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In this work, it was first proposed to combine hydrated salt phase change materials (PCMs) with humidity control materials to
prepare the temperature and humidity control material. The composite PCM was prepared by absorbing Na,HPO,-12H,0
with colloidal silicon dioxide, and diatomite was selected as the humidity control material. The humidity performance tests
found that diatomite had good moisture absorption/desorption capacity and excellent moisture buffering capacity. The
supercooling degree tests showed that Na,SiO;-9H,O as nucleating agent effectively reduced the supercooling degree, and the
addition of deionized water improved the water loss problem of composite PCMs. The DSC tests showed that the enthalpy and
melting temperature of composite PCMs were 153.1]/g and 28.9°C, respectively. By placing the temperature and humidity
control material in different humidity, it was found that the moisture content of diatomite affected the thermal properties of
composite PCMs. Diatomite could not only transfer moisture to hydrated salts but also absorb moisture from hydrated salt.
The application performance tests of the temperature and humidity control material in the room model showed that it could
simultaneously regulate indoor temperature and humidity. Overall, this temperature and humidity control material was more

suitable for environments with high relative humidity such as greenhouses.

1. Introduction

Temperature and humidity are two important environmen-
tal parameters, which will not only affect the comfort and
health of residents and animals but also affect the growth
of crops [1-3]. At present, mechanical equipment such as
HVAC and dehumidifiers is mainly used to control temper-
ature and humidity to achieve a stable and comfortable
environment, which leads to a large amount of energy con-
sumption and carbon dioxide emissions [4, 5]. For buildings
such as houses or greenhouses, temperature and humidity
are mainly transmitted and diffused through the building
envelope. Therefore, it is necessary to give full play to the
characteristics of different materials and endow building

structures with functions such as temperature and humidity
regulation.

The thermal environment mainly depends on the ther-
mal insulation capacity of the building envelope. Light-
weight building materials generally have the disadvantage
of small heat capacity, which is easy to cause large fluctua-
tions in indoor temperature [6, 7]. Phase change materials
(PCMs) have a large heat storage capacity. The thermal
energy can be effectively stored and released using its phase
change characteristics, which is expected to achieve the reg-
ulation of the thermal environment [8-10]. A large number
of literatures have reported that PCMs can be integrated into
building envelopes [11-13]. The reasonable structure design
reduced the temperature fluctuation and improved thermal
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FIGURE 1: Schematic diagram of the preparation process of composite PCMs.

comfort, which was conducive to reducing energy consump-
tion and rationalizing energy use. In terms of humidity envi-
ronment regulation, the commonly used active regulation
methods (such as dehumidifiers) do not meet the require-
ments of energy conservation and emission reduction. For
the passive humidity control method, the indoor humidity
is adjusted by virtue of the moisture absorption and desorp-
tion characteristics of the humidity control materials [14,
15]. Inorganic porous materials have become one of the best
humidity control materials due to their large specific surface
area and pore volume [16-18]. Without any artificial energy
or mechanical equipment, it can automatically sense the
changes of ambient air humidity, thereby improving the
humidity environment. It was well known that PCMs and
humidity control materials could improve the thermal envi-
ronment and humidity environment, respectively, but they
need to be effectively combined to achieve the purpose of
regulating temperature and humidity simultaneously.

In recent years, composite materials with temperature
and humidity regulating functions have been reported in
the literature [19-21]. It was found that PCMs and humidity
control materials could be combined in proper forms to
improve the temperature and humidity environment simul-
taneously, which was an effective way to achieve efficient
energy utilization. Wang et al. [22] used sepiolite-zeolite as
humidity control materials and capric acid microcapsules
as PCMs to prepare the composite material with tempera-
ture and humidity regulating functions. The results showed
that the composite material reduced the temperature fluctu-
ation by 2~3°C and maintained the relative humidity (RH)
between 51.75 and 58.84%. Chen et al. [23] prepared hygro-
scopic PCMs by mixing microencapsulated PCMs with diat-
omite. The enthalpy and moisture buffer values (MBV) of
the composite material obtained were 19]/g and 1.57 g/
(m®>-%RH), respectively, which had the ability to adjust the
indoor temperature and humidity. Park et al. [24] improved
the hygrothermal performance of gypsum by adding porous
materials (expanded vermiculite, expanded perlite, and car-
bon nanomaterials) and PCMs. In addition, the functional
gypsum board had high thermal insulation and heat storage
capacity, and there was no moisture problem. Zong et al.
[25] employed Ce-Eu/TiO, hollow microspheres as carriers
to adsorb organic eutectic PCMs, and the resulting compos-
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FIGURE 2: Schematic diagram of the preparation process of
temperature and humidity control materials.

