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A B S T R A C T

Sorption heat transformers and thermal energy storage systems are emerging technologies that utilize and store
low-grade waste heat for heating and cooling applications. The performance of sorption systems is not only
affected by systems’ operating conditions, and overall systems’ design but also by sorption material or composite
parameters such as thermal diffusivity, composition, and pore structure, among others. In this study, CaCl2-based
salt-in-porous-matrix composites of different compositions and coating thicknesses were synthesized. During
synthesis, salt to silica gel and polyvinyl alcohol to silica gel ratios were fixed and the thermal additive (expanded
natural graphite) to silica gel ratio was varied with care from 0 to 0.26 (or 0 to 20.5 wt.%, additive to silica gel
ratio). The thickness of samples varied from 2.3 to 8.3 ± 0.1 mm. The composites were characterized by a
transient plane source (thermal conductivity and thermal diffusivity), nitrogen adsorption porosimetry (specific
surface area and total pore volume), and thermogravimetric sorption analysis (water sorption equilibrium)
methods. A custom-built gravimetric large pressure jump (G-LPJ) testbed was used to study water sorption ki-
netics (water uptake vs. time) for selected samples. The thermal conductivity and diffusivity of the studied
composite samples have shown significant enhancements, e.g., 240% (0.11 W/(m⋅K) vs. 0.37 W/(m⋅K)) and
310% (0.21 mm2/s vs. 0.87 mm2/s), respectively, by adding 12.5 wt.% expanded natural graphite (additive to
silica gel ratio is 0.14) as a thermally conductive additive (additive to silica gel ratio) because of thermal
percolation effect. This ratio of expanded natural graphite to silica gel was found to be optimal for studied
composition. The results indicate that sorption composites with higher thermal diffusivity offer notably higher
specific cooling power and improved sorption kinetics, compared to the composites without expanded natural
graphite of the same thickness (850 W/kg vs. 480 W/kg at 70% water conversion for samples with thickness of
5.3 mm).

1. Introduction

As a result of rising extreme climate events, environmental impacts,
and increasing energy demand, the need for newmethods of heating and
cooling using environmentally friendly methods has received immense
attention. One such method is sorption heat transformation and thermal
energy storage, where a waste-heat-driven sorption process is used for
heat pumping, air conditioning and heat and cold storage [1]. The
performance of such sorption systems greatly depends on the sorbent
material used. Composites synthesized based on inorganic

salt-impregnated silica gels, i.e., Salt-in-Porous-Matrix, are of great in-
terest due to their high active surface area, superior sorption kinetics,
and high sorption capacity [2,3,4,5,6].
A sorber bed – the reactor containing sorbent material, either as

loose grains or as a coating, and a heat exchanger to transfer heat to/
from the sorbent material – is the main component of sorption systems
and has a significant impact on the system’s performance, size, and cost.
Therefore, considerable attention has been directed towards developing
efficient sorber beds in recent years [7,8,9,10,11,12,13]. However, to
achieve optimal system performance, it is also necessary to have an
in-depth understanding of the sorbent’s characteristics, including
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morphology, chemical composition, and sorption kinetics under selected
operating conditions.
Various adsorbent materials can be used as sorbent in sorption sys-

tems and a significant amount of research is focused on characterization
and evaluating the sorption performance of different materials. Zeolites,
as an example, with their porous crystalline structures, exhibit high
selectivity and capacity due to their tailored pore sizes and shapes,
making them ideal for gas separation and catalysis [14]. Metal-organic
frameworks (MOFs) offer remarkable surface areas and tunable pore
sizes, enabling precise control over adsorption properties for diverse
applications [15]. Silica gels, known for their amorphous structures and
abundant surface hydroxyl groups, find extensive use in desiccants due
to their high affinity for water molecules [4,9]. Each adsorbent material
brings unique characteristics to sorption processes, providing tailored
solutions for a wide range of industrial and environmental challenges.
Water vapor and silica gel as a sorptive and sorbent pair in sorption

