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Abstract
Using SiO2 as the carrier material and cetyl alcohol-palmitic acid-lauric acid as
the phase change material, a cetyl alcohol-palmitic acid-lauric acid/SiO2 com-
posite phase-change humidity-control material was prepared. The influence of
various factors on the humidity-control and temperature-control performance of
the composite material was investigated using uniform design and multivariate
nonlinear regression methods. The results indicate that the order of factor influ-
ence on performance is as follows: molar ratio of anhydrous ethanol to tetraethyl
orthosilicate, solution pH value, molar ratio of cetyl alcohol-palmitic acid-lauric
acid to tetraethyl orthosilicate, ultrasonic power, and molar ratio of deionized
water to tetraethyl orthosilicate. The optimal preparation parameters are: solu-
tion pH value of 2.68, ultrasonic power of 113 W, molar ratio of deionized water
to tetraethyl orthosilicate of 9.03, molar ratio of anhydrous ethanol to tetraethyl
orthosilicate of 5.22, and molar ratio of cetyl alcohol-palmitic acid-lauric acid
to tetraethyl orthosilicate of 0.51.
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Abstract
Phase change and humidity control composite materials of hexadecanol-
palmitic acid-lauric acid/SiO2 were prepared with SiO2 as carrier material and
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hexadecanol-palmitic acid-lauric acid as phase change material. The effect of
processing parameters on performance of humidity- and temperature-control of
the composite materials was investigated by uniform design and multivariate
nonlinear regression. The results show that their effect may be ranked as a
sequence as follows: mole ratio of absolute alcohol to tetraethyl orthosilicate
> solution pH value > mole ratio of hexadecanol-palmitic acid-lauric acid to
tetraethyl orthosilicate > ultrasonic wave power > mole ratio of deionized
water to tetraethyl orthosilicate. The optimal processing parameters are as
follows: solution pH value 2.68, ultrasonic wave power 113 W, mole ratio of
deionized water to tetraethyl orthosilicate 9.03, mole ratio of absolute alcohol
to tetraethyl orthosilicate 5.22, mole ratio of hexadecanol-palmitic acid-lauric
acid to tetraethyl orthosilicate 0.51.
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Introduction
Phase change energy storage materials can solve the contradiction between en-
ergy supply and demand in terms of time and space, improving energy utiliza-
tion efficiency, and represent one of the hot topics in energy utilization and
materials science research both domestically and internationally [1-4]. Organic
phase change materials exhibit no supercooling or phase separation during phase
transition and have stable chemical properties, thus finding wide application.
However, there are very few organic phase change materials suitable for build-
ing applications with appropriate phase transition temperatures, and their cost
is high. Recent research on organic phase change materials has focused on
composite systems of binary phase change materials with inexpensive porous
inorganic materials (SiO2) [5-8], while studies on ternary phase change systems
combined with SiO2 are relatively scarce [9]. Meanwhile, research on SiO2
composite phase change materials has primarily focused on temperature control
performance [10, 11], with little attention paid to the potential humidity control
performance of SiO2 porous inorganic materials, such as the adsorption of water
molecules by surface hydroxyl groups and nanoporous structures. This situation
has resulted in SiO2-based composite phase change materials that can only im-
prove indoor thermal comfort unilaterally, without improving indoor humidity
comfort, greatly limiting their application in the building sector.

Based on the above analysis, this study prepared hexadecanol-palmitic acid-
lauric acid/SiO2 composite phase change and humidity control materials using
SiO2 as the carrier material and a ternary phase change system of hexadecanol-
palmitic acid-lauric acid as the phase change material via the sol-gel method [12].
Additionally, based on uniform design and multivariate nonlinear regression
equations, we investigated the effects of solution pH value, ultrasonic power,
mole ratio of deionized water to tetraethyl orthosilicate, mole ratio of absolute
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alcohol to tetraethyl orthosilicate, and mole ratio of hexadecanol-palmitic acid-
lauric acid to tetraethyl orthosilicate on the humidity control and temperature
control performance of hexadecanol-palmitic acid-lauric acid/SiO2 composite
materials, establishing an optimized preparation model and scheme.

