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Abstract

A novel fully bio-based Poly (Glycerol-Itaconic acid) (PGI) was designed and highly efficiently
synthesized by solvent-free polycondensation. The Poly (ethylene glycol) (PEG) was used as the
phase change materials (PCM) working substance and encapsulated by the sustainable PGI
supporter. PEG chains were tightly encapsulated with the PGI supporting material mainly under
hydrogen bonds due to the structural compatibility between PGI and PEG. The PCMs can achieve
high form stability and high phase change enthalpies in the same kinds of PCMs. Furthermore, the
phase change temperatures and enthalpies of the PCMs can be adjusted conveniently by regulating
the PEG content and molecular weight. Notably, this process extremely facilitates the realization

of efficient mass production due to the eco-friendly nature, high efficiency and low cost.
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1. Introduction

Phase change materials (PCMs) were widely used in sustainable thermal energy storage [1],

thermal management [2], waste heat recovery [3] and solar energy harvesting. [4] Many studies
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focused on the exploration of the diversity of PCMs with desirable properties, such as high form
stability, high phase change enthalpy and high thermal conductivity. [5, 6] Generally, an
encapsulation method has been used to prepare form stable PCMs for resolving the leakage
problem. Form stable PCMs usually include a working substance (e.g. paraffin, stearic acid, and
lauryl alcohol) and a supporting material. Polyethylene glycol (PEG) was widely selected as the
working substance because of its inexpensive nature, non-volatility, high melting enthalpy, [7]
high thermal stability, excellent cycle performance, and adjustable phase change temperature due
to the wide range of melting temperatures with a different molecular weight.

There are several methods to resolve the problem of poor form stability of the PEG based PCMs,
and these methods are mainly related to fabricating nano- or micro-capsules and constructing
three-dimensional framework structure. Some examples of form stabilized PCM of utilizing PEG
were widely reported, such as PEG/graphene oxide,[8] PEG/expanded graphite, [9, 10]
PEG/diatomite, [11] PEG/silica, PEG/silica fume composites, [12] [13] PEG/active carbon [14],
and PEG/cellulose [15, 16] or some other bio-based supporter [17] have also been reported to
prevent PEG from leakage. Although fabricating nano-/micro-capsules method provides good
encapsulation stability, the preparation cost of this kind of PCMs is relatively high. [16] Moreover,
traditional methods usually have complex process, non-biomass, and long production cycle. No
matter what kind of stabilizing strategy, mass production is the cornerstone of application and
promotion. According to the current research situation, it is relatively simple to encapsulate PCMs
based on bio-based porous skeleton and organic 3D network structure because only physical
mixing/adsorption and impregnation process are usually required. The relatively simple
preparation process is conducive to the mass production. However, the synthesis of form stable

PCMs by using core—shell encapsulation, chemical crosslinking or copolymerization method is



commonly accompanied by a series of chemical or physical process. Therefore, the methods
mentioned above are usually found to be unsuitable for commercial upscaling. Hence, it could be
further optimized on the design and synthetic methods of encapsulation to improve the process
parameter and simplify the process route. [18]

At present, the utility of environment-friendly materials is necessary for securing a sustainable
future against climate change and growing energy demand. [19] As outlined in the 2020 issued
European Industrial Strategy, the world needs industry to become greener, more circular, and more
digital while remaining competitive on the global stage. [20] With respect to the chemicals market,
more and more chemicals and materials production in Europe need to be bio-based (25% by 2030
compared to 10% in 2010). [21] Thus, the development of facile, highly efficient, and sustainable
composites for PCMs is an essential route for their large-scale production and eco-friendly to the

world. [22]

Consequently, it would be of great importance to develop convenient and efficient methods to
prepare a form stable bio-based PCM. In this work, we designed and prepared a novel PCM by
using PEG as a work substance, which was tightly encapsulated with a fully biomass phase change
supporting material, Poly (Glycerol-Itaconic acid) (PGI), under the action of hydrogen bond. PGI
can be polymerized by Glycerol and Itaconic acid, which exhibit good compatibility with PEG.
Owing to the molecular compatibility between the supporting material PGI and PEG, it is expected
that the composites present good form stability and high thermal storage performances.

