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Highlights 1 

 2 

• The addition of silver nanoparticles reduced the supercooling of PCM 3 

• Thermal properties of the PCM are improved with a blend of polymers 4 

• The latent heat recovery of the PCM is higher with silver nanoparticles 5 

• The combination of Polymers and silver nanoparticles reduces the 6 

segregation phase. 7 

 8 

 9 

Abstract  10 

The use of phase change materials (PCMs) is one of the pathways for the storage 11 

of temporarily excessive energy from natural sources (solar) and industry for use at 12 

a more suitable later time. One of the materials with a high energy storage density 13 

is sodium acetate trihydrate (SAT), on which several studies were conducted in 14 

order to solve phase segregation and supercooling problems, e.g. by adding 15 

polymers and nucleating agents. Here we investigate the effectiveness of adding a 16 

polymer blend of carboxymethyl cellulose (CMC) and silica gel to avoid phase 17 

segregation, and silver nanoparticles (AgNPs) as nucleating agent.  The synthesis 18 

of silver nanoparticles was carried out by a green method in CMC as a way to 19 

ensure compatibility with SAT. The addition of AgNPs in higher concentrations to 20 

0.5% reduces supercooling, and mixing silica gel with CMC to avoid segregation 21 

phase, yields an increment in the stability of the phase change behavior, during 22 

heating and cooling cycles. The latent heat release upon crystallization of the PCM 23 

was optimum for the mixture with 0.5% AgNPs, and for the highest amounts of 24 

CMC with respect to silica gel, with nearly 95% of latent heat recovery compared to 25 

pure SAT.  26 

 27 

 28 

Keywords: carboxymethyl cellulose, silica gel, phase change material, silver 29 

nanoparticles, sodium acetate trihydrate, supercooling 30 
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Nomenclature 

Q  Endothermic heat flow (mW),  

To  Onset of melting temperature (ºC),  

Tm  melting temperature (ºC),  

Tc  crystallization temperature (ºC),  

∆T  Differential temperature between Tm – Tc as supercooling (ºC),  

∆Hm  latent heat of fusion (J/g),  

∆Hc  latent heat of crystallization (J/g),  

PT1000  Platinum resistance thermometers (PRTs)  

R2  determination coefficient,  

SD  standard deviation, 

P  probability by F test distribution.  

 

Abbreviations 

AgNPs, silver nanoparticles; TEM, transmission electron microscopy; RSM, response 

surface methodology; PCM, phase change materials; SAT, sodium acetate trihydrate; 

CMC, carboxymethyl cellulose 

 1 
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1. Introduction  15 

There is a clear necessity to rationalize the use of energy in modern society.  With 16 

this goal several areas of knowledge are exploring options to improve energy 17 

efficiency through the development of devices and energy storage systems in order 18 

to reduce the mismatch between supply and demand [1]. Energy excess not used 19 

in processes should be stored for later use [1, 2]. One of the pathways for storage 20 

is the use of phase change materials (PCM), due to their high density of energy 21 

storage as latent heat. A great variety of organic and inorganic materials have 22 

been studied and selected according to the kind of energy that needs to be stored 23 

and transferred to systems or processes [3]. PCMs are nowadays present in 24 
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several areas of application, e.g. for building air conditioning [4-6], electronic 1 

cooling [7, 8], preservation of food, [9, 10], solar energy storage [11-13], waste 2 

heat recovery [14, 15], factories [16] and textiles [17].  The latent heat of PCMs that 3 

are based on inorganic salts (250-400 kJ/dm3) is almost double compared to 4 

organic ones (128-200 kJ/dm3) [18, 19], and they are cheaper and commercially 5 

available. However, they have the disadvantage of strong supercooling and they 6 

are corrosive in contact with metals [20, 21].  Moreover, under continuous cycles of 7 

melting and crystallization, due to the large difference in density between water 8 

and the components of the hydrated salt, segregation occurs, resulting in poor 9 

crystallization and deteriorating thermophysical behavior. In order to prevent phase 10 

segregation it has been proposed to modify the PCM composition to push the 11 

material from incongruent to congruent behavior, by adding gelling or thickening 12 

materials to avoid segregation, and nucleating agents to reduce supercooling [19, 13 

