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Abstract: The article presents experimental results of the metal-based and carbon nanotube additives
influence on sorption kinetics of a silica-gel-based adsorption bed in an adsorption chiller. The
purpose of the doping is to improve the efficiency of sorption processes within the bed by use of
metallic and non-metallic additives characterized by higher thermal diffusivity than basic adsorption
material. The higher the thermal conductivity of the bed, the faster the sorption processes take place,
which directly translates into greater efficiency of the refrigerator. In this study, sorption kinetics of
pure silica gel sorbent doped with a given amount of aluminum (Al) and copper (Cu) powders and
carbon nanotubes (CNT) were analyzed. The tests were performed on DVS Dynamic Gravimetric
Vapor Sorption System apparatus used for dynamic vapor sorption measurements. A decrease in the
amount of adsorbed water was observed with an increase in the mass share of the additives in the
performed studies. Experimental results show that, CNTs seems to be the most promising additive
as the sorption process time was reduced with the smallest decrease in water uptake. Any significant
reduction of adsorption time was noted in case of the Al addition. Whereas, in case of Cu doping,
delamination of the mixture was observed.

Keywords: silica gel; additives; sorption capacity; sorption process time; kinetics sorption

1. Introduction

Electricity demand for cooling increases very quickly, high thermal comfort in build-
ings is essential for human health and well-being. However, increasing number of refriger-
ation devices affects the peak demand for electricity and becomes a major challenge for
the energy system. Despite of the rapid development of solar energy technologies and
easier access to renewable sources of energy, the highest cooling demand does not always
agree with the solar energy potential during the day. Therefore, increasing demand for
electricity used for cooling purposes has to be covered mostly by the power grid. Due
to high energy consumption, such systems indirectly enhance environmental pollution
through the consumption of fossil fuels in power plants [1,2]. There is an urgent need to
move into more environmentally friendly solutions, like adsorption cooling systems [3,4].
In this technology power can by supplied by low-temperature heat extracted from the out-
side, like waste heat or solar energy [5-7]. Generation of production of heat, electricity, and
useful cold (trigeneration) allows to increase the efficiency of the process and reduce the
amount and cost of primary energy [1]. Sorption chillers are even a promising technology
in residential applications [8].

The adsorption process is performed through the interactions of the adsorbate on the
adsorbent’s specific surface area [9]. In adsorption chillers, the adsorbate is liquid and
the adsorbent is a solid material with a highly developed specific surface area [10]. The
sorbent saturation can be achieved through physical or chemical interactions. Physical
interactions are weaker than chemical bounds; therefore, the physisorption is a reversible
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process of removing adsorbed adsorbate vapors and it can be achieved easily at increased
temperatures [2,3].

In general, a good adsorbent should be characterized by: high thermal conductivity
and low specific heat [11], it has to be non-toxic and non-corrosive [12]. High durabil-
ity [13] and similar adsorption properties over time, with relatively small price and high
water uptake at low temperature [14] are also crucial. In case of adsorbate, it should be
characterized by a relatively low evaporation temperature, high evaporation heat and high
latent heat value per unit of volume. Small molecular size, low viscosity, together with
low specific heat, low specific volume in liquid state, and high thermal conductivity will
additionally enhance the cooling device performance. For safety reason, the adsorbate
has to be chemically and thermally stable, non-toxic, and non-flammable [4,15-17]. The
most common working pairs in adsorption cooling devices are: activated carbon-methanol,
activated carbon—ammonia, silica gel-water, and zeolite-water [16,18,19].

The most important parameter describing refrigeration systems is a coefficient of
performance (COP). From the definition COP is the ratio between the heat removed in the
evaporator and heat supplied for desorption and bed pre-heating process [16]. Adsorption
chillers are characterized by a relatively low COP, which is usually between 0.5 and
0.6 [20,21]. Low COP directly affects dimensions and mass of the equipment, making
adsorption chillers big and heavy [22]. To improve their competitiveness on the market
of refrigeration systems, a huge effort is put on increasing of the COP of the adsorption
chillers. Second important refrigerator performance indicator is specific cooling power
(SCP), which determines the cooling capacity in relation to the mass of the adsorbent.
Higher SCP increases cooling capacity from a given amount of sorbent and it allows
to reduce the size of the equipment, thanks to a smaller sorbent consumption [4]. SCP
strongly depends on the cooling bed water temperature [23]. There are several methods
found in literature to enhance the adsorption chiller efficiency, most basic is to modify the
process parameters like: bed regeneration temperature [24,25], one cycle time, number of
beds [21,26,27], or reduction of the heat transfer resistance between the sorbent and metal
substrate [28,29].

