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A B S T R A C T   

Electrospinning has been realized to be a promising method for creating nano-composite fibers due to its sig-
nificant growth for producing innovative composites with advanced applications. In this method a polymeric 
solution subjected to an electrohydrodynamic process and slim charged liquid jet is formed inside a high po-
tential electric field. The high voltage enables the production of continuously long fibers on a collector surface. 
Addition of different polymers and NPs to the one-component solution to modify the physicochemical charac-
teristic and decorating the surface of electrospun fibers has proven to be challenging and imperative for many 
fields especially novel bioengineering and filtration applications. In this study, the effects of major parameters on 
the fabrication of electrospun fibers were extensively investigated. At the first step, formation of nanofibers on 
the surface of collector and optimization of process parameters were determined based on the mean diameter of 
resulting fibers, through SEM (Scanning Electron Microscopy) images. The optimum values for concentration, 
applied voltage, the distance between the tip of needle and collector, and flow rate determined to be 10 wt%, 12 
kV, 20 cm, and 0.6 mL h− 1, respectively. Afterwards, the hydrophilicity of fibers was modified by adding 
different poly (ethylene glycol) (PEG) concentrations (20, 30, and 40 wt%) to the polymeric solution. The contact 
angle analysis revealed that the poly (methyl methacrylate) (PMMA) and 30 wt% PEG fabricated fibrous mat 
exhibited a better wettability and 71.61% lower hydrophobicity compared to pure PMMA electrospun mats. In 
the next step, silica NPs (nanoparticles) were introduced to the polymeric solution of electrospinning in the form 
of an IPA (isopropanol)-based collide solution. The dispersed solution-based addition of silica NPs prevented the 
aggregation state of NPs in the nanofibers. The addition of silica nanoparticles also changed the thermal and 
mechanical properties of the ternary composite, which were analyzed in TGA (thermogravimetric analysis) and 
tensile tests. Noteworthy, the addition of 30% PEG and silica NPs increase 3 times the tensile strength and around 
2 times elongation in comparison with pure PMMA electrospun mats. These results highlight that the hybrid 
composite leads to a promising new electrospun mat for filtration and bioengineering applications.   

1. Introduction 

The development of nano-scale and advanced multifunctional com-
posite materials has been a growing subject of interest in materials sci-
ence [1]. Among the fabrication techniques, electrospinning has been 
rapidly emerging as a viable technique due to its simplicity, efficiency, 
low cost, and consistency in fabricating fibers, whose diameter could be 
reduced to tens of nanometers [2,3]. Electrospinning is an 

electrohydrodynamic process, where a high voltage is applied to 
generate a slim charged liquid jet followed by stretching the jet and 
solidifying continuously long fibers on a collector [4–6]. In general, the 
fabrication of electrospun fibers and control of their properties depend 
on several parameters, which can be divided into three main groups: 
electrospinning parameters (applied potential, flow rate of the solution, 
needle tip to collector distance, and needle diameter), solution proper-
ties concentration, polymer molecular weight, surface tension, etc.), and 
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ambient conditions [7,8]. 
The nonwoven structures with vast variety of materials have 

attracted great interest in various fields and applications, including 
filtration and wastewater treatment [9,10], biomedical and tissue en-
gineering [11,12], sensors and catalysts [13,14], and energy storage 
[15,16] due to their high surface area to volume ratio, biocompatibility, 
porous networks, high permeability, and different types of surface 
morphology and modifications. 

Poly(methyl methacrylate) (PMMA) a glassy and non-water-soluble 
polymer has been widely used in many fields. It possesses decent pro-
cessing, biocompatibility, and inherent hydrophobicity [17,18]. How-
ever, the application of this material is constrained by its brittleness and 
low mechanical properties. Research efforts have been made to modify 
the fibers surface morphology and the influence of electrospinning pa-
rameters on the fiber properties [19]. For instance, Liu et al. [17] re-
ported the solvent’s effect on fabricated fiber morphology for water 
treatment application. Their study showed that the surface wettability of 
the PMMA fibers could be controlled by just adjusting the ratio of N, 
N-dimethylacetamide, and acetone in a binary solvent system. In one of 
the recent studies conducted by Li et al. [20], the experimental results 
exhibited an enhancement in the composite membranes’ maximum 
adsorption capacity and mechanical strength with chitosan addition to 
PMMA. 