ite materials had the thermal-humidity-photocatalysis syn-
ergistic performance. Specifically, its enthalpy was 64.6]/g.
The moisture capacity under 43.16~75.29%RH was 0.0575 g/g.
The degradation rate of gaseous formaldehyde reached
54.98% after 5h. Hou et al. [26] prepared a hygrothermal con-
trol material with dual functions, which used microencapsu-
lated PCMs and metal-organic frameworks as temperature
and humidity control materials, respectively. The numerical
results showed that the composite material significantly reduced
indoor temperature and humidity fluctuations compared with
the gypsum board. Gongalves et al. [27] reported the prepara-
tion of highly porous bilayered alkali-activated composite mate-
rials containing microencapsulated PCMs. The results showed
that it delayed the minimum temperature of the room for 1h
and reduced the temperature fluctuation by 1.5°C. It also had
the function of buffering humidity, and the MBV was 2.71 g/
(m*%RH). The existing researches have confirmed that the
temperature and humidity control material could not only use
renewable energy such as solar energy or cold air at night for
heat or cold storage but also absorb or release moisture timely
according to the change of environmental relative humidity.
However, the research on temperature and humidity control
materials was still in its infancy. In addition, due to the good sta-
bility of organic PCMs, the existing research was based on the
combination of organic PCMs and humidity control materials,
which played their own role without interaction.

PCMs are generally divided into organic PCMs and inor-
ganic PCMs [28]. Compared with organic PCMs (parafhin,
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TaBLE 1: The RH of air above saturated solution under equilibrium conditions.

. RH (%)
Temperature (°C) MgCl, Mg(NO,), NaCl K,S0,
25 32.78£0.16 52.89+£0.22 75.29+0.12 97.30£0.45
30 32.44+0.14 51.40+0.24 75.09+0.11 97.00 £ 0.40
fatty acid, etc.), inorganic PCMs, such as inorganic hydrated Test chamber
- . Thermocouple

salts, are cheaper and nonflammable, so they will have a wider Data cable
application prospect. However, inorganic hydrated salts suffer ® o | pC
from phase instability, supercooling, issue of corrosion and -
vaporization, and low optical absorbance [29-31]. Especially m °eo0s '
the problems of phase instability and supercooling can affect [ ™ ¢ ™
the thermal properties of PCMs, but these issues can be Sample Data collector

resolved through appropriate methods [32-35]. The inorganic
hydrated salt PCM is composed of inorganic salts and water
molecules. Although preparing composite PCMs can solve
the problem of liquid leakage during the phase change process,
its thermal characteristics will still be affected by air humidity
[36, 37]. For example, when CaCl,-6H,0 is directly exposed to
the air, it will deliquesce due to absorption of air moisture. On
the contrary, Na,HPO,-12H,0 easily loses its water molecules.
Both inorganic hydrated salt composite PCMs and humidity
control materials can absorb or release moisture, so it can be
inferred that there will be a coupling effect between them.
However, up to now, the investigation on the combination
of inorganic hydrated salt composite PCMs and humidity
control materials has not been reported, and the interaction
between them is still unclear.

In this work, a composite PCM was prepared by using
colloidal silicon dioxide as the support carrier and Na,H-
PO,-12H,0 as inorganic hydrated salts. Then, it was com-
bined with diatomite, which was employed as the humidity
control material to prepare a temperature and humidity con-
trol material with the sandwich structure. The equilibrium
moisture absorption/desorption content and moisture buffer
value of the humidity control material were measured using
desiccators, and the dynamic curve of moisture absorption/
desorption was obtained. The pore structure, particle size
distribution, micromorphology and structure, supercooling
degree, and thermal stability of the material were tested
and characterized. The phase change temperature and
enthalpy of composite PCMs in the sandwich structure after
being placed in different RH for different days were mea-
sured and compared. The results confirmed an interaction
between inorganic hydrated salt composite PCMs and
humidity control materials. In addition, the potential appli-
cation of this temperature and humidity control material
in the room model had been studied. The results indicated
that it helped improve the indoor temperature and humidity
environment. The obtained temperature and humidity con-
trol materials have potential applications in high humidity
environments such as greenhouses.

2. Experimental Section

2.1. Materials. Disodium hydrogen phosphate dodecahy-
drate (Na,HPO,-12H,0, AR) was obtained from Shanghai

FIGURE 3: Schematic diagram of the supercooling degree test
system.

Aladdin Biochemical Technology Co., Ltd. Sodium metasili-
cate nonahydrate (Na,SiO;-9H,0, AR) was obtained from
Sinopharm Chemical Reagent Co., Ltd. Colloidal silicon
dioxide (mSiO,-nH,0) was purchased from Shandong
Yousuo Chemical Technology Co., Ltd. Diatomite was
purchased from Hebei Huakai Environmental Protection
Materials Co., Ltd.

2.2. Preparation of Composite PCMs. Firstly, deionized water
and Na,HPO,-12H,O were added into a sealable bottle.
After Na,HPO,-12H,0 was completely dissolved at 50°C,
Na,SiO0;9H,0 as the nucleating agent was added. After
the above mixture was stirred evenly, colloidal silicon diox-
ide with a mass fraction of 30% was poured into the bottle,
and then, they were stirred with a glass rod. In the process
of stirring, intermittent heating was required to keep Na,H-
PO,-12H,0 in the melting state, which was conducive to the
full adsorption of Na,HPO,-12H,0. When the mixture was
fully stirred, it was cooled to room temperature to obtain
composite PCMs. The preparation process of composite
PCMs is shown in Figure 1.