1 Experimental Methods
1.1 Materials

The main raw materials included: tetraethyl orthosilicate (Si(OC2H5)4), an-
alytical grade; absolute ethanol (CH3CH2OH), analytical grade; hexadecanol
(C16H34O), analytical grade; palmitic acid (C16H32O2), analytical grade; lau-
ric acid (C12H24O2), analytical grade; hydrochloric acid (HCl), analytical grade;
and ammonia water (NH3・H2O), analytical grade. All experimental water used
was deionized water.

1.2 Preparation Process

The preparation process was as follows: Hexadecanol, palmitic acid, and lauric
acid were mixed at a mass fraction ratio of 30%:20%:50% in a beaker, then dis-
solved and stirred for 2 h at 60°C in a water bath to obtain a uniform dispersion,
yielding the hexadecanol-palmitic acid-lauric acid mixture. A measured amount
of tetraethyl orthosilicate was sequentially combined with specific quantities of
absolute ethanol and deionized water in a beaker, then stirred for 10 min at
medium speed using a constant-temperature magnetic stirrer in a 60°C water
bath. The resulting mixture was dispersed in an ultrasonic cell disruptor for 15
min, after which the pH was adjusted to the target value using hydrochloric acid
and ammonia water. After further ultrasonic dispersion for 15 min, the SiO2
sol was obtained. A predetermined amount of hexadecanol-palmitic acid-lauric
acid was added to the SiO2 sol, then stirred at high speed for 15 min using
a constant-temperature magnetic stirrer in a 60°C water bath, followed by ul-
trasonic dispersion for 45 min to uniformly distribute the hexadecanol-palmitic
acid-lauric acid within the SiO2 carrier. The resulting hydrosol was aged for 2
h at 60°C in a constant-temperature water bath to form a gel, which was then
dried in an oven at 80°C for 8 h to obtain the hexadecanol-palmitic acid-lauric
acid/SiO2 composite phase change and humidity control material.

1.3 Performance Testing

Humidity control performance was tested using the isothermal moisture ad-
sorption/desorption method [13-14]. The procedure involved: weighing 5 g of
sample and drying it in an oven; when the mass difference between three consec-
utive weighings at 24 h intervals was less than 0.1%, the sample was considered
completely dry. The dried sample was placed on a shelf above saturated salt
solutions in a desiccator. When the mass difference between three consecutive
weighings at 24 h intervals was less than 0.1% at a given relative humidity, the
sample was considered to have reached moisture adsorption equilibrium. The
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sample was then placed in another relative humidity environment. This process
was repeated, periodically weighing the sample after it reached equilibrium in
each humidity environment. Seven relative humidity environments were used
in total (Table 1 ), ranging from 32.78% to 97.30%. The desorption test proce-
dure was identical. The equilibrium moisture content (g/g) of the sample was
calculated using the formula where m0 is the mass of the dry sample (g) and m
is the mass after adsorption/desorption (g).

Temperature control performance was tested using the cooling curve method [15].
The procedure involved: weighing 2.5 g of sample into a test tube, immersing a
thermocouple temperature probe into the sample (maintaining consistent probe
immersion depth when testing multiple samples), placing the test tube in a 40°C
water bath until the sample temperature reached 30°C, then transferring it to
a 10°C water bath until the temperature dropped to 15°C. Temperature data
points were recorded every 5 s during the cooling process from 35°C to 15°C,
and a cooling curve was plotted. The time required for the cooling process
from 35°C to 15°C was used to indicate the strength of the temperature control
performance.

