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Abstract 

Nonwovens of polymer/clay composite nanofibers (namely, Polyacrylonitrile/Na-

montmorillonite, PAN/Na-MMT) are produced by electrospinning a solution of 

PAN in dimethylformamide containing synthetic Na-MMT. The influence of both 

Na-MMT amount  and applied voltage on the properties of electrospun composite 

nonwovens was studied. Scanning electron microscopy (SEM), X-ray diffraction 

(XRD) thermogravimetric analysis (TGA-DTA), were used to evaluate the 

morphology, structure and thermal properties of composite nanofibers. SEM 

observations revealed that increasing the amount of Na-MMT in the solution or the 

applied voltage increases the average diameter of electrospun composite 

nanofibers. The prepared composite showed a higher thermal stability that the 

pristine PAN nanofibers. It was proven that the ion exchange properties of Na-

MMT were maintained in the obtained composite.  
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1. INTRODUCTION 

Electrospun nanofibers have been used in a variety and a wide range of applications 

including sensors, tissue engineering, wound dressing, filtration, fuel cell, capacitors, etc. 

[1–7] However, such applications require tailoring of the chemical composition, 

hydrophobicity, nanofiber surface porosity. Incorporation of fillers into the electrospun 

nanofibers has been recently used to prepare composite nanofibers since it is an economic, 

easy and effective way to introduce functionality into the electrospun nanofibers [8–12].  

Depending on the nanofillers geometric shape, one can distinguish three categories of 

nanomaterials: spherical (e.g. metal or metal oxide nanoparticles[13,14]), fiber-like (e.g. 

carbon nanotubes or metal nanowires [15,16]) and platelet-like nanomaterials (e.g. 

natural or synthetic layered silicate [17]).  

The commonly layered silicates used in preparing polymer/clay composites belong to 2:1 

phyllosilicates having ion exchange properties (e.g. Na-montmorillonite). Their structure 

is composed of one sheet of alumina octahedron sandwiched and edge-shared with two 

sheets of silica tetrahedrons. The layers are over stacked and held together by van der 

Waals forces leading to forming gaps between the layers called the interlayer space or 

gallery. Owing to isomorphic substitution within the sheets (for example; Al3+ replaced 

by Fe2+ or Mg2+, or Mg2+ replaced by Li+), negative charges are generated and 

counterbalanced by cations that are located in the interlayer space [17]. 

Exfoliation of the silicate layers into the polymer matrix was found to be a promising 

approach to enhance mechanical and thermal properties of the produced electrospun 

nanocomposite [18–21]. However, complete exfoliation of silicate layers into the 
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electrospun polymer matrix leads to loose the interlayer space. Consequently, the loss of 

clay porosity renders such hybrid nanofibers inutile for applications requiring porosity of 

nanofiber.  

In this paper, the incorporation of Na-montmorillonite (Na-MMT) layered silicate into 

polyacrylonitrile nanofibers in one step by electrospinning is reported. The effect of 

incorporating Na-MMT on the morphology and thermal properties of produced composite 

nanofibers and the influence of electrospinning process on the crystallographic structure 

of Na-MMT were investigated. The accessibility to the interlayer space of incorporated 

Na-MMT is also investigated.   

2. MATERIALS AND METHODS 

2.1. Synthesis of Na-Montmorillonite 

Sodium acetate (NaCOOCH3, 99%; Fluka, Saint-Quentin Fallavier, France), Pseudo-

boehmite (Al2O3, 75%–78%, Pural SB1, Condea, Hambourg, Germany), Magnesium 

acetate tetra hydrate [Mg(COO CH3)2 • 4H2O Fluka, Saint-Quentin Fallavier, France], 

Silica (SiO2, 99.5%, Aerosil 130; Degussa, Evonik, Rheinfeld, Germany), Distilled water 

(H2O), were used as received. Hydrofluoric acid (HF, 40 %; BDH)  was diluted in order 

to obtain a 5wt% aqueous solution.  

Na-montmorillonite having the following theoretical formula per half a unit cell: 

Na0.4(Al1.6Mg0.4)(Si)4010(OH,F)2 was synthesized according to Reinholdt et al. [22]. 0.412 

g of Na(CH3COO), 1.076 g of Mg(CH3COO)2 • 4H2O, 1.302 g of Al2O3, 3 g of SiO2 and 

0.994 g of HF were added to 84.3 g of distilled water. After an aging step under stirring 

at room temperature for 2h, the hydrogel was transferred into a teflon-lined stainless steel 

autoclave and put in an oven at 220 °C for 72 h. After crystallization, the sample was 
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recovered by filtration, thoroughly washed with distilled water and dried at 60 °C 

overnight. The obtained sample is labelled Na-MMT. 