2.3. Preparation of Temperature and Humidity Control
Materials. The preparation process of temperature and humid-
ity control materials is shown in Figure 2. Firstly, diatomite and
the composite PCM were pressed into the cylinder with a
diameter of 18 mm. Then, the composite PCM was sandwiched
between two pieces of diatomite to form a sandwich structure.
The periphery and bottom of the sandwich structure were
sealed with aluminum foil, leaving only one surface to contact
with the external environment. To avoid the influence of gaps,
a thin layer of the building structural adhesive was applied on
the aluminum foil surface.

2.4. Characterization

2.4.1. Equilibrium Moisture Content Curves. The moisture
absorption and desorption properties of diatomite were
tested according to GB/T 20312-2006. First, diatomite was
dried to constant weight in the oven. After it cooled down,
it was placed in the weighing bottle. For the moisture
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F1GURE 4: The structure of the roof (a); physical graphic of the PCM layer and diatomite layer (b); schematic diagram of the room mode (c).

absorption process, the weighing bottles were placed in des-
iccators with relative humidity (RH) of 33%, 52%, 75%, and
97%, respectively. For the moisture desorption process, diat-
omite was first saturated at 97%RH and then put into desic-
cators with RH of 33%, 52%, and 75%, respectively. The RH
was determined by the type of saturated salt solution in the
desiccator, as shown in Table 1. The equilibrium moisture
absorption/desorption content and the dynamic curve of
moisture absorption/desorption could be obtained by
recording the change of sample mass with time. The mois-
ture content of diatomite was calculated according to the fol-
lowing formula:

MC=

|m, —my|
b

(1)

my

where MC is the moisture content of diatomite (g/g), m, is
the mass of diatomite at a certain moment (g), and m, is
the mass of diatomite after drying in the oven (g).

2.4.2. Moisture Buffer Value (MBV). The sides and bottom of
the diatomite were first sealed with aluminum foil. Then, a
thin layer of the building structural adhesive was applied
on the aluminum foil surface. The sample was put into a
desiccator at 52%RH to achieve the balance of moisture
absorption and desorption. Then, the sample was subjected
to the moisture absorption and desorption cycle at 75%
and 33%RH: the sample was placed at 75%RH for 8h, then
transferred to 33%RH for 16h, and repeated several times
until the moisture absorption and desorption process
became stable. The sample mass needed to be weighed dur-
ing the cycle. The MBV was calculated according to the fol-
lowing formula:

MBY =A™ 2
~ (A*ARH)’ @

where Am is the mass change of the sample after the cycle
process becomes stable (g), A is the surface area of the sam-
ple exposed to humidity (m?), and ARH is the difference
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FIGURE 5: Temperature and humidity of the test chamber.

between high and low RH (%RH). The moisture buffer
value, as an important indicator, is used to evaluate the
moisture absorption and release performance of materials
under periodic changes in relative humidity. The larger the
moisture buffer value, the better the moisture absorption
and release performance.

2.4.3. Pore Structure Analysis. The automatic specific surface
area and porosity analyzer (Micromeritics ASAP 2460, USA)
was selected to characterize the pore structure parameters of
the sample. Based on nitrogen adsorption/desorption, the
specific surface area was obtained by the Brunner—Emmet
—Teller (BET) method. The pore distributions were obtained
by the density functional theory (DFT) method. The specific
surface area and pore volume of micropores were calculated
by the t-plot method.

2.4.4. Supercooling Degree. The supercooling degree test sys-
tem is shown in Figure 3. A sealed glass bottle was filled with
compacted composite PCMs. It was placed in a high and low
temperature alternating temperature humidity test chamber
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F1GURE 6: The dynamic curve of (a) moisture absorption and (b) moisture desorption.

(BPHJS-060B, Shanghai Yiheng Technology Instrument Co.,
Ltd., China) and connected to an Agilent 34970A data
acquisition instrument through a thermocouple. The high
temperature and low temperature of the test chamber were
set at 50°C and 0°C, respectively. The temperature change
of composite PCMs with time was recorded and saved by
the computer.

2.4.5. Micromorphology and Structure. After the sample was
sprayed with gold, the scanning electron microscope (SEM,
Tescan MIRA LMS, Czech) was selected to observe its
micromorphology. The chemical composition and structure
of the samples were characterized by Fourier transform
infrared spectroscopy (FT-IR, Nicolet iN10, USA). The crys-
tal structure of the sample was tested and characterized by
the X-ray diffractometer (XRD, Rigaku Ultima III, Japan)
with a Cu target as the ray source at a scanning speed of
5°C/min.

2.4.6. TGA Test. The thermal stability and thermal decom-
position of the sample could be characterized by the thermo-
gravimetric analyzer (TGA, Mettler Toledo TGA2,
Switzerland). The sample of about 10mg was filled and
sealed in a small aluminum crucible. The experiment was
conducted under the nitrogen atmosphere at a heating rate
of 10°C/min.