Low thermal conductivity of the bed is one of the most important factors affecting
the low performance of adsorption chillers. The bed materials are selected based on their
highly porosity and large specific surface area, both parameters determine high sorption
capacity of the bed. However, in most cases highly porous materials has also low thermal
conductivity coefficient [16].

The heat exchange in the bed can be enhanced by increase of the heat exchange at the
boundary layer of the heat exchanger wall and the adsorbent, or by an increase of adsorbent
thermal conductivity [20]. In case of silica gel adsorption bad, many hollow spaces filled
with still air are found, thermal conductivity coefficient of air is even lower than in case
of silica gel (around 0.025 W /(mK)) [20]. Such behavior results in discontinuities in heat
transport within the bed. The idea is to fill the gaps with a material characterized by higher
thermal conductivity than adsorbent. The additive should not have negative influence
on the adsorbent’s sorption properties [20]. The most commonly used higher thermal
conductivity materials are metallic powders studied in the literature on the example of
aluminum, copper, brass, and stainless steel [30,31] or fine carbon materials like carbon
nanotubes [32,33]. In case of adsorbents used in sorption chillers, the goal is not only to
reduce the porosity of the bed but also to improve its mechanical properties and preserve
sorption capacity. In previous studies described in the literature, the main goal was to
define the effect of the additives on thermal conductivity of the material. This study deals
with another important issue in the subject of new sorption material development and
shows the research on addition of high thermal conductivity materials to the silica gel
and its influence on water sorption and desorption kinetics. The presented work is a
continuation of the study published in [34] and presenting the comparative analysis of the
thermal diffusivity of a silica-gel-base adsorption bed with carbon nanotubes and metals
additives (Cu or Al). Thermal diffusivity was measured using the laser flash method. As
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a part of the article [34], the structural properties of silica gel SG and carbon nanotubes
(CNTs) were also investigated. The research results showed that the addition of aluminum
had the greatest impact on the improvement of thermal diffusivity. The key property
of the additives, apart from their thermal diffusivity, was their density, which affected
the homogeneity of the mixture. The highest homogeneity was obtained for samples
containing silica gel with the addition of aluminum. It has resulted in achieving the highest
thermal diffusivity of these mixtures [34]. Such broad comparative investigation including
both structural, thermal and sorption properties of silica gel doped with metallic and
non-metallic additives was not published yet and gives a new and valuable knowledge for
further development of new sorption materials dedicated for adsorption chillers.

2. Materials and Methods
2.1. Materials

In this study silica gel was selected as the adsorbent. It is a highly porous adsorbent,
commonly used in adsorption chillers. The main aim of the study was to analyze the effect
of adsorbent doping with materials of high thermal conductivity on sorption kinetics of
the obtained mixture. The additives were added to the adsorbent to increase the thermal
conductivity of the entire bed by reducing the discontinuity of internal heat transport
and increase the mechanical strength of the bed. The reference material in this study was
pure silica gel. Pure silica gel was doped with three different additives in powder form.
The additives selected were: aluminum (Al), carbon nanotubes (CNT), and copper (Cu),
which were used in various mass proportions: 5%, 15%, and 25%. The use of additives
will result in reduction of sorption capacity of the mixture, as the additives do not show
significant sorption properties. Such doping may contribute to a decrease in mass transport
within the bed. Therefore, proper sample homogenization is essential and will influence
the experimental results. All analyzed samples are summarized in Table 1.

Table 1. Use of additives Aluminum (Al), Carbon nanotubes (CNT), Copper (Cu) for Silica gel (SG).