2. Results and discussion

2.1 Solvent-free method for synthesis of PGI/PEG PCM composites

PEG 6k was selected as PCM work substance in current study. PGI encapsulated PEG 6k can be

prepared by using the fully-biobased PGI via two-step method under solvent-free conditions. The



materials preparation and characterization methods are all provided in Supplementary materials.
Notably, the method here is solvent free, which is convenient for construction in practical
applications. Figure 1a showed the step 1 for PGI/PEG precursor synthesis. Typically, Glycerol,
Itaconic acid and PEG 6k were mixed together and heat at 180 °C for 6 h, giving rise to a light-
yellow viscous oil. There should be a small proportion of PEG that was grafted on PGI framework
due to the esterification between the PEG terminals (-OH) and carboxyl from Itaconic acids. This
small amount of PGI-PEG can have a positive effect on the stabilization of PEG during melting.
We have characterized the chemical structure of raw materials and PGI/PEG precursors by “C
NMR. Sample PGI-45 was selected as a typical example for structure analysis, and the full was
shown in Figure 1b. The carbon signals from Itaconic acid are clearly assigned (Figure 1b), which
are at ~8170 ppm (peak atb), § 127.41-135.26 ppm (peak c+d) and 6 36.94 ppm (peak e),
respectively. The assignments of the glycerol carbons and the glyceryl units are also shown in
Figure 1b. The observed chemical shift information listed in Supplementary materials (Figure S1-
S3) are consistent with those previously reported. [23-25] Through the signal attribution of Figure
S3, we know that the glyceryl component of PGI in the prepolymer exists in five forms as shown
in Figure 1b inset, namely, G (Glycerol residual), Te, Ti3, Li3, and Li.. Based on the chemical
analysis, we can assign that the Itaconic acid related structure and G, Ta, Ti3, Lis and Li2 coexist
randomly with proper proportions in the PGI/PEG precursors. Figure 1c illustrated the PGI/PEG
precursor before curing. Under heating and with the mixture of 0.5 wt.% Benzoyl peroxide (BPO)
initiator, the entire system formed an isotropic integrated material after vinyl cross-linking (Figure
1d). Figure 1e shows the microstructure illustration of PCM after cooling. As PEG melts and
crystallizes in confined space, the crystallinity and latent heat of phase transformation are affected

by PGI framework to some extent, which will be discussed in section 2.3. The PEG chains were



encapsulated in the PGI framework driven by the hydrogen bond due to structural compatibility,

which will be confirmed in the following section.
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Figure 1. (a) Synthesis of PGI/PEG precursor by polycondensation (Step 1), (b) *C NMR full
spectrum of PGI/PEG (PGI-45) (Before curing), (c) Schematic diagram of PGI/PEG precursor
with free Vinyl and -OH groups, (d) Cured PGI/PEG induced by BPO initiator at 80 °C (Step 2)

and (e) structure illustration the reversible phase change.

The FTIR curves of the PGI/PEG composites were carried out and presented in Figure 2a. Pure
PEG (Figure S4) shows the typical peaks at ~3440 cm™ for terminal -OH groups and 2876 cm™ for
-CH:-.[26] Ic-o is the relative intensity of peak at ~1720 cm™ (Figure 2b). It is selected as the
internal standard of FTIR analysis. The Irvinw/Ic-o0 is the intensity ratio of vinyl characteristic signal

(~1640 cm™) and peak C=0. As it can be seen, the Iyin/Ic-o for PGI-30 (before curing) and PGI-



30 (after curing) are 0.3504 and 0.1798, respectively, which indicated the crosslinking occurred
under the action of BPO initiator. The second difference is the shift of hydroxyl peak from 3412
cm’ to 3436 cm™, a higher position (Figure 2¢). The blue shift occurs as a result of reduction in
the percentage of self-hydrogen bonded -OH groups because of the formation of intermolecular
hydrogen bonds. [27, 28] These intermolecular interactions will fix the PEG chains to the PGI

frameworks. Therefore, PGI/PEG composites undergo solid-solid phase change.