2.4.7. DSC Test. The thermal properties of composite PCMs,
including phase change temperature, peak temperature, and
latent heat, were measured by a differential scanning calo-
rimeter (DSC, NETZSCH 214 Polyma, Germany). About
10 mg of the composite PCM was filled and sealed in a small
aluminum crucible. The test process was protected by the
nitrogen atmosphere, and the heating rate was 5°C/min.

All curves were plotted in Origin software. The sche-
matic diagrams were drawn in Cinema 4D software.
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F1GURE 7: The change of diatomite mass with time in the process of
moisture absorption and desorption cycle.

2.5. Construction of the Room Model. The size of the room
model was 320 mm x 320 mm x 350 mm. The room without
temperature and humidity control materials was named the
reference room. It consisted of six EPS boards, two of which
had a dimension of 320 mm x 320 mm X 30 mm for the floor
and roof and the others had a dimension of 290 mm x 290
mm x 30 mm for the four walls. The room with temperature
and humidity control materials was named the function
room, which differed from the reference room in terms of
roof structure. As shown in Figure 4(a), the roof was
composed of wood, diatomite, PCM, diatomite, and EPS
board from the inside out. The size of the internal wood
was 320 mm X 320 mm x 5mm. The diatomite layer and
PCM layer were both composed of four small blocks with
a size of 130 mm X 130 mm x 3 mm, as shown in Figure 4(b).
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TaBLE 2: The pore structure parameters of diatomite.
Sample Sper (M*/g) S i (M2/g) V, (cm’/g) V o (cm’/g) D (nm)
Diatomite 69.353 23.681 0.122 0.010 7.046

The size of the outer EPS board was 320 mm x 320 mm X 16
mm. The constructed room model is shown in Figure 4(c),
and its hygrothermal performance was evaluated by placing it
in a high and low temperature alternating temperature humid-
ity test chamber. According to the summer climate in Guang-
zhou and the humidity characteristics of the greenhouse, the
temperature and humidity settings in the test chamber are
shown in Figure 5. The temperature and humidity recorder
(RC-4HC) was employed to detect the temperature and
humidity at the center of the inner surface of the roof, with a
monitoring interval of 15 min.

3. Results and Discussion
3.1. Humidity Control Characteristics of Diatomite

3.1.1. Equilibrium Moisture Content Curves. The moisture
content of diatomite at different times is shown in
Figure 6. It can be seen from Figure 6(a) that diatomite
had a fast moisture absorption rate. Its moisture content
increased sharply within 24h. After 48h, the increase rate
slowed down or remained unchanged. The equilibrium
moisture content of diatomite at 33%RH, 52%RH, 75%RH,
and 97%RH was 0.0546g/g, 0.0828g/g, 0.1155g/g, and
0.2173 g/g, respectively. With the increase of RH, the equi-
librium moisture content increased gradually. For the mois-
ture release process, as shown in Figure 6(b), it can be seen
that diatomite also had a fast moisture release rate. In the
research work of Wang et al. [22], at 33%RH, the material
only released about 30% of moisture within 24h. In this
work, the material could release about 30% of moisture in

Moisture desorption
L
—————

Moisture absorption

FIGURE 9: Schematic diagram of moisture absorption/desorption of
diatomite.

the first 9h and about 60% of moisture within 24h. When
the moisture release process gradually reached equilibrium,
the moisture content of diatomite at 33%RH, 52%RH, and
75%RH was 0.0686 g/g, 0.0989 g/g, and 0.1325g/g, respec-
tively. Compared with the equilibrium moisture content
under the same RH during the moisture absorption process,
it was only about 0.016 g/g higher, which indicated that diat-
omite could release most of the absorbed moisture. In
general, the large moisture absorption/desorption rate was
conducive to the rapid response of diatomite to the sur-
rounding environment, while the large equilibrium moisture
content endowed it with good moisture regulation capacity.

3.1.2. Moisture Buffer Value (MBV). Figure 7 shows the
moisture absorption and desorption performance of diato-
mite under the periodic change of relative humidity. It can
be seen that the mass change of diatomite tended to be stable
after the fourth cycle, which indicated that it could absorb
and release moisture stably and repeatedly. When the
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process was stable, MBV was calculated according to the
mass change of diatomite, which was 3.81g/(m2-%RH).
Based on the classification of MBV [27, 38, 39], when the
MBYV is greater than 2.00 g/(m*%RH), the humidity buffer-
ing performance of the material belongs to the excellent
class. Therefore, the diatomite in this paper had excellent
humidity regulation ability, which was helpful in controlling
the humidity environment.

