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Abstract.1 Ultrafine phase change nanofibers based on 
polyethylene glycol 1000 (PEG1000) as phase change 
material (PCM) and polyamide 6 (PA6) as a supporting 
material were prepared in a systematic manner planned by 
the Design-Expert® software using the uniaxial electro-
spinning. Research surface methodology (RSM) was car-
ried out to optimize the parameters and conditions leading 
to minimize the fiber diameter. The effect of PEG content, 
applied voltage, needle gauge, and flow rate on the fiber 
characteristics was studied by a central composite design 
(CCD). The minimum diameter of nanofibers was predicted 
by a quadratic model to be 64.33 nm and the actual fibers 
diameter prepared under optimal condition showed a very 
low relative standard error (RSE). It was shown that the 
PEG/PA6 mass ratio has the dominant effect on the fibers 
diameter. The results from FTIR and FE-SEM images con-
firmed well encapsulated PEG in PA6 and no leakage and 
morphology alterations were observed after heating tests. 
To further investigate morphological structure and the qual-
ity of PEG1000 encapsulation in PA6 matrices, the com-
posite fibers underwent a solvent treatment using ethanol. 
The results proposed a new innovative method to control 
operational electrospinning conditions for encapsulating 
phase change materials in polymer matrices which is very 
important in thermal energy saving/retrieving applications. 
 
Keywords: electrospinning, phase change material (PCM), 
response surface methodology (RSM), polyethylene gly-
col, polyamide 6. 

1. Introduction 

The energy crisis and high cost of fossil fuels, as 
well as environmental pollution have promoted research 
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activities in alternative and renewable energy sources.1,2 
Many researches have been conducted to find materials 
and methods for developing new energy sources, how-
ever, the growing demand for energy is still challenging.3 
One of the important energy conversion methods is to use 
thermal energy storage materials to reduce price and in-
crease storage capacity in small temperature intervals.4-6 
Among the thermal energy storage (TES) forms, latent 
heat storage (LHS) using phase change materials (PCMs) 
are an effective solution to reduce energy consumption in 
different applications via storing and retrieving thermal 
energy as a latent heat.5-9 High heat storage density, iso-
thermal nature of storage process, small temperature 
variation from the storage to retrieval, low cost, chemical 
stability, etc., have made PCMs a very good candidate for 
many energy-related applications such as a solar energy 
utilization, space and water heating, low energy buildings, 
thermo-regulating fibers and smart textiles, medical appli-
cations, space crafts, engines cooling, air conditioning 
systems, and thermal insulation for functional fibers.2,10,11 

Despite extensive applications and advantages, 
PCMs suffer from possible leakages into the surrounding 
during the phase change process.1 Thus they should be 
placed in special containers which may result in excessive 
thermal resistance and operating costs.5,12 To eliminate 
this problem, encapsulating PCMs supporting by poly-
mers are suggested.4,5,13 Therefore, form-stable (shape 
stabilized) phase change materials are an attractive solu-
tion in this field.1,14 

Phase change fibers (PCFs) are one of the most 
important groups of form-stable PCMs due to their prom-
ising applications in the smart fabrics and cloths. Electro-
spinning as a convenient, simple and low cost method has 
been extensively applied for fabricating ultrafine fibers 
and form-stable PCMs.5,7,14 Since the introduction of elec-
trospinning by Formhals in 1930, it has been the versatile 
technique to produce nanofibers with diameters ranging 
from several micrometers to several nanometers, using a 
huge variety of materials.15-17 Ultrafine size, high surface-
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to-volume ratio, excellent thermal performance, light 
weight and multi-scaled porous structure are some of the 
remarkable electrospun fibers advantages.6,18 Various 
form-stable electrospun fibers with embedded PCMs with 
controllable morphologies, and properties via electrospin-
ning technique have been successively reported. McCann 
et al.19 succeeded in creating ultrafine phase change fibers 
with a long-chain hydrocarbons core and TiO2-PVP shell. 
They used the melt coaxial electrospinning and presented 
a new method for PCMs encapsulation. Chen et al.20 syn-
thesized composite fibers of lauric acid, myristic acid, 
palmitic acid, and stearic acid each separately with poly-
ethylene terephthalate matrix by using the uniaxial elec-
trospinning. These composite fibers showed desirable 
thermal properties. In another effort they also fabricated 
ultrafine electrospun fibers based on polyethylene glycol 
and poly (D,L-lactide) blends for thermal energy storage 
application. The fibers showed the enhanced morphology 
and reliable phase change behavior. It also presented the 
complete encapsulation of polyethylene glycol by 
poly(D,L-lactide) matrix.12 In an initiative study, Rocio 
Perez et al.21 used electrospinning of dodecane and zein (a 
maize protein) to fabricate the thermo-regulating smart 
food packaging. They compared the uniaxial and coaxial 
electrospinning methods of encapsulation. 