To meet some application requirements, such as filtration and 
biomedical membranes, the mechanical properties and wettability of the 
electrospun mats should be adjusted [21,22]. The hydrophobic mem-
branes usually cause clogging and flux-decline due to trapped air 
pockets within the mats. Thus, filters with a high-water contact angle are 
undesirable for filtration purposes [22,23]. The performance of the 
nanofibrous membranes could be improved by increasing the hydro-
philicity of the fibers. 

Blending a second component (polymer) is one of the most efficient 
and straightforward approaches for modulating the hydrophobicity of 
the fabricated membrane [24]. Poly(ethylene glycol) (PEG) is an ideal 
polymer to improve the wetting properties of nanofibers due to its hy-
drophilicity, solubility in water and organic solvents, and biocompati-
bility [4,24,25]. Kiani et al. [26] explained the effect of different PEG 
concentrations on the fabricated mat, whose characteristics such as 
water contact angle and tensile strength had great importance in the 
filtration applications. According to their results, incorporating 10 wt% 
of PEG in polyphenylsulfone enhanced the mechanical strength, 
decreased the water contact angle to 8.9◦, and accordingly increased the 
water flux up to 7920 L/m2 h. 

Besides the wettability enhancements by mixing the PMMA with a 
second polymer, several studies were conducted to reveal the effects of 
adding nanoparticles such as TiO2 [27], SiO2 [28], Al2O3 [29], ZrO2 
[30], SiC [31], CNTs [32], and graphene [33] into the polymeric elec-
trospun fibers. These nanoparticles were used to control the fibers’ 
surface roughness and mechanical properties and improve their chem-
ical properties by functionalizing the nanoparticles. An essential point to 
note is the nanoparticle dispersion uniformity in the polymeric elec-
trospinning solution and fabricated composite mat [21]. 

SiO2 nanoparticles (NPs) exhibit promising properties such as high 
mechanical strength, heat stability, chemical durability, and functio-
nalizibility due to the presence of silanol groups in their structure [21, 
34,35]. Moreover, the addition of mesopores and macropores silica NPs 
increases the surface roughness of fibers [36]. Although the addition of 
NPs could improve the tensile strength of the composite, the added 
amount should be optimized to prevent the decrease in the toughness 
and elongation of the mat at fracture strain [4]. Qing et al. [37] reported 
the development of Silica/PVA nanofibrous membranes for oil/water 
separation. They reported that silica NPs generated a multi-scale 
roughness on the PVA membrane and improved its wettability. The 
fabricated filters showed high wettability in the air and underwater 
superoleophobicity properties based on the successful strategy for sur-
face modification. Multi-component materials based on the 

electrospinning process have been developed due to their enhanced 
properties, which could be promising to employ in a vast variety of fields 
such as bioengineering [38], filtration [39], and sensors [40]. Accord-
ingly, the addition of different nanoparticles to the fibrous mat could 
improve the overall performance of the electrospun nanofibers, which 
cannot be achieved by single-component solutions. 

The emerging studies on fabrications of a nanocomposite fibrous mat 
based on PMMA in DMF-based solutions suggest that blending the 
PMMA with PEG and adding colloid silica NPs in isopropyl alcohol (IPA) 
assist in modifying the surface of fibers as well as mechanical property 
improvements. These combinations of different characteristics of 
mentioned materials offer superior properties such as hydrophilicity, 
water insolubility, and higher mechanical strength to PMMA. In this 
study, the effects of electrospinning parameters and concentration of 
PMMA on the formation of electrospun fibers were systematically 
investigated. Also, surface wettability transition due to the addition of 
PEG besides the effect of silica NPs on the mechanical strength of the 
fibers was studied for potential applications such as gas filtration 
membranes. The gas filtration is mainly related to the existence of ether 
groups in the PEG chemical structure, which will be our future study on 
the performance of fabricated electrospun mats. 