3.2. Pore Structure Analysis and Particle Size Distribution.
The pore structure parameters and pore size distributions
of diatomite were characterized by the N, adsorption-
desorption isotherm. Based on the classification of IPUAC,
as shown in Figure 8(a), it can be known that the
adsorption-desorption isotherm of diatomite belonged to
type IV isotherms. At low relative pressure (P/P,<0.1),
diatomite had a small nitrogen adsorption capacity, indicat-
ing that there were few micropores. When the relative pres-
sure was between 0.47 and 1.00, an obvious H; hysteresis
loop appeared, indicating that diatomite had a large number
of mesopores. As shown in Table 2, the micropore volume of
diatomite was only 0.010 cm®/g, while the total pore volume
was 0.122cm’/g. In addition, the specific surface area of
micropores was 23.681 m”/g. Based on BET analysis, the spe-
cific surface area was 69.353 m*/g, which was much larger
than that reported in other literatures [40-42]. The distribu-
tion of micropores and mesopores of diatomite is shown in
Figure 8(b). It can be seen that the micropore size was
mainly around 1.6nm. The pore size distribution of meso-
pores was mainly distributed between 2 and 40nm. The
average pore diameter of diatomite was 7.046 nm. Abundant
mesoporous structure and large specific surface area
endowed diatomite with excellent humidity control ability.
As shown in Figure 9, when the RH was high, a larger

TaBLE 3: The supercooling degree of composite PCMs.

Material Content (%) Supercooling degree (°C)
5 54
Deionized water 10 31
15 4.2
20 9.9
2 3.7
3 2.0
, 4 27
Na,Si059H,0 5 0.8
6 2.4
7 1.8

specific surface area improved the probability of moisture
colliding with the diatomite particle surface and being
adsorbed. In addition, capillary condensation mainly occurred
in mesopores. The abundant mesoporous structure was
conducive to absorbing and containing more moisture. When
the RH was low, diatomite released most of the moisture it
absorbed. Through the process of moisture adsorption and
desorption, diatomite could adjust the ambient humidity.

3.3. Supercooling Degree. Without the nucleating agent, the
cooling curves of composite PCMs with different deionized
water content are shown in Figure 10(a), and the corre-
sponding supercooling degree is shown in Table 3. It can
be observed that when the deionized water content was
0%, there were two melting platforms for the composite
PCM during the heating process, which was also found
during the cooling process. When deionized water was
added, the phenomenon was obviously improved. Therefore,
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FIGURE 12: (a) FT-IR spectra and (b) XRD patterns of colloidal silicon dioxide, Na,HPO,-12H,0, and composite PCMs.

it was inferred that this phenomenon was caused by the water
loss characteristics of Na,HPO,-12H,0. When the deionized
water content was 5%, 10%, 15%, and 20%, the supercooling
degree was 5.4°C, 3.1°C, 4.2°C, and 9.9°C, respectively. In the
subsequent process, the content of deionized water was set
at 10%, because the supercooling degree was minimum at
this time.

The cooling curves of composite PCMs with different
nucleating agent contents are shown in Figure 10(b). After
adding Na,SiO5-9H,O as the nucleating agent, the super-
cooling degree was further reduced. When the mass fraction

of Na,SiO;-9H,0 was 2%, 3%, 4%, 5%, 6%, and 7%, the
supercooling degree was 3.7°C, 2.0°C, 2.7°C, 0.8°C, 2.4°C,
and 1.8°C, respectively. During the phase change process of
PCMs, the nucleating agent remained in a solid state. These
particles acted as crystal nucleus and provided nucleation
sites, helping to promote the formation and growth of more
crystal nucleus, thereby reducing the supercooling degree of
PCMs [32, 43, 44]. When the content of nucleating agent
was insufficient, it could not provide sufficient driving force
and surface area to promote nucleation. When the content
of nucleating agent was high, the viscosity of the system
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increased, which led to particle aggregation and fewer nucle-
ation sites. Therefore, to minimize the supercooling degree
of the composite PCM, the appropriate amount of
Na,5i05-9H,0 was 5%.

3.4. Micromorphology and Structure. The micromorphology
of the samples is shown in Figure 11. It can be seen from
Figure 11(a) that diatomite had the rough surface and good
porous structure, which could absorb moisture or other
substances. For Na,HPO,-12H,O, it can be seen from
Figure 11(b) that it exhibited lumped coarse crystals and
the compact surface. For colloidal silicon dioxide, as shown
in Figure 11(c), a large number of spherical particles were
connected together to form a three-dimensional network
structure. After colloidal silicon dioxide adsorbed Na,H-
PO,-12H,0, it can be seen from Figure 11(d) that the parti-
cles became larger and agglomerated together. The inorganic
hydrated salt was adsorbed onto the surface and pores of
colloidal silicon dioxide by physical forces such as surface
tension and capillary force, which solved the problem of lig-
uid leakage of inorganic hydrated salts during phase change.

The FT-IR spectra and XRD patterns of colloidal silicon
dioxide, Na,HPO,-12H,0, and composite PCMs are shown
in Figure 12. The stretching vibration peaks (1092cm™,
865cm’!, and 529cm™) of HPO,” and the antisymmetric
stretching vibration peaks (1092cm™) and bending vibra-
tion peaks (468 cm™) of Si-O-Si could be found in the com-
posite PCMs. According to the characteristic absorption
peaks of colloidal silicon dioxide and Na,HPO,-12H,0, it
was found that no new characteristic absorption peak was
generated for the composite PCM. Similarly, all the XRD
diffraction peaks of composite PCMs could be found in the
diffraction peaks of Na,HPO,-12H,O, although the peak
intensity became weak or the peak position moved slightly.
This was mainly because the pore structure of colloidal sili-
con dioxide had a confinement effect on Na,HPO,-12H,0.
Therefore, according to the results of FT-IR and XRD, it
could be inferred that there was only physical interaction
between the colloidal silicon dioxide and Na,HPO,-12H,0.