1.4 Sample Characterization

The structure of the hexadecanol-palmitic acid-lauric acid/SiO2 composite was
analyzed using a BRUKER UECIOR 22 Fourier transform infrared spectrom-
eter: the dried sample was mixed with potassium bromide and pressed into a
pellet, then tested at room temperature (25°C) over the absorption range of
4000-500 cm-1. Morphology was observed using a JSM-6510LV scanning elec-
tron microscope: the sample was fixed on a stub and sputter-coated with gold
before testing (operating voltage: 0-25 kV, resolution: 1 nm). Phase transi-
tion temperature and latent heat were measured using a TA2910 differential
scanning calorimeter: the sample was placed in the sample pan and tested at
a heating/cooling rate of 5°C/min under N2 atmosphere with a flow rate of 50
mL/min.

2 Results and Discussion
2.1 Uniform Design Experimental Results

This study investigated the effects of five factors on the humidity and temper-
ature control performance of hexadecanol-palmitic acid-lauric acid/SiO2 com-
posite materials: solution pH value (Factor A), ultrasonic power (Factor B),
mole ratio of deionized water to tetraethyl orthosilicate (Factor C), mole ra-
tio of absolute alcohol to tetraethyl orthosilicate (Factor D), and mole ratio of
hexadecanol-palmitic acid-lauric acid to tetraethyl orthosilicate (Factor E). Fol-
lowing a 5-factor, 5-level uniform design scheme (Table 2 ), the humidity control
performance of the composite materials was tested using the isothermal adsorp-
tion/desorption method (Table 3 ), and temperature control performance was
tested using the cooling curve method (Figure 1 [Figure 1: see original paper]).
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As shown in Table 3, under the relative humidity condition of 97.30%, the
equilibrium moisture content of the composite materials ranked as: 7# > 8#
> 9# > 6# > 10# > 3# > 1# > 2# > 4# > 5#. The ranking of equilibrium
moisture content under other relative humidity conditions was essentially the
same, indicating that samples 7# and 9# exhibited better humidity control
performance. Figure 1 shows that the time required for the cooling process
of the composite materials ranked as: 2# > 1# > 6# > 4# > 3# > 5# >
10# > 8# > 7# > 9#, suggesting that samples 2# and 1# possessed stronger
temperature control performance. A comprehensive analysis of Table 3 and
Figure 1 reveals that the humidity control and temperature control performance
of the composite materials exhibit a trade-off relationship.

2.2 Analysis of the Optimization Preparation Model

Based on the above analysis and according to Table 3 and Figure 1, a multi-
variate nonlinear regression equation was used to fit the relationship between
factors and target values, establishing a model to optimize and evaluate the
factor levels and their interactions. A quadratic regression equation [16, 17]
was selected for this purpose. Considering the trade-off relationship between
humidity control and temperature control performance, the target value Y was
defined as Y = Y1 + Y2 (Table 4 ), where Y1 represents the normalized average
of adsorption and desorption equilibrium moisture content at 97.30% relative
humidity, and Y2 represents the normalized cooling time from 35°C to 15°C.

Table 5 presents the correlation coefficients for Y, where the regression coeffi-
cient Beta reflects the change in Y caused by each term, and the standardized
coefficient Bt reflects the importance of each term’s influence on Y. The results
show good agreement between the uniform design results and the quadratic re-
gression model (R = 0.9982), indicating excellent regression performance for the
quadratic model describing the humidity and temperature control performance
of the composite materials. Table 5 also reveals that the importance ranking of
factors affecting the target value Y is: Factor D (mole ratio of absolute alcohol
to tetraethyl orthosilicate) > Factor A (solution pH value) > Factor E (mole
ratio of hexadecanol-palmitic acid-lauric acid to tetraethyl orthosilicate) > Fac-
tor B (ultrasonic power) > Factor C (mole ratio of deionized water to tetraethyl
orthosilicate).

Based on the regression coefficients in Table 5, the quadratic regression equation
for the target value Y, representing the combined humidity and temperature con-
trol performance, was established. The equation incorporates the main effects
of all five factors with their respective coefficients as shown in Table 5.