Mass share of

Basic Additional - The Total Mass of
Sample Ingredient Ingredient Additional the Sample (mg)
& & Component (%) P &
SG + 5% Al Silica gel Aluminum 5 50
SG + 15% Al Silica gel Aluminum 15 50
SG +25% Al Silica gel Aluminum 25 50
SG + 5% CNT Silica gel Carbon 5 50
nanotubes
SG+15%CNT Silica gel Carbon 15 50
nanotubes
SG+25%CNT  Silica gel Carbon 25 50
nanotubes
SG + 5% Cu Silica gel Copper 5 50
SG +15% Cu Silica gel Copper 15 50
2.2. Methods

Sorption kinetics of the tested samples were determined using Dynamic Gravimetric
Vapor Sorption System DVS Vacuum. The apparatus measures the mass change of the
sample during adsorption and desorption of a certain amount of adsorbent with high
sensitivity, equal to 0.1 ug. Temperature stability at 25 °C is equal to & 0.02 °C and the
humidity conditions generated are typically in the range of & 0.1% with respect to the
target value [35]. Temperature range is the most fundamental experimental parameter, the
device has the ability to determine the sorption kinetics from 20 °C up to 70 °C.

The DVS Vacuum offers static and dynamic sorption experiments and measures
adsorption-desorption isotherms and adsorption-desorption isobars over a broad range
of temperatures and various adsorbates. DVS Vacuum device automatically measures
changes in the mass of the sample in a closed chamber.In the static method the volumetric
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sorption method is used to perform conventional vacuum sorption measurements at static
mode. In this method vapor goes into a sealed chamber and the analysis is performed
under static conditions (without any further gas flow). This method is recommended for
higher partial pressures, measurements performed at low partial pressures result in high
measurement errors. In the dynamic vacuum technique, flow rate to the chamber and
from the chamber and downstream exit rate of vapor are controlled by a sensitive valve.
Therefore, this method is recommended for measurements at low partial pressures. The
volumetric method may not be able to give accurate results at low pressures, because
system leaks may occur. In this method a pressure change is measured, and volumetric
change is derived using a standard relationship:

PV = NKT 1)

where P = Pressure of the gas; V = Volume of the gas; T= Temperature of the gas; N = Num-
ber of particles in the gas; and k = Boltzmann constant (1.38066 x 10723 J/K).

In the volumetric method, measured vapor or gas pressure is not as precise and sensi-
tive as weight change. Accuracy of the volumetric method is worse than in the gravimetric
method. In case of volumetric method, to obtain the same accuracy like in gravimetric one,
it is necessary to use large sample volume and time required to attain sorption equilibrium
increases. DVS Vacuum system can work in both static and dynamic modes.

In this study, silica gel mixtures were adsorbents and distilled water was the adsorbate.
The experimental method was composed of 22 stages. First stage was dedicated to sample
drying, the sample was heated up to 100 °C for 60 min. The same period of time was set
for the entire system temperature stabilization. Next, 20 stages of 20 min, each were set
in the experimental method. Each stage differed in the relative pressure P/Py, which was
gradually increased from 10% up to 100% and then decreased again to 10%. Based on
experimental results, adsorption and desorption isotherms and sorption kinetics curves
were calculated. The water uptake for all samples depending on its saturation pressure
was measured. The steam flow rate was constant and equal to 15 sccm (standard cubic
centimeters per minute). Each sample was tested at three process temperatures: 25 °C,
40 °C, and 60 °C.

3. Results and discussion

The results of the performed experiments are presented in Figures 1-10. Presented
sorption kinetics graphs describe the relation of the sample reference mass change (in
percent) in a function of time. The reference mass is the mass of the sample recorded at
the beginning of the measurement when the relative pressure increased from 0% to 10%.
Based on the results adsorption and desorption processes trends and intensity of both
processes were determined. Based on the measurements, it might be concluded which
stage of the process its further continuation can negatively affect the overall performance of
the refrigerator. On each graph the curves for three process temperatures: 25 °C, 40 °C, and
60 °C are presented. Additional approximation calculations were made using MATLAB
software and showed in Figures 1-10, together with experimental results.

Figure 1 shows the sorption kinetics of pure silica gel sample denoted as SG. This
sample with no additives was considered as a reference sample.

In Figure 2 a comparison of the adsorption and desorption process for the SG + 5% Al
sample at different temperatures is shown. At 60 °C, the sorption cycle is much shorter
than in case of other process temperatures. Additionally, the sample tested at the highest
process temperature - 60 °C, is characterized by the highest sorption capacity.