In Figure 2d, the peaks of PEG appeared at ~19° (120) and ~23° (032)/(112). [1] The typical
peak of PGI/PEG PCMs are quite close to those of PEG, indicating that the encapsulation of PEG

and PGI does not influence their respective crystal of PEG significantly.
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Figure 2. (a) FTIR spectra of Itaconic acid, PGI/PEG precursor and the cured samples, (b) selected
region of FT-IR spectra of PGI-30 before and after curing to show the relative intensity of Peak
C=0 and Peak Vinyl, Lviny/Ic-o (before curing)=0.3504, ILiny/Ic-o (PGI-30)= 0.1798, (c)
wavenumber shift of hydroxyl group peak, (d) XRD patterns of PEG 6k, PGI-30, PGI-45 and PGI-
50, and (e) the crystallinity (%) results of the PEG 6k, PGI-30, PGI-45 and PGI-50 obtained

according to DSC results (second heating, 10 °C min™).

According to DSC results, we can calculate the crystallinity % via equation (S1, Supporting
information). As shown in Figure 2e, pure PEG 6k has the highest crystallinity with value of
89.71%. After the encapsulation, crystallinity decreased significantly. Typically, the crystallinity
of PGI-30, PGI-45 and PGI-50 are 50.15%, 60.78% and 60.95%, respectively. The decrease of
crystallinity may be due to the inhibition effect of PGI framework as impurities on the
crystallization of PEG. Specifically, the hydrogen bonds between PGI and PEG as well as glycerol

and PEG and free glycerol play an inhibitory role in the complete crystallization of PEG.
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Figure 3. (a) Form stability test: images of PGI/PEG PCMs with different PEG loads at room
temperature and 80 °C for 2 hours, (b) schematic illustration showing the compatibility based on
the hydrogen bond or chemical grafting via terminal of PEG esterification with the -COOH in PG,
(c) FTIR curves for calculating the relative intensity of Iviny/Ic-o, and (d) the trend of Ivinyi/Ic-0

values.

2.2 Form stability

The PGI/PEG PCMs with different PEG 6k contents (62.76 %—72.67%) were prepared and tested
for their form stabilities. PEG 6k and PGI/PEG PCMs were heated at 80 °C for 2 h. As shown in
Figure 3a, PEG 6k completely melted, while the PGI/PEG PCMs were only slightly softened,
remained in a stable and solid state. However, the leakage occurred when the load content reached
75.24 % (namely, sample PGI-55, Figure S5). Thus, the load of PEG should be lower than 75.24

%.



Figure 3b schematically illustrated the compatibility based on the hydrogen bond between
PEG and PGI, and esterification between terminal hydroxyl of PEG and the carboxyl in PGI. There
are abundant of hydroxyl groups on the PGI chains, which may interact with PEG through a
hydrogen bonding interaction (as discussed in Section 2.1), giving rise to the improvement of the
encapsulation of PEG during the phase transition, which is in good accordance with the previous
reports. [29] Moreover, due to the corresponding steric hindrance introduced by PEG, the density
of double bond is reduced, so that the crosslinking degree decreased with the increase of PEG
contents under the same crosslinking conditions. Specifically, as shown in Figure 3¢ and 3d, the
specific intensity ratio of Ivinyi/Ic-o increased with the increasing of PEG content, which indicates
that the proportion of residual vinyl group is increasing. Consequently, the higher contents of vinyl
groups remained, directly giving rise to the decrease of crosslinking degree, which is also the direct

reason of leakage during phase transition for samples PGI-55.

Table 1. Some parameters of the PCMs.