The factors that affect the electrospinning process 
are classified as solution properties, electrospinning pa-
rameters, and environmental parameters. Solution proper-
ties included viscosity, polymer and solvent concentration, 
surface tension, and solution conductivity. The electro-
spinning parameters comprised applied voltage, flow rate, 
needle diameter, and distance between the needle and the 
collector. The environmental parameters such as humid-
ity, temperature, and atmosphere pressure are also impor-
tant factors which affected the electrospinning process.22 

In most of the reported studies in this field, the electro-
spinning operating conditions were not systematically 
studied. The objective of the present study is to investigate 
the electrospinning process in a more systematic manner 
and to provide a model for predicting the characteristics of 
composite nanofibers by using RSM. 

Changing one factor at a time (OFAT) is a conven-
tional method of optimization, which study only the effect 
of specific parameter alone and is a material and time-
consuming technique.23,24 On the contrary, response sur-
face methodology is a mathematical and statistical tech-
nique that evaluates the effects of multiple parameters, 
alone or in combination, in response. This method is 
based on fitting a polynomial equation to the experimental 
data and is able to reduce the number of experimental 
sets.24-26 Polyethylene glycol (PEG) is a typical solid-
liquid PCM with exceptional characteristics such as a low 
vapor pressure, non-corrosivity, non-toxicity, chemical 
and thermal stability, relatively large enthalpies and wide 

range of a molecular weight,10,27,28 which is successively 
used as a latent heat storage component in the form-stable 
PCMs. In the present research as PCM we used polyethyl-
ene glycol with an average Mw of 1000 (PEG1000). Many 
polymers such as polylactic acid (PLA),12 polyvinylidene 
difluoride (PVDF),29,30 polyamide 6 (PA6),31,32 and poly-
vinylpyrrolidone (PVP)33 were used as the fibrous sup-
porting matrix to encapsulate PEG. 

Polyamide 6 (PA6) is also a famous semi-crys-
talline polymer offering the high strength and toughness, 
low coefficient of friction, and superior resistance to a 
wide spectrum of chemicals that has been used as a sup-
porting matrix.31,32 It is an appropriate polymer for fabri-
cating a form-stable electrospun fiber for encapsulating 
PEG because its melting point is much higher than that of 
PEG and it can prevent the leakage of molten PEG at 
temperatures above PEG melting point.13 

In the current study the ultrafine phase change nan-
ofibers were prepared based on PEG1000 as the phase 
change material (PCMs) and PA6as the supporting mate-
rial. The set of experiments was designed by the Design-
Expert® software using the uniaxial electrospinning. The 
main objective was to study the effect of multiple parame-
ters (applied voltage, solution flow rate, PEG/PA6 mass 
ratio and needle gauge) on the fiber’s diameter and to 
identify a good fitted model of the experimental data us-
ing CCD for fabrication ofPEG-PA6 fibers at optimized 
conditions predicted by software. The distribution and 
encapsulation of PEG in PA6 matrices were investigated 
through the solvent treatment and a heat treatment proce-
dure was conducted to check the form-stable characteris-
tics of the electrospun fibers. 

2. Experimental 

2.1. Materials 

Polyethylene glycol with an average Mw of 1000 
(PEG1000) and the melting point range of 308–324 K was 
purchased from DaeJung (Korea). The pellets of polyam-
ide 6 (PA6, Mw=10032, m.p.483 K) were supplied by 
Sigma-Aldrich (United States). The 85% formic acid was 
obtained from Sharlau (Spain). 

