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As an aim toward developing novel class of form-stable polymer-matrix phase change
materials for thermal energy storage, ultrafine composite fibers based on cellulose ace-
tate and polyethylene glycol (PEG) with five different molecular weight (M,) grades
were prepared by electrospinning. The effects of M, of PEG on morphology, thermal
properties and mechanical properties of the composite fibers were studied by field emis-
sion scanning electron microscopy, differential scanning calorimetry, and tensile testing,
respectively. It was found that the composite fibers were smooth and cylindrical shape,
with the average diameters ranging from about 1000 to 1750 nm which increased with
M,, of PEG. Thermal analysis results showed that the composite fibers imparted balanced
thermal storage and release properties in different temperature ranges with the variation
of M,, of PEG. Thermal cycling test indicated that the prepared composites had excellent
thermal stability and reliability even they were subjected to 100 heating-cooling thermal
cycles. © 2009 American Institute of Chemical Engineers AIChE J, 55: 820-827, 2009
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Introduction

Thermal energy storage (TES) has gained extensive inter-
est due to the impending shortage and increasing cost of
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energy resources nowadays.'™ Thermal energy can be stored
in the form of sensible heat, latent heat, and chemical reac-
tion heat, or a combination of them. Among these forms, the
most attractive one is latent heat thermal energy storage
(LHTES), which is commonly carried out using phase
change materials (PCMs) because of their high-energy stor-
age density and small temperature variation from storage to
retrieval."° In that case, thermal energy is stored or
released by PCMs during the phase change process. Various
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inorganic and organic compounds and their mixtures have
been examined for their potential as PCMs for LHTES sys-
tems for several decades.'?’ Inorganic substances, like salt
hydrates, were researched first as potential PCMs several
decades ago, but supercooling and phase separation occurred
during their applications often plague the thermal behavior of
these materials and cause random variations or progressive
drifting of the transition zone over repeated phase-change
cycl(as.?”5 Furthermore, corrosion is another shortcoming of
those materials,® which results in their short service lives or
high packing and maintenance costs. Later, organic PCMs,
like paraffin waxes and fatty acids, are used extensively to
many areas for their moderate thermal storage densities and
a wide range of melting temperatures.”® Meanwhile, they
undergo negligible subcooling and are chemically inert and
stable with no phase segregation. The problem is the neces-
sity of the special storage devices or containers to encapsu-
late an organic PCM to store and to release the latent heat of
the PCM. However, the container material not only increases
the thermal resistance between PCM and heat transfer fluid
but also augments the cost of the system.‘%‘7 Therefore, a
novel class of polymer-matrix PCMs as LHTES materials
has been developed in the last decade for their unique advan-
tages such as direct use without additional encapsulation,
cost-effective, shape-stable, and easily prepared with desira-
ble dimensions.®~"” These superior properties over tradi-
tional PCMs have directed researchers to focus on the devel-
opment of new type form-stable or shape-stabilized PCMs.
With the development of nano science and technology, some
of new techniques are exploited and involved in the research
of form-stable PCMs.

Electrospinning is a simple, convenient, and versatile tech-
nique for generating ultrafine fibers with diameters on both
the micro- and nanoscales.'®° With their ultrafine size and
huge surface-to-volume ratio, electrospun fibers can be
applied in numerous areas such as healthcare, biotechnology,
environmental engineering, energy storage, etc.”! Recently, a
novel class of fibrous polymer matrix form-stable PCMs—
ultrafine fibers of polymer/PCM composites have been devel-
oped via electrospinning technique.zz’23 McCann et al.?? first
prepared phase change nanofibers consisting of long-chain
hydrocarbon cores and TiO,-Polyvinylpyrrolidone (PVP)
sheaths by melt coaxial electrospinning. In our previous
work,? the ultrafine composite fibers based on cellulose ace-
tate (CA) and polyethylene glycol (PEG) with the molecular
weight of 10,000 have been prepared via electrospinning
explored as thermo-regulating fibers. For the potential appli-
cations of the novel form-stable fibrous PCM in thermo-regu-
lating material and TES, more systematic studies about the
polymer/PCM composite fibers are needed to carry out, e.g.,
the effects of the polymer/PCM mixture ratio and the type of
PCM on phase change temperature and latent heat of the
composite fibers.