2.2. Preparing solutions for electrospinning  

Polyacrylonitrile (PAN) with molecular weight Mw = 150,000 g.mol-1 purchased from 

Sigma-Aldrich (France) and pure N,N-dimethylformamide (DMF) (impurities less than 

152 ppm in which water is less than 50 ppm) purchased from Fisher Scientific (France), 

were used as received. 

Three suspensions of Na-MMT in DMF with a loading of 2, 3 and 5 wt% (with respect 

to the weight of the final charged solution) were prepared by mixing separately 0.44, 0.66 

and 1.37 g of Na-MMT powder to 20 ml DMF using a high shear homogenizer from IKA 

(France) at 18,000 rpm during 30 min. The suspensions were ultrasonicated using an 

ultrasonic bath (Elmasonic S) with a frequency of 37 kHz for 30 min at 50 °C.  

2.63, 2.66 and 2.73 g of PAN powder were then mixed to the prepared 2,3 and 5 wt% 

dispersions, respectively to obtain 12 wt% PAN solution loaded with 2, 3 or 5 wt% Na-

MMT. The resulting suspensions were stirred for 24 h at 70 °C prior electospinning to 

insure the homogeneity of the final spinning charged solutions. PAN/Na-MMT composite 

nanofibers with 14.3, 20 and 29.4 wt% of Na-MMWT are expected.  

To prepare pure PAN 12 wt% solution, 2.57 g of PAN powder was mixed to 20 ml DMF 

and stirred for 24 h at 70 °C prior electospinning. 

2.3. Electrospinning conditions 

The prepared PAN/Na-MMT and PAN solutions were electrospun by means of a home-

made electrospinning set-up, illustrated schematically in Figure 1. 
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Figure 1 Scheme of the home-made Electrospinning setup 

This set-up is based on the vertical projection of polymeric solution. A 20 ml syringe 

containing the solution is mounted on a pump. This latter feeds the solution through a 

tube of polyethylene to the tip of a needle connected to the positive output of a high 

voltage generator. The electrospinning process is carried out between the tip of the needle 

and a grounded plate of Teflon charged by graphite. PAN and PAN/Na-MMT solutions 

were all electrospun under the same ambient conditions of 21 ± 2 °C and 23 ± 2 % RH 

and the same process conditions by holding the distance between the tip of the needle and 

the collector at 20 cm and the feed-rate at 0.212 ml.h-1 but varying the applied voltage 

(11.5, 13 and 14.5 kV).  

2.4. Characterization of materials  

The morphology of pristine and charged PAN nonwovens produced was characterized by 

scanning electron microscopy (Philips XL30 FEG). Prior analysis all samples were gold-

coated in order to render their surface conductive for SEM purposes. Diameter of 

electrospun PAN and PAN/Na-MMT nanofibers were evaluated using Image J 1.45S 

software. In total, the diameter of 90 different nanofibers of each specimen was measured. 

A wide angle X-ray diffraction (WAXD) analysis was carried out using PANalytical 

X’Pert PRO MPD X-ray diffractometer at a scanning step of 0.02° in a 2θ range of 2-70° 
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for Na-MMT, PAN and charged PAN nonwovens. The wavelength of the X-ray beam 

was 0.154 nm (Cu kα radiation). 

Thermo-gravimetric analyses were performed by using a TG-DTA (SETARAM) apparatus. 

Approximately 10 mg of each sample were heated under an air flow (20 mL.min-1 of N2 and 

5 mL.min-1 of O2) from 25 °C to 800 °C at a heating rate of 5 °C.min-1.   

2.5. Ion-Exchange experiments   

The ion exchange properties of the produced PAN/Na-MMT composite nanofibers was 

evaluated by the following procedure: an aqueous solution of 

hexadecyltrimethylammonium bromide (C16TMA+ Br- or C16TMABr) 

[CH3(CH2)15N(Br)(CH3)3 (Fluka, 25 wt%)  (0.002 mol.L-1) was prepared by dissolving 

73 mg of C16TMABr powder in 100 ml distilled water in a volumetric flask. 70 mg of 

composite nanofibers filled with 5 wt% Na-MMT and produced at three different voltages 

(11.5, 13 and 14.5 kV)  were dispersed in 10 mL of a 0.002 mol.L-1 aqueous solution of 

C16TMABr. After 2 h of stirring at room temperature, the solids were recovered by 

centrifugation at 15,000 rpm for 15 min before being oven-dried at 60°C for 12h. A blank 

was prepared in the same conditions starting from 20 mg of Na-MMT, these amount 

enables having the same content of sodium cations as in the PAN-Na-MMT composite 

samples. The obtained sample is labelled C16TMA-MMT. XRD patterns of 001 plane of 

analyzed specimens were smoothed and base-line corrected using OriginPro 8 software.  