22]. 14 

Since sodium acetate trihydrate (SAT) is an excellent PCM by virtue of its high 15 

energy storage density and thermal conductivity, several investigations were 16 

conducted to counter the problems above, mainly by using thickening agents such 17 

as cellulose derivatives, silica gel, sepiolite, diatomaceous earth [23], starch (wheat 18 

flour), methylhydroxyethyl-cellulose, methylcellulose [20], acrylic acid copolymer, 19 

carboxymethyl cellulose (CMC), and polyvinyl alcohol (PVA) [24].  Unfortunately 20 

gels formed with polymers are highly viscous and difficult to handle.  Blending also 21 

lowers the energy storage capacity and increases the melting temperature.  22 

In order to reduce supercooling, various (hydrated salt) nucleating agents have 23 

been studied, K2SO4 [25], SrSO4, Na2P207 10H20 and Carbon (1.5-6.7 µm) [24], 24 

NaBr 2H2O or NaHCOO 3H2O, polyethylene powder [26], Na2SO4 10H2O, Na2CO3 25 

10H2O, Na4P2O7 10H2O and Na3PO4 12H2O [27], Na2HPO4 12H2O, Na3PO4 26 

12H2O, Na2CO3 10H2O, Na2SiO3 9H2O and Na2B4O7 10H2O [28].  Overall these 27 

nucleation agents decrease the SAT energy storage capacity, and make it less 28 

stable, explaining the significant spread in the results.  29 
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Also nanoparticles were considered as candidates for serving as nucleating agent 1 

by increasing the surface area. Adding 5%wt of Aluminum nitride (AIN) [29], 5%wt 2 

or 4%wt Si3N4, 10%wt ZrB2, 2%wt SiO2, BC4, SiB6 has been shown to eliminate the 3 

supercooling of SAT [30]. However, the use of high concentrations of nanoparticles 4 

is not viable due to the cost of synthesis, problems of homogeneity, and reduction 5 

of the heat storage capacity.  6 

In this article we investigate the feasibility of blending small quantities (less than 7 

3%) of (organic) carboxymethyl cellulose (CMC) into SAT to improve its thermal 8 

properties, silica gel (inorganic) to limit phase segregation, in combination with 9 

Na2SO4 and silver nanoparticles (concentration less than 1%) to trigger nucleation 10 

and reduce supercooling. The preparation of the samples is described and their 11 

characteristics were determined by UV-Vis spectroscopy and Transmission 12 

Electron Microscopy (TEM). Their performance as heat storage material was 13 

determined by Differential Scanning Calorimetry (DSC) and controlled thermal 14 

cycling. Response surface methodology (RSM) is used in order to find the 15 

parameters for optimum functionality. 16 

 17 

2. Materials and methods 18 

2.1. Materials 19 

For the silver nanoparticle synthesis, silver nitrate (AgNO3, 99.85% Acros 20 

Organics), sodium hydroxide (NaOH, 98%), sodium carboxymethyl cellulose 21 

(CMC, ≥ 99.5% Sigma-Aldrich), and D-glucose (Bioxtra ≥99.5%, Sigma-Aldrich) 22 

were used. The resulting blend was used to improve the characteristics of Sodium 23 

Acetate Trihydrate (SAT, Bio ultra, ≥ 99.5% Sigma-Aldrich) provided the heat 24 

storage characteristics. Also anhydrous sodium sulfate (ACS reagent, ≥99.0%, 25 

Sigma-Aldrich) and silica gel powder (J. T. Baker Chemicals) were blended into the 26 

PCM. 27 

 28 

 29 

 30 
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2.2. Preparation of silver nanoparticles 1 

Aqueous solutions of CMC (0.54% w/v) and D-glucose (0.25 M) were prepared. 2 

After complete dissolution in 90 ml of the water, 10 ml aqueous solution of the 3 

Silver Nitrate (0.17 M) was added drop by drop in a three-neck ball glass and 4 

further magnetically stirred at 70 °C. In all exper iments deionized water was used 5 

(18.2 µΩ/cm), with the pH adjusted to 9.0 by adding NaOH (0.1 N). The solutions 6 

turned to a pale orange color after 30s, indicating the initial formation of silver 7 

nanoparticles (AgNPs). For all experiments the synthesis was carried out during 8 

three hours according to a procedure by Ortega et al [31]. 9 

 10 

2.3. Characterization of silver nanoparticles 11 

The synthesis of colloidal AgNPs was monitored by acquiring once per hour a UV-12 