The molecular weight of an organic PCM is particularly
relevant to its thermal and physical properties. Based on this
idea, in this study, five different molecular weight grades of
PEG were individually incorporated with the electrospun CA
fiber for LHTES application. The effect of molecular weight
of PEG on morphology, thermal properties, and tensile prop-
erties of the electrospun PEG/CA composite fibers were
investigated by field emission scanning electron microscopy
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(FE-SEM), differential scanning calorimetry (DSC), WAXD,
and tensile test, respectively. In addition, thermal properties
and crystallization behaviors of the PEG/CA electrospun
composite fibers and the corresponding cast film were
compared.

Experimental Part
Materials

CA (M, = 29,000 g/mol, DS = 2.45) was obtained from
Aldrich. Five different molecular weight grades of PEG (M,
= 2000, 4000, 6000, 10,000, 20,000 g/mol, respectively)
were purchased from Guangzhou Chemical Agent Company,
China. Acetone and N,N-dimethylacetamid (DMAc) were
purchased from Sinopharm Group Chemical Reagent Co.,
Ltd, China. All chemicals were used as received without fur-
ther purification.

Electrospinning

The PEG/CA composite fibers were electrospun by follow-
ing the procedure described in our previous work.? Briefly,
a 15 wt % CA solution in an acetone/DMAc mixture solvent
(acetone/DMAc = 2/1, w/w) was prepared. After that, each
of PEG samples with equal weight of CA was individually
added into the CA solution under constant stirring for 2 h.
Electrospinning was performed at 20°C in air and using
homemade apparatus similar to that used in the literature.**
During the electrospinning, each of as-prepared solutions was
placed in a 5 ml syringe and was fed by a syringe pump
(TS2-60, Baoding Changjing Pump Ltd., China) at a rate of
5 ml/h. The metallic needle (0.8 mm diameter) was con-
nected a high voltage supply (BPS-20, Beijing Electrostatic
Facility Ltd., China) with a fixed voltage at 14 kV. An alu-
minum flat sheet or wire drum (6 cm diameter and set at
2000 rpm to align the fibers) was grounded and used as the
collector. The distance between the needle and the collector
was fixed at 15 cm. The fibers were dried in vacuum at room
temperature for 24 h to remove residual solvent. For compar-
ison purposes, a PEG6000/CA composite film (PEG/CA = 1/
1, w/w) was prepared by solvent-casting technique from the
as-prepared PEG6000/CA solution onto a glass pan. The
thickness of the dry film was about 100 um.

Thermal cycles test

A test of 100 heating-cooling thermal cycles was per-
formed to monitor the variations in melting temperature
(T, crystallizing temperature (7.), latent heat of fusion
(AHy) and latent heat of crystallization (AH.) of the samples.
The appropriate amounts of PEG/CA composite fibers and
cast film were placed into the empty aluminium pan and then
placed onto a hot stage (STC200, Instec). A typical thermal
cycle is consisted of heating the samples above PEG’s melt-
ing temperature and cooling the samples at room temperature
(in the temperature interval 20-80°C). The heating and cool-
ing process times were maintained at approximately 15 and
25 min, respectively. Thermal cycling test was continued
until 100 consecutive melting and freezing process.
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Measurement

The fibers were gold-coated and the morphology was
observed by FE-SEM (JSM-6700F, JEOL, Japan) at acceler-
ation voltage of 20 kV under low vacuum. The average fiber
diameter (AFD) of the electrospun fibers was obtained by
using an UTHSCSA Image Tool Program to measure from
at least five SEM images for each sample. Thermal analysis
was performed using a DSC instrument (DSC-100, PEA).
Thermograms were obtained at a heating and the cooling
rate of 10°C/min at temperature range, 0—100°C and in
nitrogen atmosphere. The crystalline behavior of the samples
was investigated by WAXD (D/Max-1200, Rigaku, Japan),
CuKo radiation (4 = 1.54 A), Ni Filtration, scanning from
20 = 5-40°.