2. Materials and method 

2.1. Chemicals and materials 

Polymethyl methacrylate (PMMA, Mw = 350,000 g/mol), Poly 
(ethylene glycol) (average Mn ⁓ 400), N,N-Dimethylformamide (≥
99%), Tetraethyl Orthosilicate (TEOS), Ammonia hydroxide solution 
25%, and 2-Propanol (IPA, 99.5%) were purchased from Sigma Aldrich 
(technical grade) and were used without any purification. 

2.2. Silica nanoparticles synthesis 

Mesoporous silica nanoparticles were synthesized by the simple one- 
step synthesis modified Stöber method [41]. In this method, tetraethyl 
orthosilicate (TEOS) as the precursor was introduced to an alcoholic 
solution to be hydrolyzed with the water in the ammonia solution. The 
hydrolyzed precursors, which lost the EtOH groups on their structure, 
link together to create larger molecules and finally build up silica 
nanoparticles. In this study, five batches of synthesizing baths with 
[TEOS]/[NH3]aq ratios of 4, 4.8, 6, 8, and 12 were prepared to control 
the particle size of silica NPs. 

2.3. Solution preparation and electrospinning 

Solutions of PMMA in DMF with a polymer/solvent ratio of 10 and 
12.5 w/w% were prepared and electrospun to investigate the effects of 
electrospinning parameters and polymer concentration on the surface 
coverage and fibers diameter. Electrospinning was conducted using a 
plastic syringe fitted with a metallic needle (inner diameter of the needle 
was 1 mm) at the accelerating voltages of 12–20 kV. The distance be-
tween the needle tip and fixed stainless-steel collector (11 × 11 cm2) 
varied from 5 to 20 cm, and the flow rates were set in a range of 0.3–0.9 
mL h− 1. After obtaining the optimum conditions for PMMA electro-
spinning and the best polymer/solvent ratio (10 wt%), three different 
polymer blends of PMMA-20 wt%, 30 wt%, and 40 wt% PEG with the 
fixed polymer/solvent ratio of 10 wt% were electrospun and 
characterized. 

In the final step, silica NPs solutions (the synthesized method is 
explained in the next section) were added to electrospinning solution 
(with respect to fixed solid and powder: polymer ratios as 7.5 wt% and 
10:90, respectively). All the electrospinning experiments were con-
ducted at 22.7 ◦C and relative humidity of 48%. The prepared solutions 
were stirred overnight at 55 ◦C before the electrospinning process to 
obtain homogeneous solutions. 
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2.4. Characterization 

A double-shutter CMOS high-speed camera (Phantom v310, at 125 μs 
intervals (8000 fps)) along with a macro camera lens was employed to 
take images of the bending instability of the electrospun jets. The Field 
Emission Scanning Electron Microscopy (FE-SEM, LEO Supra VP-55) 
was used to evaluate the electrospun fibers and silica NPs morphology 
and size. The samples were sputter-coated with Au/Pd before imaging. 
Quantitative nanoscale mechanical (QNM) characterizations were per-
formed using the Bruker MultiMode VIII Scanning Probe Microscope 
under ambient conditions at scan rates of 0.5–1 Hz. The spring constant 
of cantilever was measured as 25 N/m using the thermal tuning method 
[42] and the tip radius was measured as 17 nm. The Derja-
guin–Muller–Toporov (DMT) modulus [43] was analyzed using the 
Nanoscope Analysis software. The surface coverage, fiber diameter, and 

size distribution of fibrous mats were determined using the ImageJ 
software (National Institutes of Health, MD, USA). The silica NPs size 
distribution was assessed by the Dynamic Light Scattering technique 
(DLS) using the Malvern Zetasizer Nano ZS device equipped with a 
He/Ne 633 nm laser light source. Thermal Gravimetric Analysis (TGA) 
was carried out by heating the samples with a rate of 10 ◦C/min from 
room temperature to 800 ◦C by the NETZSCH STA 449C instrument. 