Vis spectrum using a 1cm path length quartz cell in Cary 50 spectrometer (Varian, 13 

USA), until all changes had ceased. The absorbance of the colloidal solutions was 14 

measured in the 300 to 750 nm range. The size and shape of the NPs were 15 

determined by transmission electron microscopy (TEM, JEOL-JEM1010 Japan). A 16 

drop of the silver AgNPs solution was placed on a carbon-coated copper grid and 17 

the average size and distribution of the AgNPs was determined by counting 200 18 

particles in each experiment [32]. 19 

 20 

2.4. Sample preparation for thermal properties 21 

The blends of SAT, CMC/Silica Gel, AgNPs and Na2SO4 were prepared as follows. 22 

All samples contained 95% of SAT, 3% of the polymer mixture CMC/silica gel. The 23 

remaining 2% consisted of Na2SO4 and AgNPs. In view of optimizing the 24 

performance of the composite PCM, the following two factors were varied: the 25 

fraction of CMC (between 5% and 95%) in the 3% polymer mixture, and the 26 

fraction of AgNPs (between 0.08% and 0.92%) within the 2% part of Na2SO4 and 27 

AgNPs. Response surface methodology was used to design the combinations of 28 

these factors to be tested for the corresponding mixtures with respect to (i) the 29 

melting temperature, (ii) the crystallization temperature and (iii) their difference, i.e. 30 

the degree of supercooling, and also (iv) the melting enthalpy, (v) the crystallization 31 
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enthalpy, and (vi) their ratio, i.e. the recovered latent heat fraction. After the AgNPs 1 

were synthesized in solution, they were dried out under vacuum at 45 °C and then 2 

added to the polymer mixture and SAT. The listed amounts of CMC take into 3 

account the CMC that was used as passivating agent during AgNPs synthesis, as 4 

well as an amount of CMC that was added in the SAT.  5 

 6 

2.5. Differential Scanning Calorimetry (DSC) 7 

The thermal properties of the samples were studied by Differential Scanning 8 

Calorimetry (DSC) on a Perkin-Elmer Pyris 1 (Perkin Elmer, Norwalk, CT, USA). 9 

Indium was used to calibrate the equipment and an empty capsule as reference.  10 

The values of the latent heat during melting and crystallization were calculated 11 

using Pyris Thermal Analysis Software version 3.01. All samples weights were 12 

adjusted to 13.5 ± 2.0 mg and placed in aluminum capsules (No. 0219-0062) that 13 

were hermetically sealed. The assays were evaluated in a temperature range from 14 

25 °C to 80 °C, with heating and cooling rates of 5  °C/min. The degree of 15 

supercooling (∆T) was determined as the difference between the melting (Tm) and 16 

crystallization (Tc) temperature. 17 

The fraction of recovered latent heat (%) was determined as: 18 

 19 

with ∆Hm the latent heat of fusion and ∆Hc the latent heat of crystallization 20 

Table 1  21 

 22 

2. 6. Stability of SAT-PCM with the polymer blends and silver nanoparticles  23 

The evaluation of heating and cooling cycles was performed in a range from 30 °C 24 

to 72 °C. The temperature was measured using a cali brated resistive temperature 25 
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detector (RTD PT1000). The temperature records were registered by a homemade 1 

LabVIEW 8.5 program (National Instruments). The PT1000 was connected to a 2 

multimeter Hewlett Packard 34401A. The sample was heated on a thermal stirrer 3 

with temperature control (Cenco Instrumenten, Netherlands). 4 

2.7. Statistical analysis 5 

All experiments were performed in random order and in duplicate. The data were 6 

analyzed by response surface methodology (RSM) [33], through Design Expert 8.0 7 

statistical software (State-Ease, Inc.). The experimental design, the independent 8 

variables and their variation levels are shown in Table 1. The significance of the 9 

mathematical models was tested by using variance analysis (F-test and 10 

assessment of the determination coefficient R2) and the effect of the variables was 11 

recorded on response surface graphs [33]. 12 

 13 

3. Results and Discussion  14 

3.1. UV-Vis spectroscopy of AgNPs 15 

In order to determine the size of the AgNPs, UV-Vis spectra in the range from 300 16 

to 750 nm was acquired. The absorption peak at 420 nm (Fig. 1a) is indicative for 17 

the presence of AgNPs, and connected with a surface plasmon resonance [31]. 18 

The position of the absorption peak infers a AgNP size between 5 and 10 nm [34]. 19 