3.5. Thermal Stability. Figure 13 shows the TGA curves of
colloidal silicon dioxide, Na,HPO,-12H,0, and composite
PCMs. As colloidal silicon dioxide has strong moisture
absorption, its weight loss content corresponded to the
moisture content it absorbed, which was 6.04%. For Na,H-
PO,-12H,0, its weight loss process corresponded to the loss
of crystal water. When the temperature exceeded 340°C, the
change of sample mass could be ignored, and the corre-
sponding weight loss was 62.19%. The weight loss process
of composite PCMs was similar to that of Na,HPO,-12H,0.
Because the composite PCM contained colloidal silicon
dioxide, its total weight loss was less than that of Na,H-
PO,-12H,0, which was 45.39%. Based on the weight loss
of the three samples, it was clear that the actual content of
Na,HPO,-12H,0 in the composite PCM was 69.6%, which
was close to the theoretical value of 70%.

3.6. Thermal Properties. Figure 14 shows the DSC curves of
composite PCMs. It can be seen that when no additional
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deionized water was added, the enthalpy and phase change
temperature of the composite PCMs were 108.5]/g and
29.1°C, respectively. It was worth mentioning that its DSC
curve had two consecutive endothermic peaks, which corre-
sponded to the situation of the cooling curve. That was to
say, the thermal properties of composite PCMs were affected
by the water loss of hydrated salts. During the preparation of
composite PCMs, when 10% deionized water was added, the
enthalpy and phase change temperature of composite PCMs
were 153.1]/g and 28.9°C, respectively. The dehydration
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F1GURE 15: DSC curves of composite PCMs after being placed in different RH for different days: (a) 33%RH; (b) 52%RH; (c) 75%RH;
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process is the main source of phase change enthalpy for
hydrated salts, and the phase change enthalpy is closely
related to the content of crystalline water. The content of
crystalline water in hydrated salts should be guaranteed to
ensure that it has a high latent heat [36]. Na,HPO,-12H,0
is prone to weathering under natural conditions, resulting
in a decrease in its crystalline water content. The addition
of an appropriate amount of deionized water could compen-
sate for the loss of crystalline water and prevent a decrease in
enthalpy. It can be seen that adding additional deionized
water had little effect on the phase change temperature but
greatly improved the heat storage capacity of the composite
PCM.

3.6.1. Single Composite PCM Block. The DSC curve of a sin-
gle composite PCM placed in different RH for different days
is shown in Figure 15, and the corresponding thermal char-
acteristics are listed in Table 4. It can be observed that the
thermal characteristics of composite PCMs were affected
by the RH and the number of days. With the decrease in
RH and the increase in days, the water loss of composite
PCMs became worse. At 33%RH and 52%RH, two endother-
mic peaks appeared in the DSC curve of composite PCMs
after being placed in the desiccator for one day. And as the
number of days increased, the first endothermic peak
became smaller and smaller, or even disappeared, while the
second endothermic peak became larger and larger. Under
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TaBLE 4: Thermal characteristics of composite PCMs after being placed in different RH environments for different days.
RH (%) Time (d) T, (C) T, (°C) Enthalpy (J/g)
1 28.0 49.4 112.0
33 2 43.7 52.9 109.2
3 43.2 51.8 101.1
1 28.1 33.6 119.3
52 2 28.5 35.9 119.0
3 27.6 51.6 100.9
1 29.0 38.7 143.1
75 2 28.9 36.2 125.6
3 28.6 48.5 111.7
1 29.3 40.0 152.0
2 29.8 39.9 142.3
97 3 30.0 413 142.1
4 32.3 40.9 1314
5 325 41.2 124.7

low RH, the phase change temperature (T,,) and peak
temperature (T,) have changed. Moreover, the enthalpy of
composite PCMs was 100~120]/g, which meant that their
thermal storage performance was seriously damaged. At
75%RH, the DSC curve of composite PCMs had only one
endothermic peak on the first day. However, with the
increase of days, its DSC curve also showed two endothermic
peaks, and the enthalpy decreased from 143.1]/gto 111.7]/g.
At 97%RH, even if the composite PCM was placed in the
desiccator for 5 days, its DSC curve did not show two endo-
thermic peaks. As the number of days increased, the phase
change temperature increased from 29.3°C to 32.5°C, while
the enthalpy decreased from 152.0]/g to 124.7]/g. At
97%RH, the process of water absorption instead of water loss
took place in the composite PCMs. It can be observed from
the DSC curve that the endothermic peak of water became
larger and larger with the increase of days. The change of
enthalpy and phase change temperature of the composite
PCM was small from the first day to the third day. However,
when the amount of water absorbed by the composite PCM
continues to increase, it would lead to a greater decline in its
thermal performance. In general, composite PCMs cannot
be exposed to the air environment for a long time.