systems received notable attention because of their desirable charac-
teristics including environmental friendliness, non-corrosiveness, non-
toxicity, cost-effectiveness, and availability, to name a few [14,16,17].
�This working pair is suitable for applications, where low-grade heat
sources are available, i.e., temperature less than 100 ◦C [3].
A disadvantage of micro-/meso-porous silica gels is their low water

uptake capacity compared to some other sorbents, such as metal-organic
frameworks (MOFs, [18]) and aluminophosphates [19]. One approach
to improve their uptake is to use silica gel as a host matrix for hygro-
scopic salts, such as CaCl2 or LiCl [2]. This modification significantly
improves the composite’s sorption capacity, while maintaining a rela-
tively low cost for the final material. However, there are several other
parameters such as particle size, pore size distribution, specific surface
area, and pore geometry which can affect the performance of sorption
material and, as a result, of the entire sorption system. These parameters
define how well water vapor moves between and inside sorbent grains
(vapor diffusivity) during sorption and desorption (i.e. mass transfer)
which can affect the rate of both of these processes.
Efficient heat transfer is also important for the sorption process.

Because sorption is an exothermal process, for continuous and effective
sorption cooling of the sorbent material is required. Since heat genera-
tion during sorption is a transient process, the heat transfer within the
materials is defined by the thermal diffusivity (Eq. 1):

α =
k

ρcp
(1)

where, k, ρ, cp are the thermal conductivity, density, and specific heat
capacity of the sorbent material, respectively.
The relatively low thermal conductivity and diffusivity of silica gel (i.

e., ~ 0.1–0.2 W/(m⋅K) and ~ 0.2–0.3 mm2/s [20,21]) can lead to slow
sorption and/or a need for larger heat exchange areas in sorber beds,
which will impact the thermal inertia of the bed which consequently
lead to lower performance and larger size/cost of the final system. To
remedy this issue, researchers have added various thermally conductive
additives to the sorbents. Fayazmanesh et al. [22] discovered that by
adding natural graphite flakes to a silica gel/polyvinylpyrrolidone (PVP)
composite sorbent thermal conductivity increased from about 0.13
W/(m⋅K) to 0.28 W/(m⋅K) (115% enhancement) and 0.37 0.13 W/(m⋅K)
(184% enhancement) for 20 wt.% and 40 wt.% of natural graphite
flakes, respectively. However, adding more thermally conductive addi-
tives to a composite will reduce its active material thus the uptake
capacity.
In another study, Bahrehmand et al. [5] did a similar study for silica

gel composite containing calcium chloride as hygroscopic salt. They
reported up to a 500% enhancement in thermal diffusivity by adding 20
wt.% natural graphite flakes to the composite which leads to the in-
crease of the specific power during sorption by 67%. Authors reported
that the increase in the thermal diffusivity of the composite is more
pronounced for samples with more than 10 wt.% graphite flakes -
“hockey stick” behavior – that can be explained by thermal percolation.
Percolation effect is usually observed for multi-component polymer

blends (an electrically conducting filler in an insulating matrix) as a
rapid increase of electrical conductivity (e.g. from ~10− 14–10− 12 to
10− 3–10− 1 S/m) due to the formation of a conductive network by filler
material inside the matrix [23]. A similar percolation effect can be
observed for the heat conduction process (thermal percolation) in the
case of thermally conducting fillers: rapid increase of thermal conduc-
tivity and thermal diffusivity when thermally conducting particles pro-
duce connected pathways for the heat transfer [23,24]. The thermal
percolation effect, though, is less pronounced because usually, thermally
conductive additives (fillers) have thermal conductivity only 10–103

times higher than that of the matrix, there is a possibility of a bad
contact between filler and matrix or due to phonons, which are the main
thermal energy carrier, behavior [24].
In the case of both [5] and [22], PVP (matrix) and graphite flakes

