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Abstract Nine nucleating agents, calcium pimelate (CaPi),
bicyclic [1, 2, 2]heptane di-carboxylate (HPN-68), a
commercially obtained aryl amide nucleating agent (TMB-
5), calcium salt of hexahydrophthalic acid (HPN-20E),
1,3:2,4-di-p-methylbenzylidene sorbitol (MDBS) and
sodium, potassium, magnesium and calcium salt of ben-
zene-1, 3, S-tricarboxylic acid (NayBTC, K3BTC,
Mgz;BTC, and CazBTC,, respectively), were applied to
reduce the supercooling of erythritol, and their effects were
investigated by cyclic differential scanning calorimetry
(DSC). The results revealed that Naz;BTC and K;BTC
could not induce erythritol to crystallize under the exper-
iment condition. MDBS could only make erythritol to
crystallize at a temperature slightly higher than that of pure
erythritol, and the effect was unstable. Mg;BTC,,
Ca;BTC, and HPN-68 could induce erythritol to crystallize
at relatively high temperature, but the peak temperature of
crystallizing (T, ) and the phase change enthalpy of
crystallizing (A, H) decreased greatly as the melting—
crystallizing cycles increased. HPN-20E-doped erythritol
crystallized at a high temperature with the 7}, ., of 69.3 °C
at the first cycle, but the T, . and A H varied greatly
during the melting—crystallizing cycles. CaPi and TMB-5
could induce erythritol to crystallize at a stable temperature
with the T}, ., of about 69 °C and 64 °C, respectively, and
with a stable A.,H of about 204 and 185] gfl,
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respectively, in all melting—crystallizing cycles. Hence,
CaPi- and TMB-5-doped erythritol could be used as PCMs
and applied in thermal energy storage in which the energy
was absorbed at a high temperature and released at a lower
but stable temperature.

Keywords Phase change material - Erythritol -
Supercooling - Nucleating agents - Thermal energy storage

Introduction

Solar energy is one of the most well-known renewable
energy due to its cleanness and inexhaustibility [1, 2].
However, solar irradiation is largely dependent on climate
and would further fluctuate daily and seasonally; hence,
results in energy storage units are indispensible in solar
energy application system. Thermal energy storage has
drawn more and more attention for decades due to the fact
that it can solve the mismatch between the intermittent
supplying and the continuous demanding for energy [3-5].
As a result, it plays an important role in renewable energy
development, improving energy efficiency, and hence in
favorable to solve the environment crisis caused by
excessive utilization of fossil fuel. Phase change materials
(PCMs) might be one of the best working medium in the
thermal energy storage unit because they can absorb or
release large amounts of thermal energy in a small tem-
perature range just by changing their phases. Furthermore,
solid-liquid PCMs should be one of the best choice as far
as the thermal energy storage capacity, the volume
changing, as well as the phase change dynamics are con-
cerned [3]. A lot of solid-liquid PCMs could store thermal
energy that comes from solar irradiation have been
reported [6—12].
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Erythritol, a polyalcohol artificial sweeter, has been
investigated as PCM in solar hot water supplying and solar
absorption chilling system due to its relative high melting
point (~118 °C) and very large melting latent heat
(~3501J g_l). Besides, it is environmental friendly, non-
flammable, non-corrosive and low toxicity [13] and can be
mass-produced with relative low degradation when used
repeatedly [14]. However, it could undergo severe super-
cooling more than 100 °C [15]. Up till now, supercooling
as a thermodynamic phenomenon is still not clearly
understood [16]. Supercooling could vary greatly due to a
lot of factors such as mass and volume size of the sample,
impurities, agitations during cooling, containers and
cooling conditions [17, 18], or even no factor at all [16].
As a result, the absorbed thermal energy in the molten
PCMs might be released at an unacceptably large working
temperature range rather than at a desired or constant
temperature. Thus, it is important to relax the super-
cooling and make the molten PCMs crystallize at a
temperature as close as possible to their melt point or at a
constant temperature. Some methods such as ultrasound
[15, 17] and addition of different polyalcohol [13] have
been applied to relax the supercooling of erythritol. It was
also reported that the supercooling of erythritol could be
suppressed by graphitic structures with ultrahigh specific
surface area [19].