Experimental results of sorption kinetics for the sample SG + 15% Al are shown in
Figure 3. In this case, at the highest process temperature, the lowest amount of water vapor
was adsorbed by the tested sample. Additionally, the desorption process proceeds more
intensively in this case. Samples tested at 25 °C and 40 °C are characterized by a similar
desorption tendency and a similar water uptake. Higher intensity of the adsorption process
was noted at 40 °C.
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Figure 4 presents the adsorption and desorption cycles tendencies for the SG + 25% Al
sample. At 40 °C, the sample was characterized by the highest adsorption intensity, while
the most intense desorption process was observed at 60 °C. The maximal water uptake is
similar in all analyzed cases.

Figure 5 shows the sorption kinetics for the sample with the addition of 5% carbon
nanotubes to silica gel. The highest sorption capacity was observed for the sample tested
at 25 °C. The temperature of 40 °C contributes to faster adsorption and the temperature of
60 °C to faster desorption.

Figure 6 shows the course of sorption kinetics for a sample designated as SG + 15%
CNT. Adsorption and desorption were performed most intensively for the sample tested,
respectively, at 40 °C and 60 °C. The maximum amount of adsorbed water vapor is similar
in both temperatures 40 °C and 60 °C and the lowest for the sample tested at 25 °C.
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Figure 1. Sorption kinetics graph for SG sample tested at temperatures of 25 °C, 40 °C, 60 °C.
SG +5% Al 25 °C SG + 5% Al 25 °C approximation

SG +5% Al 40 °C SG + 5% Al 40 °C approximation
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Figure 2. Sorption kinetics graph for SG + 5% Al sample tested at temperatures of 25 °C, 40 °C,
60 °C.
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Figure 3. Sorption kinetics graph for SG + 15% Al sample tested at temperatures of 25 °C, 40 °C,

60 °C.
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Figure 4. Sorption kinetics graph for SG + 25% Al sample tested at temperatures of 25 °C, 40 °C,
60 °C.
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Figure 5. Sorption kinetics graph for SG + 5% CNT sample tested at temperatures of 25 °C, 40 °C,

60 °C.
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Figure 6. Sorption kinetics graph for SG + 15% CNT sample tested at temperatures of 25 °C, 40 °C,
60 °C.
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Figure 7. Sorption kinetics graph for SG + 25% CNT sample tested at temperatures of 25 °C, 40 °C,

60 °C.
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Figure 8. Sorption kinetics graph for SG + 5% Cu sample tested at temperatures of 25 °C, 40 °C,
60 °C.
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Figure 9. Sorption kinetics graph for SG + 15% Cu sample tested at temperatures of 25 °C, 40 °C,

60 °C.
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Figure 10. Sorption kinetics graph for all tested samples.

Figure 7 presents the sorption kinetics for the mixture with 25% addition of carbon
nanotubes. The increase in desorption intensity for the sample tested at 60 °C and the
increase in adsorption intensity at 40 °C are clearly visible. The mass of adsorbed vapor is
similar for each of the samples. Its highest value is achieved for the temperature of 60 °C
and the lowest for 25 °C.

The sorption kinetics for the sample with 5% copper addition is shown in Figure 8. A
clear decrease in the sorption capacity for the sample tested at 25 °C was noticed. Like in
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the graphs presented earlier, also in this case, the adsorption intensity was the highest at
40 °C and the desorption intensity increased significantly at 60 °C.

For the sample SG + 15% Cu, the sorption kinetics is shown in Figure 9. At the
temperature of 25 °C, the sorption capacity of the mixture is the smallest, and the time
needed to complete the entire cycle is shorter in comparison to other temperatures. At
60 °C the intensity of desorption process with a similar amount of adsorbed steam was
greater than in the case of the sample tested at 40 °C. The duration of the entire cycle for
this mixture was the longest in comparison to all other tested samples.

Figure 10 shows sorption kinetics for all samples analyzed in this study to show
a relationship not only between process temperatures but also to make a comparison
between the materials added. Doping of SG with materials characterized by high thermal
conductivity lads to cycle shortening. As expected, doping influenced also water uptake
by adsorbent, as the amount of porous material decreases with increased amount of
doped additive.

In this study, clear differences in sorption capacity, intensity of adsorption and desorp-
tion, and both processes times were observed in all tested mixtures. The differences result
from different properties of the doped materials and different mass fractions of additives
in the samples.

Table 2 shows the reference mass changes of each sample in % and the differences
between the change in the reference sample mass and the mass of the sample with additive
examined at the same temperature.

Table 2. Percentage change in reference mass of all tested samples.