2.2. Methods and Characterization 

For all experiments, PA6 in the formic acid solu-
tion (12 % w/v) was used as the original solution. Differ-
ent amounts of PEG were added into the PA6 solution to 
make various PEG/PA6 mass ratio solutions. The mix-
tures were then put in an ultrasonic bath for 4 h to achieve 
a homogenous electrospinning solution. The prepared 
solutions were loaded into 20 mL plastic syringes with 
blunt-end stainless steel needles. Electrospinning process 
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was carried out by using a high voltage power supply 
(Highvoltage-35-OC, Fanavaran Nano Meghias, Iran), a 
syringe pump (SP1000HOM, Fanavaran Nano Meghias, 
Iran) and an aluminum flat sheet as the collector. During 
electrospinning process, the loaded syringe was placed 
horizontally in the syringe pump and a positive high volt-
age applied to the needle tip. The distance between the 
needle tip and the collector was fixed at 12 cm. All ex-
periments were performed at room temperature.  

The thermal properties of samples were studied by 
differential scanning calorimetry (DSC) technique (DSC 
PT10 Platinum series, Germany, resolution 0.125 mW at 
RT, temperature accuracy ±0.2 K). To study the thermal 
energy storage performance of the fibers, the heat-
ing/cooling curves of the samples were also determined 
using two incubators (MMM group, Incucell and Friocell, 
Germany) as heat sinks. The cold and hot water bath tem-
peratures were adjusted at 283 K and 333 K, respectively. 
Five grams’ fibers of pure PA, PEG, and PEG/PA com-
posite (mass ratio of 50:100) were placed in a plastic ve-
neers prior placing in cold or hot water bath. 

The FTIR analysis of PEG/PA6 nanofiber compos-
ites, pristine PEG, and PA6 pellets were conducted using 
a PERKIN-ELMER (RX1) infrared spectrophotometer 
before and after heat treatment in the wavenumber range 
of 400–4000 cm-1. A MIRA//TESCAN field-emission 
scanning electron microscope field emission scanning 
electron microscopy (FE-SEM) was employed to evaluate 
morphologies of the electrospun fiber composites at an 
acceleration voltage of 15 kV under low vacuum. All 
samples were gold plated to avoid charge accumulations. 
The diameter of the electrospun fibers was calculated by 
means of the Adobe Photoshop CS6 software from SEM 
images in their original magnification, at least fifty cases 
in each sample. It is very important for the prepared nano-
fiber-PCM composites to maintain their structures and 
chemical compositions when exposed to a temperature 
higher than the PCM melting point. In other words, the 
amount of PCM leakage from the composite should be 
minimal. To asses this feature, nanofiber composites were 
placed in a constant temperature oven at 343 K for various 
times, e.g., 0.5, 1, 2, and 5 h and the weight changes of com- 

posites were measured carefully before and after each 
stage. After 5 h heat treatment, the nanofibers morpholo-
gies were characterized by SEM and FTIR. To further 
investigate the effect of solvent on the morphological 
structure of the fibers (e.g., PEG dispersions), the compos-
ite fibers were immersed in ethanol for 1 h and dried at 
room temperature and then the structure of the fibers was 
examined by SEM. 

2.3. Statistical Analysis 

Four-factor-five-level central composite design 
(CCD) was applied to perform a parametric study in this 
work. The effects of applied voltage, solution flow rate, 
PEG-PA6 mass ratio and needle gauge on fibers diameter 
were investigated. The number of experiments is deter-
mined by CCD as 

2 2 ,pN k k C= + +    (1) 

where k is the number of factors and Cp is the center point 
replicate number.  

In the present study, the number of independent 
variables is 4 and hence 30 experiments (N) were de-
signed for 6 repetitions in the central point experiment. 
High and low levels of each variable were coded as +α 
and –α, respectively and the center values were coded as 
zero. The value of α depends on the number of factors 
involved.24 The independent variables with their minimum 
and maximum values and the details of experimental de-
sign are listed in Table 1. 

In CCD, the response is related to the independent 
variables by linear and quadratic terms as following: 
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where Y is the response; β0 is the constant or offset term; βi 

is the linear coefficient; βii is the quadratic effect coeffi-
cient; βij is the coefficient for interaction; ε represents the 
statistical error.34,35 All of the statistic evaluations are 
obtained from the CCD method in Design-Expert soft-
ware (trial version 9). 