This was corroborated by transmission electron microscopy (TEM). The absorption 20 

spectra of the AgNPs indicate that the distribution of nanoparticles is relatively 21 

symmetric and monodisperse with a rather homogeneous size distribution [35].  22 

 23 

Fig. 1 24 

 25 

After 3 hours of synthesis time the samples were monitored in order to assess the 26 

stability of the AgNPs. UV-Vis absorption spectra (Fig. 1b), taken every 24 hours 27 

during the first 7 days show a slow increase in absorption. Further increase was 28 

confirmed by measurements after 2 and 4 ½ months. Since the peak wavelength 29 

did not evolve and the absorption curve remained symmetrical, the increase is 30 

probably due to a continuation of nanoparticle formation, and increased the size of 31 
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the silver nanoparticles, due to the formation of small clusters or aggregates. Some 1 

authors suggest that the growth of the nanoparticles was stabilized after 4 months 2 

of storage and depend of the initial concentration of the precursor of Ag+, the lower 3 

concentration of AgNO3 more quickly to stabilize the formation of AgNPs.[34, 35].  4 

 5 

3.2. Transmission Electron Microscopy (TEM) of the AgNPs  6 

The nanoparticle size and shape in solution were evaluated after 7 days of 7 

formation by means of transmission electron microscopy. Fig. 2a reveals sizes 8 

between 3 and 6 nm, with a regular, monodal distribution. Larger sizes were only 9 

found in small proportion (Fig. 2b). The shape of the nanoparticles is dominantly 10 

spherical [32], and once in a while triangular. The size distribution of AgNPs was 11 

found to be monodisperse for these samples. After four months of storage in TEM 12 

micrographs of AgNPs was observed larger sizes, this is because initially forming 13 

AgNPs cluster and around them are added more AgNPs increasing their size (Fig. 14 

not shown). These results are consistent with those observed by the UV-Vis 15 

spectra for greater storage time at 4 months. 16 

Fig. 2 17 

3.3. Thermal properties evaluated by differential scanning calorimetry 18 

The DSC thermograms in Fig. 3a illustrate that most of the samples underwent 19 

endothermic melting and exothermic crystallization, with characteristics (Table 2) 20 

significantly depending on the synthesis. Statistical evaluation by analysis of 21 

variances (Table 2) shows that the polynomial models have a significant 22 

adjustment to the experimental data by the probability values obtained lower to 1% 23 

(P <0.01) and by the coefficients of determination (R2) greater than 0.87, and the 24 

standard deviation values were lower. Except for the crystallization temperature 25 

and the degree of supercooling, which have a probability of 0.062 and 0.066 26 

respectively, with a moderated fitting quality (R2=0.72) for both features, the 27 

residues do not show deviations from normality, so that the used polynomials 28 

models can be used with confidence. 29 
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Table 2 1 

Fig. 3a 2 

Fig. 3b 3 

The surface responses in Fig. 3b (a) depict the dependencies of the DSC 4 

thermogram features on the synthesis parameters. Upon heating, melting sets on 5 

earlier (at lower temperatures) as the AgNPs concentration is higher and the 6 

concentration of CMC is lower. It takes less melting energy ∆Hm (Fig. 3b (b)) when 7 

the concentrations of AgNPs and silica gel are higher. The SAT crystallization 8 

temperature (Fig. 3b (c)) is mainly affected by the concentration of AgNPs. A high 9 

concentration of AgNPs in combination with a high CMC/silica gel ratio leads to a 10 

low crystallization energy ∆Hc (Fig. 3b (d)).  11 

A higher concentration (0.8%wt AgNPs) it takes less energy to crystallize the SAT 12 

(Fig. 3b(d)), i e that crystallizes at a higher temperature close to its melting 13 

temperature, but this behavior is observed only at higher concentrations of CMC 14 

(close to 85%). For lower values of the two components the crystallization 15 

temperature decreases. The highest concentration of silica (95%) and AgNPs 16 

(0.8%) present the lowest crystallization temperature (± 38°C). Probably because 17 

the Silica gel polymer favors phase segregation so the SAT not crystallizes at 18 

temperatures close to the melting temperature, this behavior is not observed with 19 