2.3 Optimization Results

Using the Gauss-Newton algorithm [18-19] to solve the quadratic regression
equation, the optimal preparation conditions were obtained: Factor A (solution
pH value) = 2.68, Factor B (ultrasonic power) = 113 W, Factor C (mole ratio
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of deionized water to tetraethyl orthosilicate) = 9.03, Factor D (mole ratio of
absolute alcohol to tetraethyl orthosilicate) = 5.22, and Factor E (mole ratio
of hexadecanol-palmitic acid-lauric acid to tetraethyl orthosilicate) = 0.51. Un-
der these conditions, the composite material exhibits the best humidity control
and temperature control performance. The target value Y calculated from the
quadratic regression equation is 1.5862.

Based on the experimental methods, performance testing, and characterization,
the humidity control effects, temperature control effects (Figure 2 [Figure 2:
see original paper] and Figure 3 [Figure 3: see original paper]), FT-IR results
(Figure 4 [Figure 4: see original paper]), SEM results (Figure 5 [Figure 5: see
original paper]), and DSC results (Figure 6 [Figure 6: see original paper]) of the
optimally prepared composite material were obtained.

Figures 2 and 3 show that for the optimally prepared composite material at
97.30% relative humidity, the average of adsorption and desorption equilibrium
moisture content is 0.1759 g/g, giving Y1 = 0.1759/0.2301 = 0.7645, indicating
good humidity control performance. The cooling time from 35°C to 15°C is
1400 s, giving Y2 = 1400/1870 = 0.7487, indicating good temperature control
performance. The target value Y for the optimized composite material is 1.5132,
which is higher than the target values Y in Table 4, demonstrating excellent
combined humidity and temperature control performance. Compared with the
calculated target value Y of 1.5862 from the quadratic regression equation, the
relative error is only -4.602%, confirming that the quadratic regression equation
is valid for predicting the performance of the composite material.

The humidity control performance of the optimized composite material shows
equilibrium moisture content of 0.0883-0.1045 g/g for adsorption and 0.0990-
0.1153 g/g for desorption within the comfortable humidity range of 40%-65%.
The phase transition temperature is between 24-28°C, close to human com-
fort temperature. These results demonstrate that the hexadecanol-palmitic
acid-lauric acid/SiO2 composite phase change and humidity control material
is suitable for building applications, maintaining stable indoor temperature and
relative humidity through moisture and heat adsorption/desorption, thereby
significantly improving indoor environmental comfort.

Figure 4 presents the FT-IR spectra of SiO2, hexadecanol-palmitic acid-lauric
acid, and the composite material. In Figure 4a, characteristic SiO2 absorp-
tion peaks appear at 1056.47 cm-1 (asymmetric stretching vibration of cyclic
Si-O-Si), 792.75 cm-1 (symmetric stretching vibration of Si-O-Si), and 933.75
cm-1 (bending vibration of Si-OH). In Figure 4b, peaks at 2917.05 cm-1 and
2849.35 cm-1 correspond to C-H stretching vibrations from CH3 and CH2 asym-
metric and symmetric stretching, while peaks at 1464.88 cm-1 and 939.35 cm-1
arise from in-plane and out-of-plane bending vibrations of -OH groups, and
the peak at 1706.44 cm-1 represents C=O stretching vibration, indicating that
hexadecanol-palmitic acid-lauric acid exists mainly in the form of carboxylic
acid dimers. Comparing Figure 4c with Figures 4a and 4b, all characteristic
peaks of SiO2 and hexadecanol-palmitic acid-lauric acid appear in the compos-
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ite material at 2917.34, 2849.75, 1710.27, 1466.16, 1057.93, 938.40, and 800.03
cm-1, with only slight shifts and intensity changes, indicating that no significant
chemical reaction occurred between hexadecanol-palmitic acid-lauric acid and
SiO2, but rather physical embedding.