 
Table 1. Variables and their levels employed on the central composite design 

Unit Coded level of variable Variable  -2 -1 0 +1 2 
A Voltage kV 15.00 16.75 18.50 20.25 22.00 
B Flow rate mL/h 0.50 1.00 1.50 2.00 2.50 
C PEG/PA6(mass ratio) w/w 50:100 100:100 150:100 200:100 250:100 
D Needle gauge  14 16 18 20 22 
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3. Results and Discussion 

3.1. Analysis of Experimental Design 

Studying the combined effect of four independent 
variables (applied voltage, flow rate, PEG: PA6 mass ratio 
and needle gauge) on the fibers diameter was one of the 
main purposes for this study. Hence by using CCD and 
performing 30 designed experiments, the data were fitted 
to different models (linear, two factorial, quadratic). Later, 
analysis of variance (ANOVA) was done to evaluate and 
find a suitable fitted model of the experimental data and it 
was shown that the data are most suitably described by a 
quadratic model with R2 = 0.9388. The experimental data 
designed by CCD and the actual average fiber diameters 
are presented in Table 2. 

As can be seen from Fig. 1, there is a linear correla-
tion between the predicted and experimental values and 
they are distributed almost close together. The model 
coefficient of determination (R2) was 0.9518, which im-
plied that the model perfectly fitted the data and the re-
gression model is valid. 

Table 3 shows ANOVA of the model. The com-
puted F value of the model (16.43) shows that the model 
is significant, and there is only a 0.34 % chance that this 
large F value of the model could happen due to noise. 

 
 

 
 

Fig. 1. Correlation of the predicted values  
versus actual responses 

 
Table 2. Central composite design (CCD) matrix and actual fiber diameter for the fabrication of PEG/PA6 composite nanofiber 

Exp. No. A, kV B, mL/h C, w/w D Average fiber diameter, nm 
1 0 0 0 0 123.10 
2 2 0 0 0 143.67 
3 1 -1 1 -1 173.63 
4 0 0 0 0 123.14 
5 1 -1 -1 1 102.60 
6 0 2 0 0 137.70 
7 0 -2 0 0 159.70 
8 1 -1 -1 -1 109.00 
9 -1 1 -1 1 100.98 

10 0 0 0 14 125.07 
11 1 -1 1 1 175.11 
12 1 1 1 -1 148.10 
13 0 0 2 0 161.67 
14 1 1 1 1 152.25 
15 -1 -1 -1 -1 105.27 
16 0 0 0 0 135.09 
17 0 0 0 0 129.75 
18 0 0 0 22 124.05 
19 0 0 0 0 135.10 
20 0 0 0 0 167.90 
21 0 0 -2 0 65.84 
22 1 1 -1 1 103.94 
23 -1 1 1 1 179.82 
24 -1 -1 -1 1 115.33 
25 1 1 -1 -1 110.27 
26 -1 1 1 -1 131.22 
27 -2 0 0 0 124.61 
28 0 0 0 0 123.35 
29 -1 -1 1 -1 13.65 
30 -1 1 -1 -1 97.54 

 
Note: A= Voltage, B=Flow rate, C= PEG: PA6 mass ratio, D=needle gauge
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Table 3. Analysis of variance (ANOVA) of the model generated for dopamine biosensor fabrication 
Source Sum of squares DF Mean square F-Value p-Value 
Model 18875.17 8 2359.40 16.43 <0.0001 Significant 

A 261.74 1 261.74 4.17 0.0539  
B 454.36 1 454.36 0.85 0.0137  
C 15527.42 1 15527.42 247.41 <0.0001 Significant 
D 274.92 1 274.92 4.38 0.0487  

AD 643.63 1 643.63 10.26 0.0043  
CD 459.23 1 459.23 7.32 0.0133  
B2 759.72 1 759.72 12.11 0.0022  
C2 362.11 1 1062.40 362.11 0.0256  

Residual 1317.96 21 62.76    
Lack of fit 1145.42 16 71.59 2.07 0.2154  
Pure error 172.54 5 34.51    