3. Results and Discussion 

3.1. Effect of incorporating Na-MMT on the thermal properties of composite 

nanofibers 

It is known that PAN stabilization process takes place in an oxidative atmosphere 

[23]. A series of reactions occurs during the stabilization of PAN, which are 
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cyclization, dehydrogenation, aromatization, oxidation and crosslinking [24,25]. 

DTA curves of PAN and PAN/Na-MMT composite nanofibers (Figure 2) show that 

pristine PAN nanofibers exhibit an exothermic peak initiated at ca. 221 °C and 

centered at ca. 283 °C and that the loading of PAN with Na-MMT induces a shift 

of this peak toward higher temperature, with a  temperature of 303°C for the 

sample loaded with 19 wt% of Na-MMT ( 

Table 1). This peak is attributed to the cyclization of nitrile groups of PAN [26]. These 

results suggest that the presence of Na-MMT imparts a  higher thermal stability to PAN. 

The delay in PAN cyclization is likely due to the strong interaction between nitrile groups 

and Na-MMT aggregates. 

 

Figure 2 DTA curves of pristine PAN and PAN/Na-MMT composite nanofibers  

(inset: DTA curves in the range of 270-320 °C) 

 

 

 

Table 1 TGA-DTA results of PAN & PAN/Na-MMT nanofibers 
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Onset (°C) Centered (°C) 
Mass loss 

(%) 

PAN 221 283 93 

PAN+ 5 wt% Na-MMT 222 295 89 

PAN+ 10 wt% Na-MMT 246 297 85 

PAN+ 19 wt% Na-MMT 250 303 76 

TGA thermograms (Figure 3) were simultaneously recorded with the DTA curves. These 

curves can be roughly divided into four parts (I, II, III and IV) regarding the extent of 

weight loss. The first part is up to 120 °C, in which all electrospun samples exhibit a 

significant initial weight loss corresponding to the desorption of the adsorbed water. Part 

II extends up to ca. 280 °C. Weight loss in this region is negligible and it corresponds to 

cyclization process since this latter does not cause theoretically any weight loss [27,28]. 

The third part is up to ca. 655 °C for PAN/Na-MMT composites and to ca. 800 °C for 

PAN nanofibers. The onset of this part implies a rapid weight loss for all samples arising 

from the dehydrogenation reaction [27]. Weight loss of PAN/Na-MMT composites is 

greater than that of pristine PAN. This is expected since Na-MMT was intercalated within 

PAN matrix leading to an interruption of polymer chain-chain interaction and therefore 

thermal degradation occurs easily. It is clear that the higher the loading percent of Na-

MMT is, the lower the weight loss is, and the higher the onset temperature is in this region, 

too. In part IV, thermal degradation of PAN is terminated and Na-MMT with a ladder 

structure (i.e. a graphitic-like structure consisted of poly heterocyclic aromatic rings) are 

retained. Thermogravimetric analysis reveals that dispersions of PAN filled with 2, 3  and 

5 wt% Na-MMT yield composite nanofibers loaded with 5, 10 and 19 wt% Na-MMT, 

respectively. The difference between loading percent determined from thermal analyses 
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and expected one indicates that PAN/Na-MMT suspensions are not stable and some Na-

MMT particles have sedimented before electrospinning. 

 

Figure 3 TGA curves of PAN and PAN/Na-MMT nanofibers 

3.2. Effect of incorporating Na-MMT on the morphology of PAN/Na-MMT 

composite nanofibers 

Erreur ! Source du renvoi introuvable. presents SEM micrographs of pristine PAN 

nanofibers and those produced from DMF solutions of PAN loaded with 5, 10 or 19 wt% 

Na-MMT. Pristine PAN nanofibers have diameters in the range of 600-700, 700-800 and 