Figure 5 shows the SEM images of SiO2 and the composite material. Figure
5a reveals that SiO2 exhibits a sponge-like structure with particles aggregated
and connected by short necks to form a three-dimensional network structure,
creating numerous pores with clear structure and small size. Figure 5b shows
that the composite material appears as irregular particles, resembling multi-
ple small spherical bodies connected in series with some agglomeration. These
results demonstrate that hexadecanol-palmitic acid-lauric acid effectively inter-
calated into the SiO2 pores through the sol-gel process. This interpenetration
and the encapsulation effect of SiO2 provide good form-stable properties. The
smooth surface of the composite material with minimal phase change material
deposition (Figure 5b) facilitates the adsorption of water molecules by SiO2 sur-
face hydroxyl groups and nanoporous structures, thereby enhancing humidity
control performance.

Figure 6 presents the DSC results for hexadecanol-palmitic acid-lauric acid and
the composite material. Figure 6a shows that hexadecanol-palmitic acid-lauric
acid has a phase transition temperature of 22.79-28.18°C and latent heat of
173.36-178.72 J/g. Figure 6b shows that the composite material has a phase
transition temperature of 21.54-27.05°C and latent heat of 88.67-91.35 J/g. The
phase transition temperature difference between the composite material and
the pure phase change material is only 1.13-1.25°C, indicating that SiO2 as a
carrier material has minimal effect on the phase transition temperature, which
is primarily determined by the properties of hexadecanol-palmitic acid-lauric
acid.

3 Conclusions
1. The three-dimensional network structure of SiO2 encapsulates

hexadecanol-palmitic acid-lauric acid, utilizing its latent heat to
provide temperature control performance, while the surface hydroxyl
groups and nanoporous structure of SiO2 adsorb water molecules from
air to provide humidity control performance.

2. Through uniform design combined with multivariate nonlinear regression
analysis, the importance ranking of factors affecting the humidity and
temperature control performance of hexadecanol-palmitic acid-lauric
acid/SiO2 composite materials was determined as: mole ratio of ab-
solute alcohol to tetraethyl orthosilicate > solution pH value > mole
ratio of hexadecanol-palmitic acid-lauric acid to tetraethyl orthosili-
cate > ultrasonic power > mole ratio of deionized water to tetraethyl
orthosilicate.

3. The optimal preparation scheme for the composite material is: solution pH
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value of 2.68, ultrasonic power of 113 W, mole ratio of deionized water to
tetraethyl orthosilicate of 9.03, mole ratio of absolute alcohol to tetraethyl
orthosilicate of 5.22, and mole ratio of hexadecanol-palmitic acid-lauric
acid to tetraethyl orthosilicate of 0.51.

4. The composite material prepared according to the optimal scheme exhibits
excellent humidity control and temperature control performance.

References
1. A. Pasupathy, L. Athanasius, R. Velraj, R.V. Seeniraj, Experimental in-

vestigation and numerical simulation analysis on the thermal performance
of a building roof incorporating phase change material (PCM) for thermal
management, Applied Thermal Engineering, 28(5-6), 556(2008)

2. C. K. Huynh, Building energy saving techniques and indoor air quality: a
dilemma, International Journal of Ventilation, 9(1), 93(2010)

3. Z. H. Rao, S. F. Wang, Z. G. Zhang, Energy saving latent heat storage and
environmental friendly humidity-controlled materials for indoor climate,
Renewable and Sustainable Energy Reviews, 16(5), 3136(2012)

4. S. D. Sharma, H. Kitano, K. Sagara, Phase change materials for low tem-
perature solar thermal applications, Res. Rep. Fac. Eng. Mie. Univ., 29,
31(2004)

5. D. Suresh, C. Raja, C. Dhanesh, Heat capacity measurement of organic
thermal energy storage materials, J. Chem. Thermodynamics, 38,
1312(2006)

6. B. X. Li, T. X. Liu, L. Y. Hu, L. N. Gao, Fabrication and properties
of microencapsulated paraffin@SiO2 phase change composite for thermal
energy storage, ACS Sustainable Chemistry & Energy, 1(3), 374(2013)