The tensile properties of the electrospun composite fibers
were determined by means of a fiber tensile tester (TM-2,
Institute of Chemistry, Chinese Academy of Sciences, China)
with an extension rate of 10 mm/min at room temperature. A
bundle of aligned fibers was collected and kept in a fibril
form during the measurement. The size of the samples was
about 20 mm length, 1 mm diameter, and 30 mm distance
between two clamps. Since there were many interspaces
among the fibers in the testing fibril, the cross-section area of
the fibril measured by a micrometer was not equal exactly to
the real cross-section area of the fibers. Therefore, the col-
lected data is semiquantitative to a certain extent.

Results and Discussion
Fiber morphology

Electrospinning is a very simple technique but involves a
quite complicated process. The results from numerous
researches showed that the morphology of the electrospun
fibers is primarily influenced by the type of polymer, the so-
lution propertieszzHO (e.g., concentration, viscosity, surface
tension, conductivity and the polarity of solvent) and the pro-
cess parameterslg’zo’31 (e.g., applied voltage, flow rate, dis-
tance between needle and collector, and collecting method).

Because of the good quality of the electrospun fibers
obtained from 15 wt % CA solution,>” it was used as the
original solution, and the five PEG samples were individually
added into it with equal weight proportion of CA in this
study, i.e., PEG/CA = 1/1 by weight in the all composite
fibers. Since the electrospinning process parameters were
fixed, the morphology of the electrospun PEG/CA composite
fibers were dominated by the molecular weight of PEG and
the PEG/CA solution properties. Figure la—f represented the
typical SEM images of the electrospun fibers from CA solu-
tion and PEG/CA mixed solutions. All the electrospun CA
fibers and PEG/CA fibers were cylindrical in shape with
smooth surfaces, and there was no obvious phase separation
occurred at the surface of all the PEG/CA composite fibers,
which indicated that PEG (with various molecular weights)
and CA were miscible in all the composite fibers. However,
the fiber diameter and its distribution were different appa-
rently for the six types of electrospun fibers. Figure lg
showed the AFD of the CA fibers and the PEG/CA compos-
ite fibers, respectively. It was clear that the CA fibers showed
the smallest fiber diameter among them (around 720 nm),
and the AFD of the PEG/CA composite fibers increased as
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Figure 1. SEM images of electrospun fibers: (a) CA, (b)
PEG2000/CA, (c) PEG4000/CA, (d) PEG6000/
CA, (e) PEG10000/CA, (f) PEG20000/CA, and
(g9) the average fiber diameter of (a)-(f).
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the molecular weight of PEG was increased, ranging between
1029 and 1752 nm. The increase of the fiber diameter after
PEG adding into the original CA solution was attributed to
the variations of the solutions such as a significant increase
of viscosity and a decrease of conductivity of the PEG/CA
mixed solution,” complimenting similar results reported in
the literature.>>*’° Obviously, PEG with higher molecular
weight has more effect on the increase of viscosity of the
mixed solution and led to a large fiber diameter. In addition,
the diameter distribution of the PEG/CA composite fibers
became inhomogeneous and broad gradually with the
increasing of the molecular weight of PEG (the diameter dis-
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tributions of the electrospun fibers were shown in Supp. Info.
Fig. 1).

