potential ways to 

recycle nylon to avoid polymer contamination. 
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