Corrected Total 20193.13 29     
R-Squared 
Adjusted R2 

93.88                        Adequate        16.706 
88.16 %                        Pred.R2                  72.35 % 

 
Note: A= Voltage, B=Flow rate, C= PEG/ PA6 mass ratio, D=needle gauge 
 
The F- and p-value tests were conducted to investi-

gate the accuracy of the proposed model.36 The quadratic 
model was significant for the fibers diameter with the F-
value of 16.43. The p-value < 0.0001 reveals that there is 
only a probability of 0.01 % of obtaining these results by 
chance. Values of “Prob > F” less than 0.1000 indicates 
the model terms are significant. From ANOVA analysis 
shown in Table 3, it is obvious that all linear terms are 
significant. According to the p-value, PEG/PA6 mass 
ratio(C) has a strong effect in response, while needle 
gauge (D) and the applied voltage (A) presented weaker 
effects in response. Among the interaction coefficients 
terms, the interaction between applied voltage and needle 
gauge (AD) and also the interaction between PEG/PA6 
mass ratio and needle gauge (CD) showed the most sig-
nificant interaction with the p-value of 0.0043 and 0.0133, 
respectively. It was found that other interactive effects 
were insignificant.  

The coefficient of determination, R2, is 93.88 %, 
indicating that the data variability was well described by the 
model. The adjusted determination coefficient (Adj.R2) is 
also sufficiently high (88.16 %) which indicates that the 
proposed model is enough significant for fibers diameters 
response. Furthermore, predicted R square (Pred.R2) cal-
culated to be 72.35 demonstrates the applicability of the 
proposed model to predict the other data’s in the range of 
experimental conditions. The small difference between 
Adj.R2 and Pred.R2 represents well-fitting proposed 
model.35 Another parameter for evaluating the model is 
the signal-to-noise ratio denoted as “Adequate”, a value of 
which greater than 4 indicates that the proposed model is 
appropriate for screening, identifying important factors 
and capable of distinguishing between factors. In the pre-
sent model the ratio of 16.706 indicates an adequate signal 

confirming the model which can be used to navigate the 
design space. Also, the “Lack of Fit F-value” of 1.24 
implies that this value is insignificant relative to the pure 
error, so the omitted terms from the model are really un-
important.25 

Based on the results obtained from ANOVA analy-
sis, the final equations derived to predict the fibers diame-
ter (DF) within the range of experimental operating condi-
tions are presented as Eq.(3): 

DF= –398.08688 + 20.76752A –  
– 30.64821B – 0.26715C + 35.02009D –  

– 2.16429AB + 0.020357AC – 1.79821AD –  
–0.055250BC+ +0.71875BD+0.053187CD+0.37041A2+ 

+ 19.08750B2 + 1.58625 (10)-3 C2 – 0.25391D2 (3) 
where DF is fiber diameter, nm; A is applied voltage; B is 
flow rate; C is PEG/ PA6 mass ratio; and D is needle 
gauge. 

3.2. Interactive Effect of Parameters  

Fig. 2a demonstrates the combined effect of both 
needle gauge and PEG/PA6 mass ratio (CD) on the fiber 
diameter. As shown in the three-dimensional and contour 
plots in this figure, at a constant needle gauge, the fibers 
become thicker as PEG content increases. At high PEG 
concentrations, increasing the needle gauge will result in 
larger fiber diameters. However, at low PEG concentra-
tions, larger needle gauges, have small influence on the 
fibers diameter. Fig. 2b shows the simultaneous effects of 
the applied voltage and needle gauge (AD) on the fiber 
diameter. As seen from this figure, at low voltages, the 
fibers diameter increased at larger nozzle gauges however, 
at high voltages, the fibers diameter decreased when the 
needle gauge was increased. At small nozzle gauges, a 
rise in applied voltage will produce thicker fibers while 
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with larger nozzle gauges’ finer fibers are produced as 
voltage increased.  

3.3. Optimization 

Fabricating nanofibers with minimum diameter is 
very important in the electrospinning process because the 
thinner and homogenous fibers create larger surface-to-
volume ratios37 that result in higher heat transfer rate. In the 
present study, optimization was performed to minimize  the 

response with CCD. A validation test was also done to 
evaluate the proposed model and the results are listed in 
Table 4. According to this table, the experimentally meas-
ured nanofiber diameters are very close to those predicted 
by the model suggesting that the empirical model derived 
from CCD can sufficiently describe the relationship be-
tween the independent variables and the response. Low 
relative standard error (RSE) was found from triplicate 
experiments which confirmed the validity of the model. 