Thermal properties

For TES applications, the high latent heat and good ther-
mal stability and reliability are the most desirable thermal
properties of PCMs. Figure 2 showed the DSC curves of the
five types of electrospun PEG/CA composite fibers (the cor-
responding data of the thermal properties were summarized
in Supp. Info. Table 1). Obviously, all the PEG/CA com-
posite fibers had balanced thermal storage and released pro-
perties at heating and cooling process. It could be seen that
the T,, (ranging from 51.14 to 62.27°C), AH; (ranging from
53.23 to 86.03 J/g), T. (ranging from 30.45 to 41.89°C), and
AH, (ranging from 47.93 to 73.48 J/g) of the PEG/CA com-
posite fibers increased generally with the increase of the mo-
lecular weight of PEG in the composite fibers, which could
be interpreted by the crystalline behaviors of the composite
fibers. The crystalline behaviors of the CA fibers and the
PEG/CA composite fibers were studied by their WAXD pat-
terns from Figure 3. It was obvious that CA fibers showed a
broad diffraction peak at about 260 = 21.3°, which indicated
that CA fibers were amorphous. Meanwhile, all the PEG/CA
composite fibers had similar diffraction patterns and diffrac-
tion angles at about 19.5 and 24°, which were the same as
the corresponding pure PEG powders. It was easily inferred
that the diffraction peaks of the PEG/CA composite fibers
were aroused by the component of PEG, and CA acted
merely as a diluent in the composite fibers. The main differ-
ence between the WAXD curves of the five types of PEG/
CA fibers was the diffraction peaks’ shape, and the diffrac-
tion peaks became sharper with the increase of the molecular
weight of PEG in the composite fibers, which meant that the
degree of crystallization of the composite fibers increased,
i.e., the larger the crystallization region and more regular the
structure of the PEG molecular chains in the composite
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e 484" PEG10000/CA
585" PEGZ0000/CA
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Figure 2. DSC curves of electrospun PEG/CA compos-
ite fibers in heating and cooling process: (1)
and (1°) PEG2000/CA, (2) and (2') PEG4000/
CA, (3) and (3’) PEG6000/CA, (4) and (4)
PEG10000/CA, and (5) and (5’°) PEG20000/CA.
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Figure 3. WAXD patterns of the CA fibers and the five
types of electrospun PEG/CA composite
fibers.

fibers. Consequently, the enthalpies for the phase change of
the PEG/CA composite fibers in general increased (as shown
in Figure 4).

Theoretically, the enthalpy values of the PEG/CA compos-
ite fiber are obtained by multiplying the latent heats of pure
PEG and its mass percentage in the composite fibers. As can
bee seen from Figure 4, before and after 100 heating-cooling
cycles the experimental values of melting enthalpy of the
PEG/CA composite fibers were lower than the corresponding
theoretical values. And the efficiency of enthalpy (the ratio
between the experimental value and the theoretical value)
before the thermal cycles for PEG2000/CA, PEG4000/CA,
and PEG6000/CA electrospun fibers was only 65.68, 66.58,
and 70.31%, respectively. However, it increased to 97.0 and
97.59% for PEG10000/CA and PEG20000/CA composite
fibers, respectively. It was believed that the reduction of the

r [ Theoretical value 1
Experimental value before thermal cycles 4
=51 Experimental value after thermal cycles

100 -

Latent heat of Melting (J/g)

Figure 4. Theoretical and experimental values of melt-
ing enthalpy of the five types of electrospun
PEG/CA composite fibers.
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Figure 5. SEM images of the electrospun PEG10000/CA fibers before (a) and after (b) 100 heating-cooling cycles.

enthalpies was mainly caused by a retardation of the crystal-
lization process of PEG in the composite fibers, which not
only hindered by the quench process of electrospinning®’-**-**
but also influenced by the hydrogen bonding interactions
between the PEG and CA chains.®***° Since the solvent
removed from the polymer in subsecond time scales during
the electrospinning process, the molecular chains of PEG
have no time to form a well-defined, microscale equilibrium
structure in the composite fibers. Meanwhile, PEG was found
to be both distributed on the surface and within the core of
the composite fibers,”® the crystalline areas of PEG were
very tiny within ultrafine fiber with a few microns, and sur-
rounded by hydrogen bonding between the OH group of
PEG and the carbonyl group of CA. Therefore, the short
chain length of the lower molecular weight PEG, led to a
lower crystalline areas of PEG in the composite fibers
(reflected in the WAXD data in Figure 3) and a larger devia-
tion of the enthalpies from the theoretical values.