7. ZHANG Hong, WU Xiaohua, WANG Xiaolei, WANG Qianqian, Struc-
ture and properties of lauric acid/cetyl alcohol/silicon dioxide composite
phase change material, Journal of Materials Science & Engineering, 28(5),
672(2010)

8. G. Y. Fang, Z. Chen, H. Li, Synthesis and properties of microencapsulated
paraffin composites with SiO2 shell as thermal energy storage materials,
Chemical Engineering Journal, 163(1-2), 154(2010)

9. YU Yongsheng, JING Qiangshan, SONG Fangfang, Study on the ternary
phase change system of H/PA/LA, Journal of Building Materials, 16(1),
97(2013)

10. FU Lujun, DONG Faqin, YANG Yushan, HE Ping, Preparation and char-
acterization of binary fatty acid/SiO2 composite phase change energy stor-
age materials, Journal of Functional Materials, 44(4), 1(2013)

chinarxiv.org/items/chinaxiv-202303.00249 Machine Translation

https://chinarxiv.org/items/chinaxiv-202303.00249


11. MENG Duo, WANG Lijiu, Preparation and thermal properties of fatty
acid/inorganic nano-particle form-stable phase change material, Journal
of Building Materials, 16(1), 91(2013)

12. ZHANG Hao, HUANG Kai, HUANG Xinjie, Study on degradation ef-
fect of Ce-TiO2 photocatalyst coating on formaldehyde solution and its
prediction model, Chinese Rare Earths, 35(4), 18(2014)

13. LI Kuishan, ZHANG Xu, HAN Xing, ZHU Dongming. Experimental
research of isothermal sorption curve of building materials, Journal of
Building Materials, 12(1), 81(2009)

14. HUANG Zishuo, YU Hang, ZHANG Meiling, Humidity-control materials
and their humidity absorption and desorption rate variation, Journal of
Tongji University(Natural Science), 42(2), 310(2014)

15. S. Karaman, A. Karaipekli, A. Sari, A. Bicer. Polyethylene glycol
(PEG)/diatomite composite as a novel form-stable phase change material
for thermal energy storage, Solar Energy Materials and Solar Cells, 95(7),
1647(2011)

16. XIE Suchao, GAO Guangjun, Multivariate nonlinear regression analysis
for energy absorbing prediction of thin-walled structure, Journal of Basic
Science and Engineering, 18(4), 714(2010)

17. ZHOU Xiaohua, ZHANG Shuren, TANG Bin, Multivariate nonlinear re-
gression analysis for complex doping of X7R MLCC ceramics, Journal of
Inorganic Materials, 21(3), 683(2006)

18. YANG Duo, Research on space tube fitting algorithm based on Gauss-
Newton method, Journal of Dalian University, 35(3), 19(2014)

19. HAN Min, WANG Yanan, Newton algorithm for solving nonlinear regres-
sion problems, Chinese Journal of Computers, 33(5), 841(2010)

Note: Figure translations are in progress. See original paper for figures.

Source: ChinaXiv —Machine translation. Verify with original.

chinarxiv.org/items/chinaxiv-202303.00249 Machine Translation

https://chinarxiv.org/items/chinaxiv-202303.00249

	Optimized Preparation of Cetyl Alcohol-Palmitic Acid-Lauric Acid/SiO_{2} Composite Phase-Change Humidity-Control Material (Postprint)
	Abstract
	Full Text
	Optimization for Preparation of Phase Change and Humidity Control Composite Materials of Hexadecanol-Palmitic Acid-Lauric Acid/SiO2
	Introduction
	1 Experimental Methods
	1.1 Materials
	1.2 Preparation Process
	1.3 Performance Testing
	1.4 Sample Characterization

	2 Results and Discussion
	2.1 Uniform Design Experimental Results
	2.2 Analysis of the Optimization Preparation Model
	2.3 Optimization Results

	3 Conclusions
	References