The chemical characterization of the fabricated composite fibers was 
performed using the Fourier transform infrared spectroscopy Nicolet 
iS10 spectrometer (Thermo Fisher Scientific Inc.) equipped with a uni-
versal attenuated total reflection (ATR) accessory. The samples were 
scanned from 500 to 4000 cm− 1. Dynamic contact angle measurements 
of deionized distilled water were conducted using the Attension Theta 
Lite. Samples were placed on the instrument’s specimen holder, and a 5 
μL droplet of water hanging from the tip of the needle was placed gently 
on the surface of the sample. The droplet’s contact angle was observed 
using a video camera. The mechanical tests were performed using a 
Mark-10 ESM 303 motorized tension/compression test stand and 
M7–025 digital force gauge based on ASTM D882-10 standard test 
method for tensile properties of thin plastic sheeting with a thickness of 
less than 1 mm. The samples were cut in 40 × 10 mm dimensions and 
sandwiched in a 40 × 40 mm paper frame, as shown in Fig. 1. The paper 
frame was cut after fixing the sample in the grips, and then the test was 
performed at a strain rate of 5 mm/min. 

3. Results and discussion 

3.1. Fiber diameter and morphology 

The effect of the parameters, namely solution concentration, accel-
erating voltage, flow rate, and the needle tip to collector distance, on the 

Fig. 1. Preparation of a frame before the tensile test. The samples were cut in 
40 × 10 mm dimensions and sandwiched in a 40 × 40 mm paper frame a) the 
fibrous mat between a frame was held within grip, b) the system was stretched 
until the frame became ready to do the analysis, and c) the frame was cut to 
start the test. 

Fig. 2. Comparison of the formation fibrous mat of PMMA with different conditions of constant concentration and flow rate. a) C = 10 wt% and F.R. = 0.3 mL h− 1, 
b) C = 10 wt% and F.R. = 0.6 mL h− 1, c) C = 10 wt% and F.R. = 0.9 mL h− 1, d) C = 12.5 wt% and F.R. = 0.3 mL h− 1, e) C = 12.5 wt% and F.R. = 0.6 mL h− 1, and f) 
C = 12.5 wt% and F.R. = 0.9 mL h− 1. 
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fibrous mat surface coverage and mean diameter of fibers are investi-
gated by considering 72 different combinations of the parameters. Fig. 2 
shows the surface coverage percentage of the electrospun fibers 
analyzed by the ImageJ software. In these diagrams, the optimum 
conditions for better coverage of the surface of the collector with 
nanofibers are shown with red color. Accordingly, the fiber mats cover 
less than 60% of the collector surface for the 12.5 wt% polymer/solvent 
solution. The polymeric solution viscosity increases with an increase in 
the concentration to 12.5 wt% polymer/solvent, which leads to a lower 
surface coverage. The low coverage could be explained by the higher 
viscoelastic force of the formed liquid jet, which resists the tension force 
during the electrospinning process [44]. The lower concentration (10 wt 
%) gives rise to the generation of a stable jet, and bead-free mats can be 
obtained besides other optimized parameters such as applied potential, 
distance, and flow rate. The electrospun fibers using this solution at the 
flow rates of 0.6 and 0.9 mL h− 1 exhibit a sizeable red region (80–100% 
coverage) on their profiles. However, the flow rate of 0.3 mL h− 1 was 
insufficient to provide enough material to cover the surface of the 
collector. 

The electrospinning jet formation is visualized using a high-speed 
camera, as shown in Fig. 3. Prior to applying the high voltage be-
tween the needle tip and collector, the syringe pump injected the solu-
tion, and the shape of the droplet was distorted toward the ground due to 
the gravity force (Fig. 3a). The shape of the polymeric droplet, which 
emerges from the tip of the needle, is influenced by an electric field force 
and other forces such as inertia, hydrostatic pressure, and viscoelastic 
forces. By surpassing the electric field from the threshold point, the 
generated electrostatic charges on the droplet surface cause the elon-
gation of the structure (so-called the Taylor cone). The forward elec-
trostatic force and solution inertia overcome the backward viscous and 
downward gravity forces and form the jet (Fig. 3b, c). However, due to 
the droplet’s rapid acceleration toward the collector and thick cross- 

section of the generated jet (Fig. 3d), the gravity force dominates and 
makes the unstable jet bend and move in different paths (Fig. 3e). 