(filler) produce a thermally conductive mixture which is responsible for
the heat transfer from heat-generating sorbent grains to the heat
exchanger. However, it is difficult to distinguish the effect of graphite
flakes on heat transfer from the effect of binder (PVP). When graphite
flakes are added to the sorption material both PVP/silica gel and
graphite flakes/silica gel ratios change. Practically this means that when
graphite flakes are added to the sorption composite the volume of PVP
binder changes per grain of silica gel (the amount of heat generating
sources) and, simultaneously, the heat transfer capabilities of thermally
conductive mixture increase (more graphite flakes with high thermal
conductivity than PVP or silica gel). This makes it difficult to attribute
increase of specific power from [5] or increase of thermal con-
ductivity/diffusivity for both [5] and [22] to only graphite flakes
addition.
In this study, the effect of expanded natural graphite as a thermally

conductive additive on thermo-physical and uptake properties of several
CaCl2-based salt-in-porous-matrix composites is investigated. During
synthesis, salt to silica gel and polyvinyl alcohol to silica gel ratios were
fixed and the thermal additive (expanded natural graphite) to silica gel
ratio was varied with care from 0 to 0.26 (0 to 20.5 wt.%, additive to
silica gel ratio). This procedure allowed us to distinguish the effect of
expanded natural graphite on the studied parameters from the effect of
other composite components. The composites are characterized by a

Nomenclature

m mass, kg
cp specific heat capacity, J/kg K
h enthalpy, J/kg
k thermal conductivity, W/m.K
Q Heat, J
S surface of the substrate, m2

SCP specific cooling power, W/kg
SSCP SCP multiplied by the mass of the composite (m) and

divided by surface of the substrate, W/m2

Subscripts
evap evaporation
sorp sorption
cycle sorption cycle time

Greek symbols
α thermal diffusivity, m2/s
ω adsorbate uptake, g/g dry sorbent
ρ density, kg/m3

τ Time, s
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transient plane source (thermal conductivity and thermal diffusivity),
nitrogen adsorption porosimetry (specific surface area and total pore
volume), and thermogravimetric sorption analysis (water sorption
equilibrium) methods.�A custom-built gravimetric large pressure jump
(G-LPJ) testbed is used to evaluate the kinetics of water sorption (water
uptake over time) for the selected samples. Sorption system performance
parameters are calculated using equilibrium data and sorption kinetics
and evaluated. The present results cover a range of composite compo-
sitions and coatings thicknesses. The early version of this research and
preliminary results were presented at the IMPRES2022 conference, in
Barcelona, Spain [25].

2. Materials and methods

2.1. Materials

Silica gel with an average pore diameter of 15 nm and particle sizes
range of 250–500 µm (irregular grains; B150, SiliaFlash®; Silicycle, Inc.,
Quebec, Canada) was chosen as the host matrix of the sorption com-
posite. Calcium chloride (anhydrous; Sigma-Aldrich) and polyvinyl
alcohol (130,000 MW, 99%+ hydrolyzed; Amresco Inc.) were used as
the impregnating salt and polymeric binder, respectively. Finally,
expanded natural graphite (Timrex C-Therm 002; IMERYS Co., Quebec,
Canada) was used as the thermally conductive additive in sorption
composite samples.

2.2. Sorbent composite preparation

To study the effect of expanded natural graphite of CaCl2-based salt-
in-porous-matrix composites, eight different compositions were selected
(Table 1). The sorption capacity of the salt in a mesoporous matrix is
based on salt content (wt.%). Therefore, the greater salt content equals
greater uptake. However, there is a limit on how much salt can be
impregnated into the matrix under given sorption conditions before the
salt solution starts to leak from the pores, which can be calculated based
on the pore volume of the porous material [26]. In this study, based on
the silica gel pore volume (Section 3.2, Table 2), calcium chloride
(CaCl2) density and sorption conditions, the salt-to-silica-gel ratio was
calculated as ~0.43 (3/7). The binder-to-silica-gel ratio was also kept
constant (~0.17 or 1/6) since this amount of polyvinyl alcohol
(PVA130) was sufficient to bind grains together for all eight samples.
Finally, the ratio between expanded natural graphite (ENG), used as the
thermal conductive additive, and silica gel was changed from 0 to 0.26
(or 0 to 14 wt.% in the final composition).
The binder (PVA130) was dissolved in distilled water on a hotplate at