Difference in Time from Obtaining

Time from the Start of

Sample Mass Reference Mass to .
Reference - o the Desorption Process
Change Towards Achieving a 20% . .. o
Sample Temperature Mass Change . Until Obtaining a 20%
. . o . to the Reference Change in Reference .
Designation Q) (Sorption Change in Reference
. o Sample Tested at Mass of the Sample
Capacity) (%) . Mass of the Sample for
the Same for Adsorption . .
. Desorption Process (min)
Temperature (pp) Process (min)
SG 25 34.35 - 98.55 194.19
SG 40 34.21 - 86.07 193.80
SG 60 33.79 - 97.18 176.20
5G + 5% Al 25 32.50 1.79 96.04 192.65
SG + 5% Al 40 32.63 1.57 86.65 191.16
SG + 5% Al 60 34.31 0.47 93.32 168.35
SG +15% Al 25 29.77 4.53 93.02 160.16
SG + 15% Al 40 29.67 4.51 85.34 160.15
SG +15% Al 60 29.29 442 93.50 145.11
SG + 25% Al 25 25.01 9.29 110.40 146.39
SG +25% Al 40 25.11 9.15 104.25 146.54
SG +25% Al 60 24.98 8.78 109.61 130.88
SG + 5% CNT 25 33.74 0.56 83.10 170.06
SG + 5% CNT 40 32.92 1.27 75.67 166.52
SG + 5% CNT 60 33.21 0.60 84.64 152.03
SG + 15% CNT 25 30.17 413 95.78 165.98
SG +15% CNT 40 30.76 3.43 84.84 166.03
SG +15% CNT 60 30.85 2.96 91.78 149.03
SG + 25% CNT 25 25.63 8.67 110.63 152.91
SG + 25% CNT 40 25.91 8.28 102.86 154.84
SG + 25% CNT 60 26.19 7.62 107.75 144.33
SG + 5% Cu 25 3143 2.87 83.44 166.69
SG + 5% Cu 40 32.76 1.43 81.14 166.40
SG + 5% Cu 60 33.26 0.55 86.39 150.31
5G + 15% Cu 25 28.34 5.96 9243 164.00
5G +15% Cu 40 29.52 4.67 100.14 185.87
5G +15% Cu 60 29.51 4.30 108.68 169.18




Energies 2021, 14, 1083

10 of 13

During samples preparation, some phenomena were observed that may significantly
affect the use of porous sorbents with additives as the adsorption chiller bed material.
One of the serious issues was achieving a homogeneous mixture of two different loose
materials. The purpose of mixing is to obtain a relatively even dispersion of the substances
in the mixture. The complexity of the process is observed after a closer analysis, especially
when mixing substances with different properties such as porosity and density. Mixing
can be defined as the mutual movement of two or more portions of different materials,
resulting in the required level of uniformity in the final product. In the case of the silica
gel sample with the addition of 5% and 15% Cu, a heterogeneous structure of the sample
was observed after mixing, with a clear division between silica gel and copper fractions.
The reason for not achieving homogeneity of the sample is too large difference in densities
between the copper powder and silica gel, which resulted in copper sinking to the bottom
of the measuring vessel. The lack of homogeneity of the material leads to decrease of
effectives of the heat exchange process in the bed between the exchanger tubes and the
silica gel, the copper powder layer will be deposited at the bottom of the bed and will have
a much smaller impact on the heat exchange process between the bulk material and the
heat exchanger tubes. As obtaining a homogeneous sample was a challenge in case of both
SG + 5% Cu and SG + 15% Cu, it was decided to exclude 25% addition of copper to silica
gel in the presented study.

According to the experimental results it might be concluded that the process tem-
perature influences the sorption capacity in minor extent. In major number of cases, the
sorption capacity decreases with process temperature increase. Some slight differences in
the reference mass change might be explained by measurement uncertainty and sample
heterogeneity, described above. As expected, samples with the addition of 5% of the mass
fraction showed the closest sorption properties to the reference sample. On average, the
decrease in sorption capacity with respect to a silica gel sample is about 1.0% for aluminum
addition, 0.8% for carbon nanotubes and 1.6% for copper. Whereas the highest loss of
sorption properties of all mixtures in relation to the reference sample was obtained for
samples with a 25% mass fraction of the additives. For samples with addition of aluminum
the average loss of adsorbed water for all temperatures was 9.1%, while for the addition
of carbon nanotubes it was 8.2%. The maximum loss was observed for the sample with
aluminum 9.3%. In case of silica gel samples with a 15% of additives, the greatest losses
of sorption capacity were observed for mixtures containing copper. The average decrease
in the sorption capacity of the mixtures is 4.5% for aluminum additive, 3.5% for carbon
nanotubes additive and about 5.0% for copper additive.