On the other hand, adding nucleating agents is one of the
most widespread and leading technique that researchers
adopted to suppress the supercooling of PCMs [20-23].
Nucleating agents are solid particles or crystals added to
PCMs and can induce the PCMs to crystallize but do not
dissolve at the operational temperature. Application of
nucleating agents to reduce the supercooling of PCMs was
systematically summarized by Safari et al. [22]. However,
to the best of our knowledge, no nucleating agent has been
applied to relax the supercooling of sugar alcohol.

In the present work, nine kinds of substances, namely
calcium pimelate (CaPi) [24], bicyclic [1, 2, 2] heptane di-
carboxylate (commercially named as HPN-68) [25], a
commercially obtained aryl amide nucleating agent (com-
mercially named as TMB-5) [26], calcium salt of hexahy-
drophthalic acid (commercially named as HPN-20E) [27],
1,3:2,4-di-p-methylbenzylidene sorbitol (MDBS) [28] and
sodium, potassium, magnesium and calcium salt of benzene-
1, 3, S-tricarboxylic acid (Na;BTC, K3BTC, Mg;BTC, and
Ca3;BTC,, respectively) [29], were applied as nucleating
agents. Their effects on the supercooling of erythritol were
investigated by cyclic DSC, and the results are reported here.
These substances were selected due to that they exhibited
good results in nucleating of some polymers [24-29], and
erythritol showed polymer-like chain structure through
intermolecular hydrogen bonds [30].
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Experimental
Materials

HPN-68 (Milliken Chemical Co., USA), TMB-5 (Fine
Chemicals Department of Shanxi Provincial Institute of
Chemical, China), HPN-20E (Milliken Chemical Co., USA)
and MDBS (Hubei Huabang Chemical Co., China) were
obtained commercially. Other nucleating agents were pre-
pared as follows: CaPi was prepared according to Ref. [24],
while Naz;BTC and K;BTC were synthesized by reacting
benzene-1,3,5-tricarboxylic acid with NaOH or KOH in
ethanol at 50 °C for 2 h, respectively [29]. MgzBTC, and
Ca3;BTC, were synthesized by reacting sodium benzene-
1,3,5-tricarboxylic acid with calcium chloride or magnesium
chloride in ethanol at 70 °C for 2 h, respectively [29]. All
reagents except the commercially obtained nucleating agents
were of analytical grade, obtained commercially and used as
received without any further purification.

Preparation of the nucleating agents doped
erythritol

Nucleating agents, erythritol and certain amount of methanol
which was about five times of erythritol (volume in mL to mass
in g) were mixed in a mortar. The mixture was grounded until
the methanol was almost evaporated. The procedure was repe-
ated for two times. Afterward, the mixture was dried in oven at
60 °C for 4 h to obtain the nucleating agents doped erythritol.
The ratio of nucleating agent to erythritol was fixed as 1 mass %.

Characterization

The supercooling and the thermal energy storage properties
of the samples were characterized using differential scan-
ning calorimetry (DSC, TA Instruments Q2000) by heating
the samples to 140 °C and then cooling to 0 °C with the
heating or cooling rate of 10 °C min™" in nitrogen atmo-
sphere, and this heating and cooling processes were repe-
ated for ten cycles. Prior to use, the calorimeter was
calibrated using the extrapolated onset temperature (7;,) of
the melting of indium (156.6 °C) and the heat of fusion of
indium (28.45 J g~') at a heating rate of 10 °C min™".