It was worthy to notice that all the melting enthalpies of
the composite fibers after 100 heating-cooling thermal cycles,
namely the experimental values after thermal cycles, were
almost identical to those of the corresponding experimental
values before thermal cycles (the ratio of the enthalpies after
thermal cycles to that before thermal cycles is 98.57, 98.32,
97.16, 99.86, and 97.54% for PEG2000/CA, PEG4000/CA,
PEG6000/CA, PEGI10000/CA, and PEG20000/CA, respec-
tively, as shown in Figure 4), which showed good thermal
stability and reliability of all the electrospun PEG/CA com-
posite fibers. It had been found that less thermal oxidative
degradation of PEG? occurred in the thermal cycling process
of the composite fibers because the PEG distributed within

Table 1. Thermal Properties of the Cast PEG6000/CA Film
and the Electrospun PEG6000/CA Composite Fibers Before
and After 100 Heating-Cooling cycles

Sample T (°C) AH; (J/p) T.(°C) AH. (/g
Casting film 60.85 66.82 37.87 62.92
Cycled casting film 58.61 58.89 36.43 55.36

Electrospun fibers 58.24
Cycled electrospun fibers ~ 56.85

60.54 36.46 54.92
58.82 35.79 53.53

Tm, melting temperature; AHy, heat of fusion; T, crystallizing temperature;
AH._, heat of crystallization.
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the core of the fibers was protected by the surface shell of
fiber.”? On the other hand, the morphology of the composite
fiber was also well retained after thermal treatment consisting
of 100 heating-cooling cycles. Figure 5 showed the represen-
tative SEM images of the PEG10000/CA composite fibers
before and after the thermal cycles. It was clear to see that
the composite fibers had no obvious variations in the fibrous
shape and the fiber diameter, i.e., the PEG/CA composite
fibers were excellent form-stable PCMs, which also resulted
from the polymer protection and supporting effect of CA
matrix.

To investigate the difference in thermal properties between
electrospun PEG/CA composite fibers and PEG/CA cast film,
a comparative study of the electrospun composite fibers and
the corresponding PEG6000/CA cast film was undertaken.
Table 1 listed the thermal properties of the composite fibers
and the film before and after thermal cycles. Before the ther-
mal treatment, though the mass ratio of PEG in the cast film
is the same as that in the electrospun composite fibers (at a
content of 50%), the AHy and AH, were slightly higher than
the latter. The WAXD data of them from Figure 6 gave an

PEG6000/CA

Cast film

Intensity (a.u.)

Electrospun fibers

5 10 15 20 25 30 35 40
20 (degree)

Figure 6. WAXD patterns of the cast PEG6000/CA film
and the electrospun PEG6000/CA composite
fibers.
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explanation of the deviation of their thermal properties. It
was obvious that the diffraction peaks of the cast film were
sharper than those of the electrospun fibers, which indicated
that the former has higher crystallinity than the latter. Since
the evaporation of the solvent from the film occurred in a
much longer time interval and the crystallization regions of
PEG in the film were larger than that in the submicron size
fibers, the aggregation of the molecular chains of PEG in the
cast film was more order and regular than those of the com-
posite fibers, which caused a higher enthalpies for the cast
film. However, the larger crystallization regions of PEG
weakened the shielding effect of the CA matrix for PEG, and
resulted in a worse protection of the thermal oxidative degra-
dation of PEG. After the thermal cycle treatment, the T,
AH;, T., and AH. of the PEG6000/CA film decreased by
2.24°C, 7.93 J/g, 1.44°C, and 7.56 J/g, respectively. In con-
trast, the thermal properties of the PEG6000/CA composite
fibers were only slightly varied after the thermal treatment,
and the Ty, AH;, T., and AH, of the cycled composite fibers
only decreased by 1.39°C, 1.72 J/g, 0.67°C and 1.39 J/g,
respectively, as shown in Table 1. Obviously, the thermal sta-
bility and reliability of the PEG6000/CA electrospun fibers
was better than those of the corresponding cast film from the
variations of the thermal performances after thermal treatment.