CMC.  20 

The above results are also reflected in trends in the supercooling of the SAT (Fig. 21 

3b (e)). Less supercooling occurs for high concentrations of AgNPs and CMC 22 

(0.85%, 85%). The supercooling of the SAT was remains almost unchanged for 23 

lower concentrations of both components CMC and AgNPs. 24 

The highest values of relative recovery of latent heat (with respect to energy 25 

needed to melt the substance) are obtained for AgNPs concentrations near 0.4 - 26 

0.6% and concentrations higher than 50% CMC (Fig. 3b (f)). At high concentrations 27 

of CMC and AgNPs the recovery of latent heat is low. These results are 28 
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corroborated by experimental observations showing that samples that supercool 1 

more deeply release more energy upon crystallization. 2 

The stimulation of crystallization by the presence of AgNPs can be explained by 3 

the enhanced heterogeneous nucleation. Also their favorable effect on heat 4 

transport capacity could play a role in the growth rate of nucleation regions as also 5 

observed by [30].  The CMC by chemical structure prevents phase segregation and 6 

reduces the energy of crystallization; this behavior was also observed by Hu et al 7 

[29]. The silica gel when has a higher concentration facilitate fusion but not the 8 

crystallization, nevertheless the two polymers combined promote recovery of latent 9 

heat as a function of the AgNPs concentration.  10 

3.4. Stability to heating and cooling cycles 11 

The effect of adding polymers and AgNPs to SAT on the stability during heating 12 

and cooling runs is illustrated in Fig. 4, for a low a) (run 10), medium b) (run 2) and 13 

high c) (run 4) CMC concentration. The stability was quantified as the number of 14 

heating/cooling cycles during which the (shape of the) temperature profile from the 15 

liquid to the solid phase was reproducible. For practical reasons, for sample 16 

remaining stable for longer than 10 cycles, the number of stable cycles was set to 17 

10. 18 

Fig. 4 19 

The dotted line in the Fig 4 c) represents a measurement carried out one day after 20 

the initial one. 21 

With increasing CMC concentration, the blended samples supercool less and show 22 

greater stability to repeated cycles of heating and cooling of SAT. The similar 23 

behavior between the full and dashed line in run 4 (fig. 4c) confirms that this 24 

mixture has a stable thermal cycling behavior. The effect of the CMC concentration 25 

on the stability (5 to 95%wt) was statistically evaluated by variance analysis (P 26 

<0.05), obtaining the polynomial model shown in Table 2, with a good fit to the 27 

experimental data (R2 = 0.843, standard deviation = 1.52). Verification of the 28 
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residues has shown that there were no systematic variations between the 1 

experimental data and the model, confirming its validity. Moreover, ANOVA 2 

analysis has shown that the models (between 6 and 8 fitting parameters) were not 3 

overdetermined.  4 

Fig. 5 5 

 6 

Fig. 5 shows that by increasing the CMC to silica gel ratio, the number of stable 7 

heating/cooling cycles is increasing when the AgNPs concentration was 0.5 to 0.7. 8 

By the other side when the concentration of silica gel is increase for the lower 9 

AgNPs concentration the continuity of the repeating cycles also is increased. The 10 

stability is highest for AgNPs concentrations between 0.7 and 0.5% of the SAT. For 11 

higher AgNPs concentration (0.8%) there is a slight decrease in stability, possibly 12 

due to the formation of aggregates of AgNPs [30]. The stability is worst for less 13 

than 0.2% of AgNPs and for a low CMC concentration in relation of silica gel.  14 

The best conditions for stability (CMC 85%, AgNPs 0.6%) also correspond to the 15 

best conditions of latent heat release, indicating that there is a synergy between 16 

the factors CMC and AgNPs concentration that favoring latent heat recovery and 17 

prevent phase segregation and supercooling. 18 

4. Conclusions 19 

Adding AgNPs to SAT stimulates nucleation and reduces supercooling. The 20 

mixture of polymers of CMC and Silica Gel reduce the phase segregation and thus 21 

stabilizes SAT through thermal cycling. Especially a large CMC content combined 22 

with a large AgNPs concentration goes along with a good stability and latent heat 23 

recovery. The silica gel in its highest concentration reduces the energy required for 24 

the fusion but not during the crystallization of the SAT. 25 

 26 

 27 
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Tables Captions 

Table 1 Response surface design for SAT, polymer blend and AgNPs 

Run Factor A 
CMC/GEL 
(%) 