Samples PEG AH,, AH AE, Extent of Heat loss Form

contents Supercooling stability

Jegh (CF3 (kJ (%)
(Leakage)
(%) D) mol™) )

PEG 6k - 176.20 - 561 17.9 3.35 Yes
PGI-PEG 30 62.76 61.81 59.03 199 13.3 4.50 No
PGI-PEG 45 68.70 82.01 78.35 166 13.1 4.46 No



PGI-PEG 50 72.67 86.93 83.65 205 13.2 3.77 No

Note: the extent of supercooling and heat loss were both calculated according to the first cycle

with heating rate of 10 °C min™.

2.3 Thermal response and cycle performance

The AE, of nonisothermal phase transition can be calculated by Kissinger’s Equation: [30]

dlin(p/T3)] _  AEq(T) (1)
L -
Ao R

where @ is the heating rate, Tp is the peak temperature, and R is the gas constant. As a

consequence, AE, can be calculated through the slope of the curve of In (%) against Ti Figure
j2 P

4a shows the nonisothermal melting peaks of PGI-30 determined at different heating rates. The
DSC curves of other samples (PEG 6k, PGI-45 and PGI-50) are shown in Figure S5, S6 and S7,
respectively. Figure 4b presents the plots based on the data corresponding to Figure 4a and Figure
S5-7. The following activation energy values were obtained: Ea pec=561 kJ mol™ for neat PEG, E.,
rG:30=199 kJ mol”, Ea, rci4s=166 kJ mol™, Ea, r1-50=205 kJ mol™ for PGI-30, PGI-45 and PGI-50,
respectively. The activation energies for all the samples are also listed in Table 1 and shown in
Figure 4c. It’s found that all the AE, of the PGI/PEG PCMs are much lower than that of pure
PEG, which is mainly because the -OH in free glycerol (Figure S3 showed that some free Glycerol
remained in the system) might increase the mobility process of PEG chain in PCM to a certain

extent.

The extent of supercooling (AT, °C) was evaluated by the following equation [31, 32] and listed

in Table 1:
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AT = Tm,onset - Ts,onset (2)

The decrease of the extent of supercooling indicates that the PGI can promote the nucleation
process of PEG molecular chain. It is reported that the phase transition process of pure PEG is
dominated by homogenous nucleation and growth mechanism. While, PGI or Glycerol can provide
numerous heterogeneous nucleation sites for the phase transition of PEG. Typically, PGI or
Glycerol can serve as intramolecular heterogeneous nucleation agents during the phase

transformation process of PCMs.
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Figure 4. (a) Nonisothermal DSC curves of sample PGI-30 with different heating rates, (b)

In(¢ /Tp?) versus 1/Tp plots, (c) AE, of PEG 6k, PGI-30, PGI-45 and PGI-50, (d) melting
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enthalpies of PEG 6k and PCMs with different PEG 6k contents (10 °C min™), (¢) DSC cycle
curves of PCMs, (f) the cycle performance (including the melting enthalpy, AH,, , and
solidification enthalpy, AH,) of PGI-45 as a typical example, (g) thermal images of PGI-50 during

heating and cooling, (h) the heating curves and (i) cooling curves of the PGI-50 samples.

Furthermore, the percentage of heat loss (17, %) was evaluated by equation 3: [33]

_ AHp—AHg
T AHy

X 100 % )
where, AH,,, was the melting enthalpy of the PCMs, and AH; is solidification enthalpy. As shown
in Table 1 and Figure 4d, the PCMs exhibited a phase change enthalpy (61.81~86.93 J g).
Furthermore, according to Equation (3), the heat loss for pure PEG and PCMs are calculated
(Table 1). All the calculated heat loss are quite low (<4.50 %). The PCMs had high cycle
performance because the main parameters for PCM, such as AH,,,, AHg and melting temperature,
et al., remained virtually unchanged (Figure 4e, f, and Table S2). The PGI/PEG composites are
therefore regarded as highly reversible, form stable PCMs for thermal energy storage. We
performed heat response test on sample PGI-50. The data are shown in Figure 4 g, h, and i. Under
the experimental test conditions, (the specific size and test method are indicated in Supplementary
materials) the sample started the phase transition at ~ 49.9 °C, and the temperature is maintained
at ~55 °C for about 400 s. During the cooling process, the phase transition begins at ~ 37.2 °C and
the temperature is maintained at 35 ~ 40 °C for more than 10 minutes. It is worth noting that the