 

 
 

Fig. 2. Surface and contour plots for response variable affected by needle gauge  
and PEG/ PA6 mass ratio (a); by needle gauge and applied voltage (b) 

 
Table 4. Optimum operating conditions and validation test 

Optimum value of variables Response 
A, kV B, mL/h C, w/w D Predicted diameter, nm Experimental diameter, nm RSE, % 

70.40 8.63 
68.60 6.22 18.50 1.50 50:100 18 64.33 
74.80 13.99 

 

 
 

Fig. 3. Fibersprepared at optimum condition predicted by software with minimum diameter 

b a 
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The finest fibers and best morphology were ob-
tained by RSM method of optimization for PEG1000/PA6 
composite fibers in uniaxial electrospinning. Fig. 3 depicts 
the morphology of the fibers with the optimum diameter. 
As evident from the images, the nanofibers are quite uni-
form with smooth surfaces. 

3.4. Solvent Treatment Analysis 

In order to assess the quality of PEG encapsulation 
and distribution in PA6 matrix, the produced nanofibers 
were the solvent treated by ethanol. The experiments were 
conducted for three kinds of fibers formed at different 
PEG/PA6 mass ratios of 100:100, 150:100 and 250:100. 
Nanofiber   samples  were  immersed in  ethanol  for  1 h to  

allow PEG dissolution and the amount of PEG removed 
from the composite fibers is measured. The SEM images of 
these samples before and after immersion in ethanol are 
given in Figs. 4a–4c and 4d–4f, respectively. As seen in 
Figs. 4a-4c, fibers surfaces are smooth and uniform prior to 
solvent treatment however, after immersion tests, their 
surfaces become rough and larger pores appeared in the 
matrices, as is shown in Figs. 4d–4f. These figures confirm 
the idea of PEG uniform distribution in the PA6 matrices, 
in which PEG domain was removed from the surface of 
fibers. This is due to the application of uniaxial electrospin-
ning process, in which phase change materials are scattered 
uniformly in the polymer matrix. This conclusion is in 
accordance with previously reported findings.12,13 

 

 

 
 

Fig. 4. Electrospun composite fibers of PEG/PA before (a,b,c) and after (d,e,f) solvent treatment  
with mass ratio of 100/100(a,d), 200:100 (b,e) and 250:100(c,f) 

 

 

 
 

Fig. 5. Electrospun composite fibers of PEG/PA before (a,b,c) and after (d,e,f) heat treatment  
with mass ratio of 100/100 (a,d), 200:100 (b,e) and 250:100 (c,f) 

b c 

d 

a 

e f 

b c 

d 

a 

e f 
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3.5. Heat Treatment Study 
Another way to check PEG encapsulation in PA6 

matrix and form-stable characteristic of the electrospun 
fibers is the heat treatment. For this purpose, phase change 
fibers were placed in an oven at 343 K for various time 
periods of heat treatment (0.5, 1, 2, and 5 h). After 5 h of 
heat treatment, the mass of the composite fibers was 
measured, FTIR analysis was conducted, and the fibers 
morphologies were characterized by SEM. 

Experimental results indicated that the mass of com-
posite fibers of PEG/PA6 with 50/100 to 200/100 mass 
ratio was unchanged after 5 h of heat treatment. This indi-
cates that no PEG leakage occurred from the fibers mats 
during the heat treatment. This conclusion is consistent with 
the reported results in the literature.12,13 However, the com-
posite mats with larger PEG content (250/100), a 5.35 % 
mass reduction was observed after 8 h of heat treatment, 
after which the mass remained unchanged. 