Factor B: 
AgNPs 
(%) 

Onset 
(ºC) 

Tm 
(ºC) 

ÄHm 
(J/g) 

Tc 
(ºC) 

ÄHc 
(J/g) 

Super 
cooling 
(ºC) 

Latent 
Heat 
(%) 

1 50.00 0.92 57.8 62.7 235 59.15 0.1 3.55 0.04 

2 50.00 0.50 58.7 63.3 242 51.20 213 12.09 87.95 

3 50.00 0.50 59.2 63.3 238 41.32 167 21.95 69.93 

4 99.50 0.50 59.1 62.2 234 44.66 208 17.59 88.85 

5 15.00 0.80 57.8 63.7 222 38.34 182 25.35 81.81 

6 85.00 0.80 58.7 63.9 236 59.21 0.1 4.69 0.04 

7 50.00 0.50 59.3 62.8 242 47.78 204 15.06 84.22 

8 50.00 0.08 61.3 63.3 251 50.38 209 12.88 83.06 

9 15.00 0.20 60.5 62.6 251 49.78 215 12.85 85.87 

10 0.50 0.50 58.2 62.5 239 49.43 0.3 13.03 0.12 

11 85.00 0.20 59.8 64.5 246 49.24 210 15.21 85.49 

12 50.00 0.50 59.5 63.5 237 52.46 207 11.08 87.63 

13 50.00 0.50 58.9 65.3 241 49.34 210 15.99 87.33 
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Table 2 Polynomial regression coefficients of the AgNPs concentration and 

CMC/gel concentration ratio dependence of the features of the thermograms of 

PCM-SAT blends. 

Coefficient Onset (ºC) ÄHm (J/g) Tc (ºC) ÄHc (J/g) Super 
cooling 
(ºC) 

Latent 
Heat 
(%) 

Stability 

Intercept 62.13 258.80 41.69 371.51 18.52 165.82 21.86 
A 2.02x10-2 -0.29 0.23 -0.63 -0.17 -1.08 -0.45 
B -11.21 -13.44 54.26 -1451.19 -43.05 -637.03 -69.34 

AB 5.06x10-2 0.14 -1.63 30.39 1.42 14.54 1.45 

A2 -5.09x10-4 3.64x10-3 NS -4.69x10-2 NS -
1.18x10
-2 

1.04 x10-3 

B2 6.96 -54.30 -75.11 1502.81 65.78 647.70 58.27 

A2B 7.07x10-4 -1.07x10-2 NS 3.47x10-2 NS NS NS 

AB2 -8.30x10-2 1.37 2.13 -38.07 -1.96 -16.48 -1.22 

P 0.003 0.003 0.062 0.009 0.066 0.003 0.031 
R2 0.96 0.96 0.72 0.94 0.72 0.93 0.84 

SD 0.30 2.27 4.05 34.67 4.15 13.88 1.52 
NS = not significative  
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Figure Captions  

Fig. 1 (a) UV-Vis absorption spectrum of AgNPs synthesized in CMC,  

(b) Spectral evolution during long term storage of a colloidal solution of AgNPs. 

 

Fig. 2 TEM micrographs and size distribution histograms of synthesized silver 

nanoparticles, a) Assay realized to 3 h of synthesis and b) Assay realized after 4 

month of synthesis. 

 

Fig. 3a DSC thermograms of a selection of PCM-SAT blends 

 

Fig. 3b Response surfaces of features of DSC thermograms of PCM-SAT blends: 

a) onset of melting, b) ΔHm of melting, c) crystallization temperature, d) ΔHc of 

crystallization, e) degree of supercooling, f) degree of latent heat recovery  

 

Fig. 4 Temperature evolution during heating and cooling cycles of SAT for a low 

(left, run 10), medium (middle, run 2) and high (right, run 4) concentration of 

CMC. 

 

Fig. 5 Stability of the SAT to cycles of heating and cooling 
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Fig. 1 
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Fig. 2 
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Fig. 3a 
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Fig. 3b 
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Fig. 4 
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Fig. 5 
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