Results and discussion

Supercooling of the nucleating agents doped
erythritol

The DSC curves of the nucleating agents doped erythritol
and pure erythritol during the first cycle are depicted in
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Fig. 1. The heating scans of the first cycle were started at
80 °C due to that erythritol in its stable form would only
start to melt at a temperature higher than 110 °C. Upon
heating, pure erythritol melted with the T}, and peak tem-
perature (T, 1) of 118.7 and 119.8 °C, respectively. The
figure also showed that HPN-68-, HPN-20E-, CaPi-, TMB-
5- and MDBS-doped erythritol exhibited similar melting
phenomena with the T, and 7, , of 116-122 and
118-124 °C, respectively. However, the DSC curves of
K3BTC-, NazBTC-, Mg3;BTC,- and Ca;BTC,-doped ery-
thritol exhibited multi-peaks. The peak exhibited at 7}, ,,, of
114-119 °C was originated from the melting of erythritol,
while the other peaks exhibited at lower temperature might
be caused by that the nucleating agents were not pure
enough and the un-reacted BTC would form eutectic
mixture with erythritol. On the other hand, the cooling
curves varied greatly. Erythritol showed a weak exothermic
peak with the extrapolated onset temperatures (7,,) of
19.8 °C and the peak temperature (T}, ) of 16.3 °C on its
cooling curve, indicating that it exhibited great super-
cooling and could not be fully crystallized under the
experimental condition. The Na;BTC- and K;BTC-doped
erythritol did not show any exothermic peak on their
cooling curves, indicating that both Na;BTC and K;BTC
could not relax the supercooling of erythritol. The MDBS-
doped erythritol showed a weak exothermic peak with the
T, o of 23.4 °C, indicating that MDBS could only slightly
relax the supercooling of erythritol. All other nucleating
agents doped erythritol showed a exothermic peak, which
was corresponding to the crystallizing of liquid erythritol,
on their cooling DSC curves at a temperature obviously
higher than that of pure erythritol, indicating that they all

L% HPN-68/erythritol A
! HPN-20E/erythritol
i ( CaPi/erythritol
TMB-5/erythritol
%\ Ca.BTC erythritol
k<] — Mg BTC /erythritol
= MDBS/erythritol
K K_BTClerythritol
Na,BTC/erythritol
___ erythritol
. erythritol
ut Na,BTClerythritol %
\3 _BTC/erythritol
S DBS/erythritol
E Mg}BTCZ/erythritol %’L
S Ca BTC /erythri_tol
an) TlMB-g/erythnto] < /
CaPi/erythritol i /)
HPN-20E/erythritol /
Y HPN-68/erythritol
1 L . 1 . 1 . L 1 . . 1
0 20 40 60 80 100 120 140

Temperature/°C

Fig. 1 Heating and cooling DSC curves of pure and nucleating
agents doped erythritol at the first DSC cycle

could suppress the supercooling of erythritol to some
extent.

It could be seen from Fig. 1 that a loop was exhibited in
some cooling DSC curves. The DSC instrument used here
is a heat flux-type DSC which measures the temperature of
the sample and the reference and then obtains the heat flux
based on the temperature difference between the sample
and the reference. If a sample exhibits supercooling and is
cooled from liquid, the temperature of the sample would
drop to a temperature lower than its melting point without
crystallizing. When the crystallization starts, great amounts
of heat would be released and resulted in a temperature
rising of the sample. Hence, a loop would be exhibited. The
T., of these samples was obtained as follows: The DSC
curves were drawn using time as x-axis (the x-axis of the
DSC curves that shown in this paper was set as temperature
in order to compare the supercooling) and the extrapolated
onset time could be obtained, and then, the 7. was
obtained according to the extrapolated onset time and the
temperature of the sample. The melting and the solidifying
of erythritol are overlap of various components [31], and
for such kind of materials, it is believed that T}, ., and T}, 1,
are more accurate and more easily to be determined [31].
Hence, the extent of supercooling, AT, was defined as the
difference between the T}, 1, and T}, o The Ty, Ty, Tp, ms
T, o and AT of pure erythritol and the nucleating agents
doped erythritol during ten DSC cycles are listed in
Table 1. It could be seen from the data of the first cycle that
erythritol exhibited the largest AT of 103.5 °C, while the
AT of the nucleating agents, except NazBTC- and K;BTC-
doped erythritol, was in the range of 47-100 °C, of which
HPN-68, HPN-20E, CaPi and TMB-5 showed the best
results on suppressing the supercooling of erythritol. The
AT of the HPN-68-, HPN-20E-, CaPi- and TMB-5-doped
erythritol was 47.1, 52.3, 52.1 and 59.3 °C, respectively. It
could also be seen from the data that, in all ten DSC cycles,
both NazBTC and K;3;BTC did not show any effect on
relaxing the supercooling of erythritol, and the MDBS-
doped erythritol also did not exhibit significant decrease in
supercooling. As a result, these composites would be
excluded from further evaluation.