3.6.2. Sandwich Structure Formed by Composite PCMs and
Dried Diatomite. In this part, to investigate the interaction
effect between diatomite as a humidity control material
and composite PCMs, they were prepared into sandwich
structures. It was worth mentioning that diatomite was dried
to remove water molecules before preparation, and this
structure was recorded as case 1. The thermal characteristics
of composite PCMs were tested after the sandwich structure
was placed in different humidity for different days. The
results are shown in Figure 16 and Table 5. It can be seen
that the results obtained were completely different from
those above situations, which showed that the presence of
diatomite affected the thermal characteristics of composite

PCMs. At 33%RH, 52%RH, and 75%RH, the DSC curves
of composite PCMs in the sandwich structure had only
one endothermic peak. At this time, the phase change tem-
perature was about 44°C, the peak temperature was about
52°C, and the enthalpy was about 100~110]J/g. Similarly,
the increase of the phase change temperature and the
decrease of the enthalpy indicated that the water loss prob-
lem had occurred in composite PCMs. The DSC curves of
composite PCMs in the sandwich structure did not show
two endothermic peaks, which meant that the dried diato-
mite accelerated the water loss process of the composite
PCM. Because the dried diatomite has moisture absorption
capacity, it would absorb water molecules lost by composite
PCMs. At 97%RH, after the sandwich structure was placed
in the desiccator for one day, the DSC curve of the compos-
ite PCM also had only one endothermic peak, and its
enthalpy and phase change temperature were 100.6J/g and
43.8°C, respectively. At this time, the composite PCM was
also in a state of water loss. With the increase in the number
of days, two endothermic peaks appeared in the DSC curves
of composite PCMs, and the first endothermic peak and
enthalpy increased gradually. When the number of days
reached the fifth day, the DSC curve of the composite
PCM now had only one endothermic peak. At this time,
the thermal characteristics of composite PCMs were good,
and the corresponding enthalpy and phase change tempera-
ture were 139.4J/g and 27.8°C, respectively. The above phe-
nomenon was mainly due to the existence of diatomite in the
sandwich structure, which prevented the moisture exchange
between the composite PCMs and the humidity environ-
ment. In addition, diatomite was dry and would absorb
moisture around it. As a result, the composite PCMs in the
sandwich structure lost water even at 97%RH at the begin-
ning. However, with the increase of days, diatomite could
transfer moisture to composite PCMs after absorbing
enough moisture, thus gradually improving the thermal
characteristics of composite PCMs.
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F1GURE 16: DSC curves of composite PCMs in case 1 after being placed in different RH for different days: (a) 33%RH; (b) 52%RH; (c)
75%RH; (d) 97%RH.

TaBLE 5: Thermal characteristics of composite PCMs in case 1 after being placed in different RH environments for different days.

RH (%) Time (d) T, (°C) T, (C) Enthalpy (J/g)
5 1 44.0 53.2 103.7
2 438 52.1 95.1
5 1 436 52.5 97.6
2 43.9 51.0 90.1
s 1 44.2 51.7 109.7
2 44.1 511 99.4
1 438 51.7 100.6
2 27.3 49.4 96.4
97 3 29.4 37.6 124.5
4 26.9 36.1 126.0
5 27.8 38.7 139.4




International Journal of Energy Research

1.6

1.4+

1.2+

1.0 S

0.8

0.6

Heat flow (W/g)

0.4 -

0.2

0.0

-10 0 10 20 30 40 50 60
Temperature (°C)
—1d
—2d
—3d
(a)
1.4

1.24

1.0

0.8

0.6

Heat flow (W/g)

0.4+

0.2

0.0

Temperature (°C)
—1d
—2d
—3d

(0

13

1.0+

0.8

0.6

0.4

Heat flow (W/g)

0.2 4

0.0

Temperature (°C)
—_—1d

—2d
—3d

(b)

1.6

1.4

1.2

1.0

0.8

0.6

Heat flow (W/g)

0.4

0.2

0.0

(d)

FiGurg 17: DSC curves of composite PCMs in case 2 after being placed in different RH for different days: (a) 33%RH; (b) 52%RH; (c)
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3.6.3. Sandwich Structure Formed by Composite PCMs and
Saturated Diatomite. In this part, the diatomite used to pre-
pare the sandwich structure had reached equilibrium mois-
ture content at 97%RH, and the obtained structure was
recorded as case 2. The thermal characteristics of composite
PCM:s were tested after the sandwich structure was placed in
different humidity for different days. The results are shown
in Figure 17 and Table 6. It can be observed that the DSC
curve of composite PCMs was somewhat similar to that in
Section 3.6.1. At 33%RH and 52%RH, diatomite would
release moisture in the early stage because it had reached
the equilibrium moisture content at 97%RH. However, it
can be seen from the DSC curve that the release of moisture
from diatomite could not improve the water loss process of
composite PCMs, and the thermal storage performance of

composite PCMs was still poor. At 75%RH, the enthalpy of
composite PCMs was larger than that in Section 3.6.1, indi-
cating that the moisture release process of diatomite was
conducive to improving the thermal characteristics of com-
posite PCMs. At 97%RH, the moisture saturated diatomite
had no obvious influence on the thermal properties of com-
posite PCMs. At this time, the phase change temperature
and enthalpy of the composite PCMs on different days were
almost the same as those in Section 3.6.1.