Meanwhile, the supplied amount of the solution is insufficient to 
provide enough material, and the Taylor cone becomes depleted 
(Fig. 3e, f). The unstable jet stabilizes by establishing a balance between 
the applied forces (Fig. 3g–i), and a continuous and stable electro-
spinning jet forms in 56 ms just after initiating the electrical field 
(Fig. 3j–m). During the stabilization stage, the multi-jet mode is visible 
for a fraction of a second, and the formed jets repel each other due to 
their identical charges which is shown in Fig. 3i (for more information 
with less intervals between images see ESI Figure S1). 

The samples are shown in Fig. 2, which were electrospun uniformly, 
were selected to investigate the morphology and diameter of the fibers, 
and their SEM images and diameter distribution are included along with 
the corresponding label numbers in Fig. 4. 

It is reported in the literature that the composite electrospun nano-
fibers with small diameters exhibit better mechanical properties and are 
more favorable for functionalization purposes due to the higher surface- 
to-volume ratio of the mat. Furthermore, in every case, well-defined and 
well-controlled (mostly narrow range) diameter distributions meet the 
requirements for optimizing the parameters [45]. 

The polymeric solution feeding rate directly affects the electrospun 
fiber morphology and formation of the beads during the process. The 
first stage is generally related to the charge density of the liquid cone and 
stable jet formation. It is also linked with the evaporation of solvent from 
polymeric fibers. The effect of feeding rate on the fiber diameter dis-
tribution can be observed in Fig. 4a–c, which displays that the size of 
fibers increases with the flow rate. Therefore, there should be a balance 
between the solution’s feeding rate and the exiting material from the 
needle to obtain a continuous fiber with the smallest possible diameter. 
The solvent’s evaporation takes place between the needle and collector, 
and the optimum distance provides sufficient time for the solvent to 
evaporate before reaching the collector. Otherwise, the formation of the 
beads would be inevitable. The longer the distance is, the thinner the 
fibers are. Based on the results as mentioned earlier, the electrospinning 
condition for obtaining fibrous mat from 10 wt% polymer/solvent so-
lution with the fiber diameter of 696 nm and 100% surface coverage was 
optimized by applying the electric field of 12 kV, the flow rate of 
0.6 mL h− 1, and the distance of 20 cm. 

PEG was introduced to the solution as the second polymeric 
component. By considering 10 wt% polymer/solvent ratio as the opti-
mum one for fabricating fibers, three solutions with PEG concentrations 
of 20, 30, and 40 wt% were electrospun, and the diameter of the ob-
tained fibers are listed in Table 1. The mean fiber diameter decreases 
with the PEG concentration up to 30 wt%. The polymeric solution vis-
cosity decreases by adding the low molecular weight PEG, and beads 
formation can be observed by electrospinning 40 wt% PEG solution. 
Moreover, the sufficient amount of the PEG does not interact with the 
PMMA solution to act as uniform compared to lower amounts. 

The third component of the composite is the synthesized silica NPs in 
the IPA solution (Fig. 5). The different ratios of the TEOS to ammonia are 
taken as the control parameter for synthesizing different sizes of silica 
nanoparticles. The concentration of the synthesizing baths and the 
average size of the achieved silica nanoparticles are included in Table 2. 

The third step of preparing a ternary electrospun composite is adding 
the silica nanoparticles to the PMMA-30 wt% PEG electrospinning so-
lution. Synthesized silica NPs in different solutions in five levels were 
added to the solution with mentioned mean sizes. The solutions for 
hybrid material electrospinning were prepared considering the con-
centrations in Table 3. 

The weights of silica NPs in each synthesized batch were different. 
Therefore, different solvent volumes (isopropyl alcohol) were used to 
prepare fixed concentration electrospinning solutions, as mentioned in 
Table 3. Since the ternary composite solution has different solvents, 
polymers, and other chemicals, the fabricated electrospun mats show 
different morphology, especially in the case of the formation of beads. 