Supercooling relaxation stability of the nucleating
agents doped erythritol

Upon cooling from liquid state, erythritol could form
unstable solid phase which would melt at about 104 °C
[31]. Hence, both T}, , and AT should be considered and
T, o should be the more important parameter when the
relaxation of supercooling of erythritol was discussed. The
T,, o of every cycle of pure erythritol and the nucleating
agents doped erythritol are depicted in Fig. 2. It could be
found that the T, . of erythritol varied in the range of
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Table 1 T, T, T, m,» Tp, o and AT of pure and nucleating agents doped erythritol obtained by DSC measurement

Erythritol with Cycles
nucleating agent/°C
2 3 4 5 6 7 8 9 10
Erythritol
Tm 118.67 118.37 118.62 118.72 118.71 118.59 118.69 118.59 118.71 118.5
- 19.21 15.99 11.72 12.38 18.58 14.46 17.55 15.92 16.13 15.67
Ty m 119.82 121.8 122.08 122.11 122.14 122.47 122.49 122.5 122.52 122.25
Ty, o 16.32 10.02 7.37 7.07 13.63 10.55 12.99 12.02 15.15 10.92
AT 103.5 111.78 114.71 115.04 108.51 111.92 109.5 110.48 107.37 111.33
HPN-68/erythritol
Tm 115.88 102.32 101.7 114.4 101.01 100.68 100.32 100.01 99.66 98.83
Ter 71.65 66.07 73.96 68.56 65.46 68.46 67.21 65.36 68.02 60.96
Ty m 118.31 104.86 104.62 116.84 104.3 104.14 104.03 103.92 103.87 103.58
Ty, o 71.25 65.18 66.93 63.03 61.88 56.29 60.02 56.25 57.4 54.49
AT 47.06 39.68 37.69 53.81 43.42 47.85 44.01 47.67 46.47 49.09
HPN-20E/erythritol
Tm 118.32 118.29 118.26 118.32 118.35 118.41 118.55 118.64 118.64 118.66
Te: 65.79 49.69 55.09 57.52 54.15 54.98 55.51 51.26 53.77 57.38
Ty, m 121.63 121.03 121.11 121.2 121.29 121.4 121.52 121.51 121.54 121.54
Ty, o 69.33 52.83 58.55 60.49 56.71 57.51 58.61 53.04 56.31 60.05
AT 52.3 68.2 62.56 60.71 64.58 63.89 62.91 68.47 65.23 61.49
CaPi/erythritol
Tm 116.51 100.49 101.61 102.37 102.9 103.32 103.65 103.97 104.25 104.49
T 68.96 68.82 68.46 66.62 68.78 66.99 67.95 68.35 66.34 64.41
T m 120.97 106.05 105.93 106.12 106.29 106.5 106.67 106.87 106.94 107.02
Ty, o 68.89 68.93 69.69 69.78 70.32 69.91 70.25 69.85 69.12 65.96
AT 52.08 37.12 36.24 36.34 35.97 36.59 36.42 37.02 37.82 41.06
TMB-5/erythritol
Tm 118.19 118.18 118.16 118.16 118.18 118.2 118.16 118.24 118.21 118.24
- 67.33 69.53 63.91 63.61 62.73 63.9 63.01 63.7 63.03 62.79
Ty m 124.38 124.38 124.35 124.41 124.43 124.44 124.43 124.43 124.46 124.39
Ty, o 65.13 66.98 63.64 63.02 62.91 63.82 62.8 63.4 62.88 63.52
AT 59.25 574 60.71 61.39 61.52 60.62 61.63 61.03 61.58 60.87
CazBTC,/erythritol
Tm 111.49 100.82 101.2 101.58 101.84 102.06 102.38 102.58 102.3 102.96
- 61.64 58.29 57.15 58.42 56.14 57.70 56.87 49.86 49.76 47.27
Ty m 118.33 105.8 105.88 105.93 106.14 106.23 106.33 106.36 106.19 106.5
Ty, o 63.34 57.75 56.95 57.85 56.57 57.71 55.92 49.9 49.65 47.84
AT 54.99 48.05 48.93 48.08 49.57 48.52 50.41 56.46 56.54 58.66
MgzBTCy/erythritol
Tm 111.87 100.71 101.28 101.71 102.13 102.52 102.76 103.03 116.16 116.13
Ter 60.64 57.96 54.41 58.48 56.47 54.1 47.05 48.28 44.41 46.42
Ty m 118.82 106.82 107.05 107.25 107.5 107.62 107.8 107.88 120.51 120.48
Ty, o 59.6 54.33 51.68 53.47 50.42 47.4 46.31 45.59 43.71 45.79
AT 59.22 52.49 53.37 53.78 57.08 60.22 61.49 62.29 76.8 74.69
MDBS/erythritol
Tm 117.37 117.97 117.69 117.61 117.52 117.56 117.61 117.63 117.73 117.8
Ter 29.14 2391 28.36 30.92 24.89 252 25.35 23.6 17.56 21.96
Ty, m 123.45 123.34 123.66 123.72 123.87 123.92 123.85 123.84 123.9 1239
Ty, o 23.39 23.28 27.73 18.12 22.29 16.98 25.06 14.63 16.63 18.63
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Table 1 continued