700-900 nm for applied voltages of 11.5, 13 and 14.5 kV, respectively. This indicates that 

the higher the applied voltage is, the coarser the nanofibers are. Typically, upon 

increasing the applied voltage, the ejected jet will be further electrified due to the increase 

in charges density carried on its surface. This augmentation in potential leads to an 

increase in the jet deposition velocity, i.e. a decreasing of the time that the jet would take 

to travel from the tip of the needle to the collector. Shorter travelling time would prevent 

the jet to be more stretched resulting in coarser nanofibers. These results are consistent 

with previous works [21,29,30]. 
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As can be observed from Figure 4, Na-MMT aggregates are apparent along the 

nanofibers. Furthermore, the incorporation of Na-MMT into PAN matrix induces an 

increase the roughness of the produced composite nanofibers [20] and a decrease in the 

nanofibers average diameter with respect to their pristine counterparts, whatever the 

applied voltage is. It is worthy to note that there is a relationship between the nanofibers 

diameters and the Na-MMT content in the composite. Indeed, the higher the amount of 

Na-MMT in the composite is, the larger the diameter is [31] (Figure 5). In the case of 

sample electrospun at 13 kV, the average diameters of composite nanofibers filled with 

5, 10 and 19 wt% Na-MMT, are 455±46, 583±50 and 717±49 nm, respectively, while the 

average diameter of pristine PAN is 747±29 nm. 

Since Na-MMT has a high polarity arisen from its layer charges, it is thought that 

embedding Na-MMT into PAN matrix would increase the conductivity of the electrospun 

dispersion promoting therefore the production of finer nanofibers at higher voltages (all 

the other process parameters being constant) [19]. On the other hand, as the loading 

percent of Na-MMT increases, the diameter of produced nanofibers increases as well. It 

is assumed that nanofibers diameter is restricted by both the size and the mass fraction of 

Na-MMT aggregate, as already observed for PAN nonwovens charged by multi-walled 

carbon nanotubes [32] and by SBA-15 mesoporous silica [8]. 
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Figure 4 SEM micrographs and fiber diameter distribution of PAN nanofibers filled with Na-MMT particles 

 

Figure 5 Nanofibers average diameter in relation to applied voltage. 
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3.3. Effect of incorporating Na-MMT within PAN nanofibers on Na-MMT 

structure 

Na-MMT diffractogram (Figure 6) exhibits hkl bands at 4.45-4.48 Å (020, 110), 2.52-

2.58 Å (130, 200), 1.67-1.70 Å (210) and 1.49 Å (060, 330) [33].  

The first peak of Na-MMT diffractogram (2θ =7°) corresponds to (001) reflection. The 

position of this peak enables determining the d001 value and the basal spacing. This latter 

is the sum of the interlayer spacing and the thickness of the silicate layer (9.6 Å  for 

montmorillonite [17,34]). Taking into account the d001 value of 12.7 Å for Na-MMT, the 

interlayer spacing of Na-MMT is found to be 3.1 Å. 

Information about the nature of MMT platelet stacking can also be gathered from the 

shape of the (001) refelction. The more the 001 peak symmetric is, the more the platelets 

parallel are. In the case of neat Na-MMT, the first peak appears slightly asymmetric, 

indicating that the stacking of the platelets is not homogeneous. 

 

Figure 6 XRD patterns of PAN nanofibers (a), Na-MMT powder (b) and nanofibers of PAN filled with 19 wt%    
Na-MMT. (Nanofibers are produced at 11.5 kV) 

PAN is a semi-crystalline polymer and exhibits a strong equatorial peak at 2ϴ=16.8° in 

the wide angle X-ray diffraction pattern [35–37] corresponding to d-spacing equals to 5.8 

Å.  
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PAN nanofibers filled with 19 wt% Na-MMT show diffraction peak at 2ϴ=16.8° 

corresponding to PAN, and another peak at 2ϴ=6° (d001=14.8 Å) assigned  to the 

reflection on the (001) plane of Na-MMT. The increase of the d001 value (14.8 Å 

compared to 12.7 Å for pristine Na-MMT) can be explained by the intercalation of PAN 

[38] or DMF [39,40] into Na-MMT gallery. This increase can also be due to the 

intercalation of water molecules present in the atmosphere. 

Erreur ! Source du renvoi introuvable. summarizes XRD data of neat Na-MMT 

powder and PAN/Na-MMT composite nanofibers. These data reveal that whatever the 

applied voltage, the d001 value of Na-MMT in the composite is higher that the one of 

pristine Na-MMT. Skewness function is used to evaluate the degree of 001 peak 

asymmetry in each sample. It is worth to mention that positive values of skewness indicate 

a distribution with an asymmetric tail extending toward more positive values, and 

negative values indicate a distribution with an asymmetric tail extending toward more 

negative values. 