Fig. 3. Formation of the Taylor cone with process parameters of V = 12 kV, 
flow rate = 0.6 mL h− 1, distance = 20 cm, and composition = 10 wt% PMMA 
in DMF. (a and b) before applying the electric field, (c) the high-voltage and 
electric field cause stretching of the droplet toward the collector, (d–j) the 
instability of jet because of the interactions of the charges on the electrified 
microjet, (k–m) a stable slim microjet formation. The time intervals of the 
images are 6667 µs. 
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Fig. 4. SEM images and fiber diameter size distribution of PMMA electrospun mats for different process parameters. a) V = 12 kV, F.R. = 0.3 mL h− 1, and D 
= 10 cm, b) V = 12 kV, F.R. = 0.6 mL h− 1, and D = 20 cm, c) V = 12 kV, F.R. = 0.9 mL h− 1, and D = 10 cm, d) V = 12 kV, F.R. = 0.9 mL h− 1, and D = 15 cm, e) V 
= 12 kV, F.R. = 0.9 mL h− 1, and D = 20 cm, and f) V = 16 kV, F.R. = 0.9 mL h− 1, and D = 15 cm. 

Table 1 
The average diameter of electrospun PMMA nanofibers with the addition of 
different amounts of PEG.  

Polymer solution composition Nanofiber diameter (nm) 

PMMA (Optimized Condition) 696.33 ± 89.05 
PMMA-20 wt% PEG 472.75 ± 84.64 
PMMA-30 wt% PEG 462.31 ± 89.91 
PMMA-40 wt% PEG 747.65 ± 145.27  

Fig. 5. Synthesized SiO2 NPs a) SEM image of the particles after drying from the solution and b) particle size distribution of silica NPs in the synthesized medium.  

Table 2 
Concentration of the baths and the sizes of the synthesized silica nanoparticles.  

Batch number [TEOS]/[NH3]aq Mean particle size (nm)  

1  4  102  
2  4.8  97  
3  6  86  
4  8  74  
5  12  65  
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The first stage is related to the change in viscosity and then is linked with 
their conductivity and dipole-moment, volatile nature of the solvents, 
and evaporation of the solvents during the flight of polymeric fibers. 

Fig. 6 shows the electrospun nanofibers with silica NPs on their 
surface for the optimum silica batch (batch number 5, Table 2). The 
optimum batch is achieved due to the lower alcohol amount, which 
transfers to the electrospinning solution from the synthesized silica 
batch. While silica NPs have an increasing effect on the viscosity, the 
inclusion of a second solvent (IPA) has an adverse effect. The balance 

between the counteracting effects results in batch 5, which leads to 
fewer beads in the electrospun mats. 

3.2. PeakForce QNM 

The nanoscale mechanical properties and surface of three samples of 
PMMA, PMMA-30 wt%PEG, and PMMA-30 wt%PEG-silica nano-
particles electrospun nanofibers are conducted (see ESI Figure S2). The 
height images and surface profile of the electrospun nanofibers (Fig. 7) 
show that the diameters of the fibers are in the range of 300 nm to 1 µm, 
which are consistent with the SEM images. The root mean square (RMS) 
of the DMT modulus of PMMA, PMMA-30 wt%PEG-silica nanoparticles, 
and PMMA-30 wt%PEG electrospun nanofibers are 126, 402, 441 MPa, 
respectively. The DMT modulus of PMMA-30 wt%PEG is the highest 
among the samples and these results are confirmed by the tensile 
strength tests. Fig. 8 shows PMMA-30 wt%PEG-silica nanoparticles 
electrospun nanofiber’s height and DMT modulus profile. The AFM 
sample is prepared using scotch tape method by applying an adhesive 

Table 3 
Concentrations of different materials and ratio of used materials 
concerning each other.  

Parameter Value 

PMMA:PEG 70:30 
Polymer solid ratio 10 wt% 
Powder (SiO2):Polymer 10:90 
Solid (Polymer + SiO2) Ratio 7.5 wt%  

Fig. 6. SEM images of PMMA-30 wt% PEG-SiO2 electrospun mats. a) The broad microscopic view with some beads, and b) homogenous distribution of silica NPs 
ascertained on the surface of fibers. 

Fig. 7. AFM height images of PMMA electrospun nanofibers.  
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tape to the electrospun nanofibers’ mat and pulling it away and 
repeating the same procedure multiple times on the fresh adhesive 
tapes. The average DMT modulus of the electrospun fiber along its 
length is about 300 MPa. The observed picks on the DMT modulus di-
agram can be related to the silica nanoparticles, which are embedded in 
the structure of the fiber. 