Erythritol with Cycles
nucleating agent/°C
2 3 4 5 6 7 8 9 10
AT 100.06 100.06 95.93 105.6 101.58 106.94 98.79 109.21 107.27 105.27
K;BTC/erythritol
T 110.28 110.39 111.06 111.74 112.1 112.33 112.44 112.64 112.69 112.8
Ter NA NA NA NA NA NA NA NA NA NA
To, m 116.63 116.84 117.31 117.5 117.68 117.77 117.9 117.99 118.04 118.11
Tp, or NA NA NA NA NA NA NA NA NA NA
AT NA NA NA NA NA NA NA NA NA NA
Na;BTC/erythritol
T 106.11 104.62 104.78 105.04 105.48 105.63 105.91 106.03 106.23 106.49
Ter NA NA NA NA NA NA NA NA NA NA
To m 114.49 114.32 114.34 114.42 114.46 114.55 114.53 114.68 114.72 114.75
Ty, o NA NA NA NA NA NA NA NA NA NA
AT NA NA NA NA NA NA NA NA NA NA
AT =T, w — T}, o NA not available
16.3-7.1 °C, which is common for supercooling phenom- induce erythritol to stably crystallize at the

ena. The T, . of HPN-20E-doped erythritol was greatly
and also randomly varied, indicating that it might not be a
suitable candidate nucleating agent for erythritol. On the
other hand, the T,  of HPN-68-, Ca3;BTC,- and
Mg;BTC,-doped erythritol exhibited a severe tendency of
decreasing as the melting—crystallizing cycles increased,
indicating that the effect of the relaxation of supercooling
was decreased, which might be the result of the precipi-
tation of the nucleating agent. However, the T}, ., of CaPi-
and TMB-5-doped erythritol was stable in all ten melting—

crystallizing cycles, indicating that they could
70 |-
60 -
50
1% L
5 40k —=— Erythritol—A— HPN-20E
& —O—HPN-68 —4— Ca,BTC,
30 | —e— CaPi —v— Mg,BTC,
: —o— TMB-5
20
10 -
1 1 1 1 1 1 1 1

1 2 3 4 5 6 7 8 9 10
Cycles

Fig. 2 T, of pure and nucleating agents doped erythritol at each
melting—crystallizing cycles. The legends in the figure, except
erythritol, represent the corresponding nucleating agents doped
erythritol

corresponding temperature.