Tensile properties

Besides good thermal properties, high mechanical perform-
ance of the composite fibers is also an important factor for
their various potential applications. The previous literature
have reported that the tensile properties of the electrospun
fibers could be affected by the fibers’ alignment,®’ the testing

12
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Figure 7. Tensile properties of the electrospun CA
fibers and the five types of electrospun
PEG/CA composite fibers.
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Figure 8. Typical strain-stress curves of the electro-
spun CA fibers and PEG2000/CA composite
fibers.
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direction,*® the electrospinning solution concentration,
the fibers” component,*” etc. In this work, the tensile proper-
ties of the electrospun PEG/CA composite fibers were meas-
ured by examining a fibril that consisted of hundreds of
aligned fibers, and the data was compared with those of the
electrospun CA fibers. As mentioned in the experiment sec-
tion, the collected data is semiquantitative due to the approx-
imate value the cross-sectional area of the fibers in the fibril.

The tensile properties of the electrospun CA fibers and the
five types of electrospun PEG/CA composite fibers was
shown in Figure 7, and Figure 8 revealed the typical stress-
strain curves of the CA fibers and the PEG2000/CA compos-
ite fibers. The ultimate strength and the ultimate strain of the
CA fibers were about 9.5 MPa and 10%, respectively, and
those of the composite fibers were all lower with the intro-
duction of PEG. The ultimate strength of the composite
fibers had a tendency of increasing from 6.0 to 7.8 MPa
when the molecular weight of PEG in the composite fibers
increased, but their ultimate strain almost remained the value
of about 7.5%. Obviously, the reduction of the tensile
strength of the PEG/CA composite fibers was attributing to
the introduction of PEG, similar result was also found in
poly(e-caprolactone)/CA/PEG blends.*! In the PEG/CA com-
posite fibers (PEG/CA = 1/1, w/w), the PEG crystalline
regions were dispersed in the CA matrix, the structure of the
composite fibers exhibited a thin network-like continuous
phase of the CA material.® Therefore, the dispersed phase,
PEG, had a little contribution to the elongation of the com-
posite fibers. In contrast, the hydrogen bonding interaction
between PEG and CA chains was of advantage to the tensile
strength of the composite fibers which was mainly sourced
from the CA molecular chains entanglement. And with
increasing the molecular weight, the molecular chains of
PEG became longer, which led to more tight entanglement
and stronger interaction between the PEG and CA molecular
chains and resulted in the increase of ultimate strength.
Moreover, the degree of crystallinity of the composite fibers
increased with increasing the molecular weight of PEG,
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which was also partly contributed to the increase of ultimate
strength of the composite fibers.

Conclusion

The ultrafine composite fibers based on CA and PEG
with five molecular weight grades were prepared as a novel
class of form-stable PCMs for TES by electrospinning. The
morphology observation revealed that the PEG/CA compos-
ite fibers are cylindrical shape with smooth surface, with
the average diameters of ranging from about 1000-1750
nm. The PEG/CA composite fibers imparted balanced ther-
mal storage and released properties, and the phase change
temperature and the enthalpies of the composite fibers var-
ied with the increase of the molecular weight of PEG,
respectively. In general, the AFD and the enthalpies the
composite fibers were increased with the increase of molec-
ular weight of PEG. Because of the shielding and support-
ing effect of CA matrix on PEG dispersed crystalline
regions, the electrospun composite fibers not only showed
good form-stable morphology, but also reveled a better ther-
mal properties (i.e., efficiency of enthalpy and thermal sta-
bility and reliability) compared with those of the corre-
sponding cast film after repeated thermal cycles treatment.
Moreover, with the increase of the molecular weight of
PEG, the tensile properties of the PEG/CA composite fibers
had a tendency of increase from 6.0 to 7.8 MPa, whereas
their ultimate strain almost remained the value of about
7.5%. Therefore, it is indicated that such electrospun PEG/
CA composite fibers are competent and suitable for the
potential applications in TES.
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