The highest reduction of the adsorption process time was observed for the 5% addition
of CNTs and Cu and 15% addition of Al to the silica gel. The 25% addition of CNTs and
Al increased the adsorption process time noticeably. The shortest adsorption process time
was denoted for 40 °C process temperature in all analyzed cases.

The increase of process temperature resulted in reduction of desorption process time;
in most cases the shortest desorption time was noticed at 60 °C. Only samples with
Cu addition, especially with 15% of Cu in the sample, did not present such a behavior,
most probably due to high heterogeneity of the sample. The highest desorption time
decrease was observed for samples of SG with 25% addition of Al and CNTs (26% and 20%
respectively). However, the smallest addition of the CNTs resulted in very high reduction
of the desorption time (12-14%) and this value did not decrease that noticeably in case
of Al. When aluminum powder was added to the samples, each increase of the additive
amount decreased noticeably the desorption time and the sorption capacity.

4. Conclusions

Low performance, big dimensions, and weight are main obstacles when considering
adsorption cooling devices development and commercialization. Most recent research was
dedicated to performance improvement by increase of thermal diffusivity of the adsorbents.
The greater thermal conductivity of the bed will result in desorption process enhancement,
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which directly influence chiller performance factors. It also provides stabilization of
temperature and chilled water production. Additionally, the reduced desorption time
leads to the device energy consumption reduction. In this study the influence of additional
component in the silica gel on the amount of adsorbed water vapor was analyzed.

In this study sorption properties of silica gel doped with three additives in powder
form: aluminum, carbon nanotubes, and copper were analyzed. Each additive is expected
to contribute in the bed sorption properties decrease but also in increase in thermal con-
ductivity of the material (what was presented in previous works of the Authors [34]).
As expected, the experimental results showed that the 5% mass fraction in the least way
contributes to the loss of sorption properties in comparison to the reference sample, and
the loss increases with the increasing amount of the additive in the sample. However, even
25% addition of metal powder or carbon nanotubes did not decrease sorption capacity of
the mixture by more than 10%. It was also noticed that carbon nanotubes have the smallest
influence on the loss of sorption capacity of the silica gel mixtures doped with a high ther-
mal diffusivity additive. It was also observed that there is a tendency to decrease the loss
of sorption properties of the samples with increasing temperature, but in a minor extent.

According to the Authors, the CNTs addition to silica gel seems to be the most
promising mixture due to the reduction of the sorption process time with the smallest
decrease in water uptake. The most advantageous amount of carbon nanotubes added
to the SG is 5%, which reduces the time of adsorption and desorption at 40 °C by about
15% and 14% respectively (given for 20% difference in the reference mass of the sample in).
Under these conditions, the amount of water absorbed decreased by about 1.5%. However,
to obtain better desorption times a higher temperature and Al addition is required.

A similar reduction in the times of adsorption and desorption process are obtained
for SG with 5% Cu addition, but due to the tendency to delamination of the mixture and
deposition of copper powder at the bottom of the sample, the authors do not indicate
such a mixture as applicable in real conditions. The delamination of the mixture may
adversely affect the sorption processes during the operation of such an adsorption bed
(lower adsorbent mass, copper accumulated at the bottom of the sample).

The addition of Al to SG did not cause a significant reduction in adsorption time in
all tested temperatures. Only 5% addition of Al to SG leads to about 10% reduction of
adsorption time (given for 20% difference in the reference mass of the sample) without
decrease of the mixture sorption properties. It should be mentioned, however, that in the
case of Al to SG, the homogeneity of the mixture can be obtained most easily due to the
similar density of both materials. Furthermore, as presented in [34], the mixture containing
aluminum gave the best results in terms of sample thermal diffusivity enhancement. The
addition of 5% aluminum leaded to a 90% increase in thermal diffusivity in comparison to
the raw silica gel.
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Abbreviations

COP  Coefficient of performance
SCP  Specific cooling power

Cu Copper

Al Aluminum

SG Silica gel

CNT Carbon nanotubes
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