Then, we checked the cyclic DSC curves of erythritol
and CaPi-, HPN-68-, HPN-20E- and TMB-5-doped ery-
thritol. The cyclic DSC curves of erythritol are drawn in
Fig. 3. The figure, along with the data listed in Table 1,
revealed that erythritol always melted at about 118 °C.
However, the cooling curves revealed that its crystallizing
behavior varied greatly from cycle to cycle. Besides, the
end of most cooling curves did not go back to the base line,
and there were some exothermic peaks, which was caused
by cold crystallization, exhibited on all the heating
curves except the first heating curve, indicating that
erythritol could not finish its crystallization under the
experiment condition.

On the other hand, the cyclic DSC curves of the CaPi-
doped erythritol (Fig. 4) and the corresponding data in
Table 1 showed that it always melted at about 104 °C in all
heating runs after the first cycle, indicating that CaPi could
induce erythritol to form unstable crystals under the
experiment condition. The cooling DSC curves were very
similar and an exothermic peak with the T, of about
69 °C was exhibited on all curves. No exothermic peak
could be found on the heating DSC curves of the CaPi-
doped PCMs. It further approved that CaPi possessed
stable effect on suppressing the supercooling of erythritol.

As for the TMB-5-doped erythritol, the cyclic DSC
curves (Fig. 5) and the data in Table 1 revealed that it
always melted at about 120 °C. However, there were a
small exothermic peak, corresponding to the cold crystal-
lization of erythritol, and a small endothermic peak, cor-
responding to the melting of unstable solid phase [31],
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Fig. 4 Cyclic DSC curves of CaPi-doped erythritol

exhibited on all heating DSC curves at a nearly constant
temperature except the first cycle. These phenomena sug-
gested that, up on cooling, TMB-5 could induce erythritol
to form both stable and unstable solid phases and the
stable phase is the majority. On the other hand, the cooling
curves of TMB-5-doped erythritol were very similar after
the second cycle, and the exothermic peaks were located at
about 60 °C, indicating that TMB-5 also possessed
stable effect on relaxing the supercooling of erythritol,
although its T}, ., was a little bit lower than that of CaPi-
doped erythritol.

The cyclic DSC curves of the HPN-68-doped erythritol
(Fig. 6) and the data in Table 1 showed that it would melt
at 104 or 118 °C, indicating that the composite could form
stable or unstable phase upon crystallizing. Besides, no
exothermic peak could be found on the heating DSC
curves, which means that the crystallized product was
stable under the experimental condition. However, the
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exothermic peaks of the cooling DSC curves were con-
tinually moved to lower temperature as the melting—crys-
tallizing cycles increased. It further suggested that the
supercooling relaxation of HPN-68 on erythritol would
decrease as the melting—crystallizing cycles increased.

On the other hand, the cyclic DSC curves of the HPN-
20E-doped erythritol (Fig. 7) revealed that it would mainly
melted at about 118 °C. However, there were some rela-
tively large exothermic peaks randomly exhibited on all
heating DSC curves after the first melting—crystallizing
cycle, indicating that it would randomly cold crystallize at
different temperature. Besides, endothermic peaks corre-
sponding to the melting of unstable solid phase were also
shown on all heating DSC curves after the first melting—
crystallizing cycle and the area of the peak also varied
randomly. These phenomena further confirmed that HPN-
20E might not be a suitable candidate nucleating agent for
the supercooling relaxation of erythritol.