The morphology of fibers with 50/100 and 100/100 
mass ratio and fibers with 200/100 PEG/PA6 mass ratios, 
before and after heat treatment are presented in Fig. 5. No 
differences were observed in the fibers morphological 
structures for fibers with 50/100 to 200/100 PEG/ PA6 
mass ratios. However, the morphological structure of 
PEG/ PA6 fibers prepared from the solution with 250/100 
mass ratio showed a huge difference, before and after heat 
treatment. Some beads and tubercles are observed in the 
composite before heat treatment caused by the accumula-
tion of excessive polyethylene glycol during the electro-
spinning process. This fact was also reported in litera-
ture.38 Therefore, mass reduction in the maximum PEG 
content fibers, caused by PEG leakage due to the presence 

of many grains and beads in fiber matrices. Fig. 5b pre-
sents beads and grains as the leakage and sediment like 
precipitates between fibers mats after 5 h exposing to the 
temperature of 343 K. In addition, the FTIR spectra of 
composites fibers exhibited no changes in nanofibers 
chemical compositions after exposing to the temperatures 
higher than PEG melting point confirming the high encap-
sulation efficiency (Fig. 2b) and is consistent with previ-
ous findings.12,39 

3.6. Thermal and Structural Properties 

The results obtained from DSC analysis are sum-
marized in Table 5. As seen, the enthalpy values of 
PEG/PA6 (50/100) nanofibers are lower than PEG and 
higher than pure PA6 nanofibers, demonstrating the en-
ergy of solid-liquid phase transition of the electrospun 
PEG/PA6 nanofibers increases with the addition of PEG. 
Moreover, the PEG/PA6 fibers melted earlier than PEG 
and lasted faster that could be possibly due to the higher 
thermal conductivity of the encapsulated PEG in the form 
of stable PCMs. 

Fig. 6 compares thermal performance of the pro-
duced fibers in terms of the thermal energy storage rate. As 
seen in this figure, PEG exhibits an obvious and broader 
temperature plateaus in the phase change area compared to 
PEG/PA6, showing the characteristic of pure materials. No 
phase change was observed for PA6 as expected and ther-
mal storage was done just via increasing the sample tem-
perature. In order to show phase change of materials during 
cooling, first the samples were kept in the hot water bath 
(333 K), and after reaching a stable and constant tempera-
ture, they were placed in the cold bath of 283 K. 

 
Table 5. Thermophysical properties of PEG, PA, PEG/PA 50:100 

Sample Tonset, K Tpeak, K Toffset, K Enthalpy value, kJ/kg 
PEG 308 316 324 197 
PA 475 483 511 1.7 

PEG/PA 287.5 312 329 110 
 
Fig. 6b shows the cooling curves. The same trend 

was observed in cooling curves and PA6 presented a con-
tinuous decreasing in temperature with no phase change, 
while the samples of PEG/PA6 and PEG exhibited tem-
perature plateaus related to a phase change from liquid to 
solid and temperature remained almost constant. The 
broader plateaus were also observed for PEG. 

Fourier transform infrared spectroscopy is used to 
investigate the chemical composition and key features of 
the composites. Fig. 7a indicates the FTIR transmission 
spectra for pristine PEG and PA6. The spectrum of PEG 
presented a broad peak at 3450 cm-1, which is related to 
the stretching vibration of O–H bond. The peaks at 2891 

and 1466 cm-1 are assigned to the stretching vibration of 
C–H bond and bending vibration of CH2 group (scissor-
ing), respectively. The bands at 1347 and 1242 cm−1 are 
assigned to C–H wagging vibration and C–H twisting 
vibrations, respectively. Stretching vibration of C–O bond 
in PEG was also observed at 1250.87, 1116, and 954 cm-1. 
As seen from the PA6 spectrum, peaks at 3304.06 and 
1640 cm-1 were assigned to the stretching vibrations of N–
H and C=O (Amide I), respectively. The peak at 
1528 cm−1is due to N–H bending vibration and C–N 
stretching (Amide II) and CH2– stretching was observed 
at 2937 and 2861 cm−1. The specific absorption peak of 
PA6 appeared at 1485 cm−1.39,40 These results are in accor-



Fariba Karimian et al.   