extent of supercooling of the sample can be estimated to be about 12.7 °C, which is in good

agreement with the results obtained by DSC data (Table 1).

Solvent free two-steps (polycondensation and casting-curing) method with high efficiency

were used to prepare the PGI/PEG PCMs. The precursors have good fluidity at 80 °C, are suitable
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for casting in various cavities, and can be cured at 80 °C overnight. Therefore, it can be assigned
to be a convenient and efficient pathway for construction during practical application. On the basis
of easily adjusting the enthalpy of phase transition, we can also control the phase transition
temperature by changing the molecular weight of PEG. PEG 20 kg mol™ was selected as a typical
example to confirm this statement. As shown in Figure S9, the phase transition temperature
increases from 55.9 °C of PGI-45-PEG 6k to 59.3 °C of PGI-45-PEG 20k. The cooling phase
transition increases from Ts, onset = 27.35 °C and Ts, peak = 13.04 °C of PGI-45-PEG 6K t0 Ts, onset =
36.15 °C and Ts, peak = 30.78 °C of PGI-45-PEG 20k, respectively. The melting enthalpies of phase
change are close. Concretely, PGI-45 PEG 6k is 82.01 J g%, and PGI-PEG 20k is 81.93 J g*. From
the comparison, we found that the higher the molecular weight of PEG, the higher the phase
transition temperature, which is consistent with the results reported in the literature elsewhere. [7]
The Tm, onset Of the composite PCMs was 37.86~41.92 °C, and the corresponding melting enthalpy
was 61.80-86.93 J g. In addition, it was very stable after 50 times heating/cooling cycles during
long-term application. In a word, the PGI/PEG composite PCM had good performance and was

suitable for application in building energy conservation.

Some methods, solvents, and enthalpies of phase transition of bio-based support for PEG PCMs
are listed in Table S4. We also listed some other methods for preparation of form stable PCMs
(Table SS5). The traditional methods mainly contain the solvent (water, acetone, DMF, Toluene,
etc.), which greatly increases the preparation period, and it is difficult to achieve controllable
pouring molding in the practical application process such as wall insulation. Furthermore, it is
worth noting that the phase transition enthalpy of this study is at a high level in the same kind of
PCM. As well known, nowadays the design of eco-friendly, value-added, conveniently available,

and cost-effective materials is crucial in the large-scale and efficient application of energy storage
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and conversion. Fortunately, the method here is totally solvent-free and can be conveniently casted
and molded. As shown in Table S6, the raw materials for PGI have quite low cost and are fully
biomass. Therefore, it is expected the PCMs in this work will have its practical application in the

future.

3. Conclusion

Novel sustainable phase change composite materials were designed and prepared by using PEG as
a work substance, which was tightly encapsulated with crosslinked PGI under hydrogen bond. The
fully biobased PGI can support up to 72.67 % of PEG 6k. The PGI/PEG composite PCMs have
excellent form stabilities and relative high phase transition enthalpies (61.8-86.9 J ¢™') in the same
kinds of PCMs. Through structural analysis, the main reason for the form stability is mainly
intermolecular hydrogen bonds, giving rise to the leakage proof performance. Furthermore, the
phase change temperatures and enthalpies of the PCMs can be adjusted conveniently by regulating
the PEG content and molecular weight. It is worth emphasizing that the process facilitates the
realization of efficient mass production due to its sustainable nature (being solvent free and eco-

friendly), high efficiency, and low cost.
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