Thermal energy storage properties of the nucleating
agents doped erythritol

The phase change enthalpy of melting (A,H) and crystal-
lizing (A.H) of erythritol and the nucleating agents doped

—_— =
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LI DL |

—&— Erythritol —&— HPN-20E

b 125}
o B
= I —0—HPN-68 —&— Ca,BTC,
& or —e—(CaPi  —¥—Mg,BTC,
75 L —o— TMB-5
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25+
0 1 1 1 1 1 1 1 1 1 1

1 2 3 4 5 6 7 8 9 10
Cycles

Fig. 8 A H of pure and nucleating agents doped erythritol at each
melting—crystallizing cycles. The legends in the figure, except
erythritol, represent the corresponding nucleating agents doped
erythritol

erythritol obtained by ten cyclic DSC are listed in Table 2,
and the A..H of erythritol and the nucleating agents doped
erythritol at each cycle are depicted in Fig. 8. It could be
seen that the A,H of erythritol was stabilized at about
350 J g, which is agreed well with Ref. [32]. However,
because of its serious supercooling, its A H drastically

Table 2 A,H and A.H of pure and nucleating agents doped erythritol obtained by DSC measurement

Erythritol with nucleating agent/J g_l Cycles
1 2 3 4 5 6 7 8 9 10

Erythritol

AnH 3573 3572 357.1 354.7 353.0 353.5 3533 353.8 3537 3543

AH 141.8 59.48 9.01 10.48 53.29 18.92 48.51 8.011 1344 57.65
HPN-68/erythritol

AH 2703  232.0 221.4 264.3 217.4 220.7 220.0 217.1 2113 2119

AH 200.3  197.1 188.6 192.8 188.4 182.7 177.7 176.7 1724 1633
HPN-20E/erythritol

AnH 288.3  280.5 277.7 279.8 278.6 276.6 279.7 280.3 278.5  277.0

AH 192.8  182.6 193.3 186.5 184.5 185.2 183.3 191.2 1919 185.6
CaPi/erythritol

AnH 288.7  237.8 225.8 232.2 237.7 239.9 242.9 237.7 2424 2489

AH 202.7 2043 205.4 205.1 208.2 203.6 204.4 201.2 207.6  204.7
TMB-5/erythritol

AH 2547  236.1 232.1 232.4 225.6 231.5 241.2 227.7 2348 2298

AH 185.3 1879 184.4 184.9 186.8 187.3 186.6 187.2 187.1 186.8
Ca3BTC,/erythritol

AnH 2185 210.2 213.1 215.3 210.4 215.1 212.1 218.1 2252 2187

AH 1782 1732 171.0 172.6 171.8 171.1 167.4 161.2 158.8 1552
Mg;BTC,/erythritol

AH 256.7  209.7 213.2 215.6 220.0 220.6 222.4 219.1 2457  246.2

AH 1740  168.1 168.6 168.0 163.1 160.6 152.6 149.3 152.0 151.2
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varied from cycle to cycle, and sometimes, it was unac-
ceptably low. For example, the A..H of cycle 8 was only
8.01 J g~'. It further confirmed that erythitol might cannot
finish its crystallization under the experiment condition.

When HPN-68 was applied as nucleating agent, its
AL H of the first heating run was also the largest. But the
AyH of the fourth heating run was very close to the first
one. It could be ascribed to that, during the fourth heating
run, it was the stable solid phase to melt, which could be
approved by the T,,. The A,H of those heating runs in
which it was the unstable solid phase to melt was obviously
lower than that of the first and the fourth heating runs.
Besides, the data in Table 2 and Fig. 8 showed that the
A H of the HPN-68 doped erythritol decreased obviously
as the melting—crystallizing cycles increased, from 200.3 to
163.3 T g7, suggesting that it could not be applied as good
PCM. The figure also showed that the A, H of Ca;BTC,-
and Mg;BTC,-doped erythritol also decreased obviously
from about 175 to about 150 J g~ ' during the ten melting—
crystallizing cycles. Since their T, . was also greatly
decreased during the ten cycles, it seems that, although
their A,H was relatively high, Caz;BTC, and Mg;BTC,
were not good nucleating agents for erythritol. The A, H of
HPN-20E-doped erythritol was relatively high and stabi-
lized at about 280 J g_l. However, its A.,H was varied a
lot during the ten melting—crystallizing cycles, plus its
greatly varied T, . it could not to be viewed as a
suitable PCM.