3.3. FTIR analysis 

The FTIR analysis of the electrospun nanofibers is presented in Fig. 9. 
The peak at 2949 cm− 1 is related to the C–H stretching vibration, and 
the peak at 1726 cm− 1 corresponds to acrylate carboxyl groups. The 
FTIR band at 1386 cm− 1 is due to O–CH3 bending vibrations, whereas 
the peak at 1241 cm− 1 is related to the twisting mode of the –CH2 group 
in PMMA. The FTIR peak of PMMA at 1435 cm− 1 stands for the bending 
of C–H bonds in the –CH3 group, and the strong peak at 1147 cm− 1 is 
associated with the stretching vibration of the C–O bond in the C–O–C 
moiety as shown in Fig. 9 [46,47]. For PEG, the 942–1092 cm− 1 band 
originates from C–O ether groups stretching. The alkyl (R–CH2) 
stretching modes at 2865 cm− 1 can be observed, and the hydroxyl group 
contribution is observed at 3438 cm− 1 [48]. The presence of SiO2 can be 
confirmed with two main characteristic peaks at around 749 cm− 1 and 
1095 cm− 1, which correspond to Si–O bending vibration and asym-
metric stretching vibration bands of the siloxane bonds (Si–O–Si), 

respectively. The band at around 3502 cm− 1 is attributed to Si–OH, 
characteristics of the –OH group. The Si-OH band existence can be 
related to the absorbed water molecules from the environment by silica 
NPs [48]. 

3.4. Water contact angle 

The water contact angle changes at 0, 5, and 10 s were measured to 
determine the effect of PEG content on the wettability of the PMMA-PEG 
electrospun (Fig. 10). PMMA is an intrinsic hydrophobic polymer [17], 
and the highest contact angle among the samples (123.52◦) corresponds 
to the PMMA electrospun mat. Consequently, it shows low fouling, and 
flux and hydrophilicity improvements can be achieved by the addition of 
PEG due to easily linking repeating units (CH2–CH2O) with water 
molecules via hydrogen bonding. As shown in Fig. 10, the droplets start 
to diffuse inside the fibrous mats with different rates depending on the 
ratio of the blended polymer. The addition of the PEG up to 30 wt% 
shows a decrease in water contact angle (t = 0 s). However, in the 
PMMA-40 wt% PEG electrospun mat, an increase in water contact angle 
was observed. It seems that the solutions with a higher content of hy-
drophilic PEG lead to phase segregation of polymers and splashing PEG 
without any engagement in the morphology of fibrous electrospinning 
mats [49], which is in agreement with SEM images (see ESI Figure S3). 

3.5. Thermal stability 

The thermal stability of the electrospun mats was analyzed with 
TGA. The characteristic TGA curves of PMMA-based electrospun mats 
and the weight changes as a function of temperature for different elec-
trospun fibers are compared in Fig. 11a. At the first stage, based on the 
hydrophobic properties of PMMA, just a tiny amount of weight loss can 
be seen at 0–100 ◦C. The second stage, between 250 and 300 ◦C, is 
related to the decomposition of PMMA unsaturated chain-ends. The 
third stage, above 300 ◦C (at around 365 ◦C), is attributed to the random 
scission of the polymeric chains [50]. The slight weight loss between 
room temperature to 100 ◦C, in Fig. 11b and c, results from the elimi-
nation of adsorbed water due to the hydrophobic nature of PMMA 
components. The weight loss steps in b and c are different and have 
higher losses since PEG was added to electrospun mats. For the cases, 
which contain PEG, at around 200 ◦C, the ether bonds (CH2–O–CH2) 
break and form more stable bonds of methylene (CH2) and therefore, 
small molecules are released. At the range of 250–400 ◦C also, there is a 
degradation step for PEG and composite related to degradation and 
evaporation of the alcohol compounds (Fig. 11b) [51,52]. After the 

Fig. 8. AFM height image, DMT modulus, and 3D height image of PMMA-30 wt%PEG-silica nanoparticles electrospun nanofiber.  