 

394 

dance with previous findings.12,38 The results of FTIR 
spectra for PEG/PA6 nanofiber composites before and 
after the heat process are displayed in Fig. 7b. As seen 
from this figure, the spectra of the composite fibers pos-
sess all of the individual PEG and PA6 characteristics 
with no evidence of new absorption peaks which declare 
no chemical reaction occurred between components, dur-
ing electrospinning process and also heat treatment proc-

ess. Moreover, the nanofibers revealed overlapped adsorp-
tion bands with lower intensity, which could be due to the 
interaction between components. Overlapping characteris-
tic peaks of pure PEG at 2891 cm-1 and the PA6 peak at 
2937 and 2861 cm-1 formed a broad band at 2886 cm-1 in 
the nanocomposite spectra. In other words, the overlap-
ping characteristic peaks of pure materials caused the peak 
broadening at the most wavenumbers. 

 

  
 

Fig. 6. Heating (a) and cooling (b) temperature curves of pure 
PA6, PEG and the PEG/PA6 with mass ratio of 50/100 

 
Fig. 7. FTIR spectra of pristine PA6 + PEG (a) and PEG/PA6 

composite nanofiber (b) before and after heat process 
 

4. Conclusions 

From Central composite design (CCD), it was 
found that a quadratic model with R2 of 0.9388 perfectly 
described data variability for fabricating PEG/PA6 fibers. 
It was shown that the PEG/PA6 mass ratio has the strong-
est effect on the fiber diameter, while the needle gauge 
individually presented less effects in response but in com-
bination with applied voltage displayed the most signifi-
cant interaction effect. Experimental results indicated that 
the mass of composite fibers with 50:100 to 200:100 
PEG/ PA6 mass ratio was unchanged after 5 h of heat 
treatment. This indicates that no PEG leakage occurred 
from the fibers mats during the heat treatment. Thermal 
analysis confirmed well encapsulated of less amount of 
PEG in polymer matrices in which no mass changes were 
observed after heat process but for higher amount of PEG 
content (250:100), 5.35% mass reduction occurred for its 
fibers mats through the heat treatment. It is envisioned 
that PEG/PA6 composite ultrafine nanofibers with 50:100 

to 200:100 PEG/PA6 mass ratio as a shape-stabilized 
composite phase change material, would be the next gen-
eration material for thermal regulation and thermal energy 
storage. 
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ОПТИМІЗОВАНИЙ ДИЗАЙН ТА ОДЕРЖАННЯ 
ПОЛІЕТИЛЕНГЛІКОЛЬ 1000/ПОЛІАМІД 6 

(PEG1000/PA6) НАНОВОЛОКОН ЯК МАТЕРІАЛІВ 
З ФАЗОВИМ ПЕРЕХОДОМ (PCMs) 

 
Анотація. Ультрадисперсні нановолокна з фазовим пе-

реходом на основі поліетиленгліколю 1000 (PEG1000) як мате-
ріалу з фазовим переходом (PCM) та поліаміду 6 (PA6) як 
допоміжного матеріалу виготовлено методом однонаправле-
ного електроспінінгу на систематизованій основі, запланованій 
програмним забезпеченням Design-Expert®. Застосовано ме-
тод поверхневого відгуку (RSM) для оптимізації параметрів та 
умов, що ведуть до мінімізації діаметра волокна. За допомо-
гою центрального композиційного плану (CCD) вивчено вплив 
вмісту PEG, прикладеної напруги, калібра голки та швидкості 
потоку на характеристики волокна. Згідно з розрахунками за 
квадратичною моделлю, мінімальний діаметр нановолокон 
становить 64,33 нм; фактичний діаметр волокон, виготовле-
них за оптимальних умов, показав дуже низьку відносну стан-
дартну похибку (RSE). Встановлено, що масове співвідношення 
PEG/ PA6 найбільше впливає на діаметр волокон. Результати 
FTIR та FE-SEM підтвердили інкапсуляцію PEG у PA6, і відсу-
тність змін у морфології після тестів на нагрівання. Для пода-
льшого дослідження морфологічної структури та якості 
інкапсуляції PEG1000 у матрицях PA6 композиційні волокна 
оброблено розчинником з використанням етанолу. Запропоно-
вано новий інноваційний метод контролю умов електроспінінгу 
для інкапсуляції матеріалів з фазовим переходом у полімерних 
матрицях, що дуже важливо у програмах енергозбережен-
ня/енерговідновлення. 

 
Ключові слова: електроспінінг, матеріал з фазовим пе-

реходом (PCM), метод поверхневого відгуку (RSM), поліетилен-
гліколь, поліамід 6. 

 