In conclusion, humidity control materials would affect
the thermal storage performance of composite PCMs. As
shown in Figure 18, when the moisture content of diatomite
was low, it would absorb the moisture of inorganic hydrated
salts, which might have a negative impact on the thermal
storage capacity of composite PCMs. However, when the
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TaBLE 6: Thermal characteristics of composite PCMs in case 2 after being placed in different RH environments for different days.

RH (%) Time (d) T, (C) T, (°C) Enthalpy (J/g)
1 28.7 50.8 104.5
33 2 43.7 51.9 108.6
3 43.2 53.4 108.6
1 29.6 38.2 131.6
52 2 24.8 51.0 100.2
3 42.5 534 104.8
1 28.8 40.2 148.9
75 2 29.8 39.3 134.3
3 30.7 39.6 130.2
1 29.3 40.3 155.9
97 2 29.6 41.8 141.9
3 32.8 42.3 137.5
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F1GURE 18: Schematic diagram of the interaction between diatomite and composite PCMs.

moisture content of diatomite was high, the moisture in its
pore structure could be transferred to the inorganic hydrated
salt during the moisture release process, which slowed down
the water loss process of the inorganic hydrated salt.
Moreover, from the above results, it can be found that the
thermal characteristics of composite PCMs that had lost water
were expected to be restored under high RH conditions
(Figure 16(d)). It can be speculated that in the environment
of alternating high and low RH, the heat storage performance
of composite PCMs may not be greatly affected.

3.7. Hygrothermal Performance of the Room Model. The tem-
perature and humidity curves of the reference room and
functional room over time are shown in Figure 19. For the
reference room, the maximum and minimum temperatures
were approximately 40.0°C and 24.3°C, respectively. For

the functional room, the highest and lowest temperatures
were 39.1°C and 24.8°C, respectively. Although the insula-
tion ability of the temperature and humidity control material
was weaker than that of EPS boards, it could still slow down
the temperature fluctuations in the room. This was mainly
due to the large thermal storage capacity of composite
PCMs. During the heating process, composite PCMs
absorbed and stored heat, which was beneficial for slowing
down heat transfer and lowering temperature. During the
cooling process, composite PCMs released the stored heat,
thereby increasing the temperature of the room. In terms of
humidity regulation, it depended on the absorption and
release of moisture by diatomite. For the reference room, the
humidity fluctuated between 76%RH and 87%RH. For the
functional rooms, the humidity fluctuation further decreased,
fluctuating between 77%RH and 82%RH. Diatomite had a
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large specific surface area and rich mesoporous structure.
When the RH of the environment was high, diatomite
absorbed moisture through surface adsorption and capillary
condensation to reduce humidity. When the RH of the
environment decreased, diatomite slowed down humidity
fluctuations by releasing the absorbed moisture. Therefore,
when a portion of the thickness of EPS board was replaced
with temperature and humidity control materials, the hygro-
thermal performance of the room was improved.

4. Conclusions

In this paper, temperature and humidity control materials
with the sandwich structure were obtained by combining
diatomite and inorganic hydrated salt composite PCMs. As
a humidity control material, diatomite had the characteris-
tics of a large specific surface area, rich mesoporous
structure, and fast moisture absorption/desorption rate. Its
equilibrium moisture content was 0.2173 g/g at 97%RH. In
addition, its moisture buffer value was 3.81g/(m2-%RH),
which had excellent humidity regulation capability. The
supercooling of the composite PCM was reduced to 0.8°C
by adding 5% Na,SiO;-9H,0. Through SEM, FT-IR, and
XRD tests, it is known that the combination between colloi-
dal silicon dioxide and inorganic hydrated salts was physical
adsorption. The TG results showed that the inorganic
hydrated salt was easy to loss crystal water. The addition of
10% deionized water enhanced the thermal storage perfor-
mance of composite PCMs, and the enthalpy increased from
108.5]/g to 153.1]/g. The thermal storage performance of
single sheet inorganic hydrated salt composite PCMs would
decline under a low RH environment, while it would be less
affected under a high RH environment. In addition, the
absorption and release of moisture by diatomite affected
the thermal storage performance of composite PCMs. The
dried diatomite would absorb the moisture of inorganic

hydrated salt, thus accelerating the water loss process of
inorganic hydrated salt. The diatomite with high moisture
content could transfer the released moisture to inorganic
hydrated salt. The inorganic hydrated salt that had lost water
was also expected to recover its heat storage performance
after absorbing enough moisture. For the hygrothermal per-
formance of the room model, compared to the reference
room, the functional room with temperature and humidity
control materials had the ability to regulate the internal
temperature and humidity inside the room, which was ben-
eficial for mitigating temperature and humidity fluctuations.
Generally, the temperature and humidity control materials
obtained in this work can play an important role in environ-
ments with high RH.
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