Fig. 9. FTIR spectra of PMMA, PEG, PMMA-30 wt% PEG electrospun mat, and 
PMMA-30 wt% PEG-SiO2 NPs electrospun mat. 
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Fig. 10. Contact angle for a) PMMA, b) PMMA-20 wt% PEG, c) PMMA-30 wt% PEG and d) PMMA-40 wt% PEG at the beginning of analysis and after 10 and 20 s.  

Fig. 11. TGA diagram of a) PMMA, b) PMMA-30 wt% PEG, and c) PMMA-30 wt% PEG-SiO2 NPs electrospun mat.  
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addition of silica NPs, the peak in the range of 270–330 ◦C is attributable 
to the release of silanol-bonded water since the silanol-bonded water is 
stable and is eliminated at relatively higher temperatures (Fig. 11c) 
[53]. At temperatures above 500 ◦C, the polymers decompose, and the 
entire polymer mass is burned. However, the embedded silica nano-
particles in the PMMA-30 wt% PEG-SiO2 NPs do not decompose at 
temperatures above 500 ◦C. These results also prove that silica nano-
particles form almost 8% of the weight of the fibers. 

3.6. Mechanical properties 

For the applications such as filters and tissue engineering, the me-
chanical strength of electrospun mats is crucial for meeting the dura-
bility requirement. Therefore, the tensile tests were conducted to 
evaluate PMMA and PMMA-based composite electrospun nanofibers 
mechanical properties, and their stress-strain curves are given in Fig. 12. 
In some samples, the stress-strain curve has started with a lower slope, 
and then it has grown parallel to the other curves. It seems that in these 
samples, the fibers within the structure of the mat are loose and do not 
engage in the bearing of the applied load, and the stress makes them 
align with the direction of the force. The ultimate tensile stress and 
elongation at failure of the different electrospun mats are visible in this 
figure. The strength of polymeric materials can be improved with the 
addition of rigid reinforcement into the soft polymeric matrix, but this is 
accompanied by a compromise in ductility [54]. The ultimate strength 
of the samples is obtained as 0.035, 0.35, and 0.12 MPa for PMMA, 
PMMA-30 wt% PEG, and PMMA-30 wt% PEG-SiO2 NPs, respectively. 

Although the introduction of silica nanoparticles to the fibers re-
duces the mechanical properties of PMMA-PEG polymers, the func-
tionalization and surface treatment could be performed more effectively 
in the presence of silica NPs. It should be noted that the PMMA-30 wt% 
PEG-silica nanoparticles have four times higher ultimate tensile strength 
in comparison with PMMA polymers. 

4. Conclusion 

In the present study, a PMMA-based electrospun nanofibrous com-
posite was fabricated. The PMMA and PEG 400 blended solution in DMF 
was mixed with silica NPs solution in IPA to obtain a hybrid fibrous mat. 
Process parameters such as the applied voltage, distance of the needle 
tip to the collector, flow rate of solution and solution concentration were 
investigated. Based on fiber formation and covering of the surface of the 
collector, and mean fibers diameter, which is extracted from SEM im-
ages, the optimum parameters, namely concentration of PMMA, applied 
voltage, flow rate, and distance between needle tip to the collector, were 
achieved at 10 wt%, 12 kV, 0.6 mL h− 1, and 20 cm, respectively. 
Moreover, the Taylor cone formation was monitored under optimum 
conditions. Then, the influence of PEG concentration on altering the 
mean diameter of the fibers, hydrophobicity of electrospun mats, ther-
mal and mechanical properties were studied. The results showed that 
blending and accordingly electrospinning of the PMMA solution with 
30 wt% PEG led to improvements in wettability of electrospun mat. 

Furthermore, the fabricated electrospun mats with PMMA-30 wt% 
PEG exhibited remarkable mechanical properties. The obtained ultimate 

Fig. 12. Stress-strain curves of three different samples of a) PMMA b) PMMA-30 wt% PEG and c) PMMA-30 wt% PEG-silica NPs.  
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strength was around ten times larger than the pure PMMA. Moreover, 
the fabricated ternary composite of PMMA-30 wt% PEG-SiO2 NPs led to 
three times enhancement in mechanical properties compared with 
PMMA, and the addition of silica NPs offers surface modification when 
needed in some applications such as filtration and bioengineering. 
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