When CaPi was applied as nucleating agent, the A, H of
the first heating was 288.7 J g~! with the T,, of 116.5 °C.
The A,H was lower than the value calculated from the
loading of erythritol in the doped PCM, suggesting that
some erythritol lost its phase change ability due to the
doping of CaPi. The A,H of the CaPi-doped erythritol after
the first cycle was varied from 226 to 249 J g~' with the
T, varied between 101 and 104 °C. The A,H was lower
than that of the first heating because it was the unsta-
ble solid phase to melting and absorbs energy after the first
cycle. On the other hand, it could be seen from Fig. 8 that
the A..H of the CaPi-doped erythritol was highly stabilized
in the range of 201-208 J g~ ' in all cooling runs. The T},
of the TMB-5-doped PCM was stabilized at ~ 118 °C, and
it also showed a larger AL,H of 254.7 T g~" at the first
heating run and then followed by relatively stable A, H in
the range of 227-241 J g~ ' at all the following heating
runs. The difference of A,H between the first and the
afterward heating runs could be ascribed to the small
endothermic peaks exhibited at about 104 °C, which was
resulted from the melting of the unstable solid phase.
Furthermore, it could be found from Fig. 8 and Table 2
that the A..H of the TMB-5-doped erythritol, which was in
the range of 185-188 J g~', was very stable in all ten
melting—crystallizing cycles.

@ Springer

In general, both the A,H and A_H of the CaPi- and
TMB-5-doped erythritol were very high comparing to most
organic PCMs such as fatty acids, wax and polyethylene
glycol [33]. Since the CaPi- and TMB-5-doped erythritol
could melt and crystallize at nearly constant temperature
and possess stable and high phase change enthalpy, they
could be viewed as good PCMs and applied in thermal
energy storage in which the energy was absorbed at a
temperature higher than 120 °C and then released at a
lower but stable temperature.

Conclusions

The relaxation of nine nucleating agents on the super-
cooling of erythritol was investigated by cyclic DSC
experiment. The supercooling of pure erythritol was higher
than 100 °C in all melting—crystallizing cycles and varied
greatly from cycle to cycle. K3BTC and Na;BTC could not
induce erythritol to crystallize in the experiment condition.
MDBS could only make erythritol to crystallize at a tem-
perature slightly higher than that of pure erythritol with a
very small A, H, and the T, ., also varied greatly. Both the
Mg;BTC,- and Caz;BTC,-doped erythritol could crystal-
lized at a relatively high temperature with the T, .. of 60
and 63 °C, respectively, but their T}, ., and A..H decreased
greatly as the melting—crystallizing cycles increased. HPN-
68-doped erythritol exhibited the best result on suppressing
the supercooling at the first melting—crystallizing cycle, but
both of its T, . and A.H drastically decreased as the
melting—crystallizing cycles increased. HPN-20E-doped
erythritol could crystallized at a high temperature with the
T, o of 69.3 °C, but its T, ., and A..H varied a lot during
the afterward melting—crystallizing cycles, made it
unsuitable for real application. CaPi- and TMB-5-doped
erythritol could crystallize at higher temperature with the
T, o stabilized at about 69 and 64 °C, respectively, in all
melting—crystallizing cycles. Furthermore, their A, H was
also stabilized at about 204 and 185 J g™, respectively.
Hence, CaPi- and TMB-5-doped erythritol could be used as
PCMs and applied in thermal energy storage in which the
energy was absorbed at a temperature higher than 120 °C
and released at a lower but stable temperature. Further
investigations of the mechanism of the supercooling sup-
pression are under way.
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