  

Table 2 XRD data of PAN/Na-MMT composite nanofibers 

Na-MMT 001 plane 
Na-MMT  

powder 

PAN/Na-MMT nanofibers 

Produced at 13 kV with 
different Na-MMT 

loadings  
(wt %) 

filled with 19 wt% 
Na-MMT and 

produced at different 
voltages (kV) 

5 10 19 11.5 13 14.5 

2ϴ (°) 7.0 6.0 6.1 6.0 6.0 6.0 6.0 

d001 (Å) 12.7 14.8 14.6 14.7 14.8 14.7 14.6 

Interlayer space (Å) 3.1 5.2 5 5.1 5.2 5.1 5 

Skewness -1.02 -0.02 -0.22 -0.11 -0.25 -0.11 -0.10 
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As can be seen from Table 2, composite nanofibers electrospun with different loading 

percent of Na-MMT have smaller absolute values of skewness in comparison to neat Na-

MMT powder. That means that the stacking of the Na-MMT layers is more homogenous 

in composite nanofibers. However, the loading percent has arbitrary influenced the degree 

of layers alignment to each other. Applied voltage improved layer alignment as can be 

concluded from skewness absolute values of composite nanofibers electrospun at 

different voltages. The higher the applied voltage is, the more ordered the layers stacking 

is. 

3.4. Accessibility of Na-MMT interlayer space in PAN/Na-MMT composites 

Figure 7 presents the X-ray diffractograms of neat Na-MMT powder, C16TMA-MMT 

powder and PAN/Na-MMT samples as well as the C16TMABr PAN/Na-MMT samples. 

A shift of the (001) reflexion toward a lower two theta angle (4.6°)  is observed for all the 

C16TMA-treated samples compared to the pristine samples (6.0°) corresponding to  an  

increase of the basal spacing from 12.7 Å for Na-MMT  to 19.7 Å for organically 

modified compounds. It can be concluded that sodium cations localized in the interlayer 

space are replaced by C16TMA cations [41]. The shape of the (001) reflexions indicates 

an increase in the degree of coherent layer stacking, i.e. a more ordered organization of 

layered silicate within the organically treated composite nanofibres [42]. This indicates 

that the intercalation of alkylammonium ions into the clay gallery is still possible even 

after incorporating Na-MMT into PAN nanofibers. Accordingly, clay gallery is still 

accessible within the electrospun composite nanofibers.  
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Figure 7 XRD patterns of pristine Na-MMTC16TMA-MMT, PAN/Na-MMT obtained at different voltages and  
C16TMA treated PAN/Na-MMT samples 

4. Conclusions  

Nonwovens of PAN/Na-MMT hybrid nanofibers containing 5, 10 or 19 wt% synthetic 

Na-MMT were produced by electrospinning PAN/Na-MMT/DMF solution at three 

different applied voltages; 11.5, 13 and 14.5 kV. Incorporating Na-MMT into PAN 

composite nanofibers induces an increase in the thermal stability of the hybrid nonwoven. 

This is evidenced by the shifting of exothermic peak of PAN toward higher temperature. 

A difference between the measured loading percents of Na-MMT within the composite 

nanofibers and those expected is marked indicating that PAN/Na-MMT suspensions are 

not stable and some Na-MMT particles have sedimented before electrospinning. A 

method to stabilize the electrospinning suspensions is envisaged.  

SEM observations reveal that with increasing both Na-MMT and applied voltage, 

nanofiber diameter increases with a dominant influence of loading percent over that of 

applied voltage.  

X-ray patterns of PAN/Na-MMT nanofibers indicate that Na-MMT incorporated within 

the nanofibers are intercalated by either PAN macromolecules, solvent molecules or by 

water molecules. This was confirmed by the shifting of the characteristic 001 peak of Na-
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MMT into smaller 2θ values which correspond to an increase in the interlayer space from 

12.7 Å for powder Na-MMT to 14.8 Å for incorporated Na-MMT. It was found that 

neither Na-MMT loading nor the applied voltage have a significant effect on the extent 

of silicate layer intercalation. However, the change in 001 peak skewness as a function of 

applied voltage confirms that the higher the applied voltage is, the more the layers parallel 

to each other are. In the limit of this study, no information can be confirmed concerning 

the alignment of Na-MMT layers to the axis of nanofiber. Observation by transmission 

electron microscopy will be envisaged for this purpose. 

One interesting feature is that the interlayer space of Na-MMT is still accessible in the 

composite, applications in the field of environmental protection (waste water treatment, 

entrapping of organic pollutant) can therefore be expected. Studies are underway in order 

to tailor the Na-MMT dispersion and distribution in the nanofibers.  

Further dispersing of Na-MMT silicate layers in the composite nanofibers is envisaged. 

Quantification of accessible galleries within the composite nanofibers will also be 

investigated. 
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