95 ◦C (1–2 hours). Dry calcium chloride was dissolved in the magneti-
cally stirred solution (20 minutes). Expanded natural graphite (ENG)
was added to the solution, sonicated for 10 minutes, and then magnet-
ically stirred for 1 hour. Finally, dry silica gel grains were added to the
solution and mixed for 30 minutes. The mixture was transferred to a flat
dish and heated until the mixture thickened. For thermal conductivity/

diffusivity measurement, three sets of two identical cylindrical samples
with a diameter of 5 cm and thickness of 1 cm were prepared for each
sample. For the sorption kinetic study, the mixture was moulded in a
slab form with different thicknesses on a flat substrate made of a natural
graphite sheet (NGS, 6.5 × 6.5 cm). All samples were oven-dried over-
night with four temperature steps (80, 90, 100 and 130 ◦C). The dry
masses of the consolidated samples were measured using an analytical
balance (OHAUS AX124).

2.3. Characterization methods

The thermal conductivity and thermal diffusivity of the sorbent
samples were determined using a transient plane source (TPS) “hot disk”
thermal constants analyzer (TPS 2500S, ThermTest Inc., Fredericton,
Canada) [27]. Two samples of the same composition were installed on
top and bottom of the Hot Disk 5465 Kapton sensor (3.189 mm). The
temperature rise in the sensor was then measured by analyzing the
current and voltage, and this data was compared to the established re-
sistivity of the nickel sensor. By examining the shape of the
temperature-time graph, thermal conductivity and thermal diffusivity of
the sample can be determined [27]. The tests were carried out at room
temperature and relative humidity (T = 22 ◦C, RH = 30–35%). The
measurements were repeated 5 times for each composition, and the
results were averaged and presented here, with a confidence interval of
4.26% (for a 95% confidence level), to ensure repeatability.
The specific surface area (BET model [28]) and total specific pore

volume of the pure B150 silica gel and chosen composite samples were
measured using a nitrogen sorption analyzer (autosorbiQ, Quantachrome
Instruments, USA). For the drying process, composite samples were
heated under a vacuum inside the analyzer for 12 hours at 120̊C.
A thermogravimetric sorption analyzer (IGA-002, Hiden Isochema)

was used to measure the water sorption isotherms of the composite
samples. Sorption composites were placed in the device’s sample basket,
which was supported by a microbalance to measure the mass variations
of the sorbent, while the pressure was regulated in the range of 0 - 3.6
kPa and step size of 0.2 kPa at 30 ◦C. More details about the thermog-
ravimetric analyzer can be found elsewhere [22].

2.4. Gravimetric large pressure jump (G-LPJ) method

A custom-built gravimetric large pressure jump (G-LPJ) testbed was
built and used to investigate the transient heat and mass transfer per-
formance of the selected composite samples (Fig. 1). The G-LPJ testbed
consisted of a vacuum chamber for the sample situated on the analytical
balance (ME4002TE; Mettler Toledo), and evaporator (pool boiling
shell-and-tube heat exchanger). The studied sample was placed on the
cold plate (substrate) inside the vacuum chamber. Thermal interface
material was added between them (thermal grease) to improve heat
transfer and reduce thermal contact resistance between the sample and
cold plate. The temperatures of the evaporator and the cold plate were
controlled by separate heating/cooling circulators (Polystat 3C15; Cole-

Table 1
Composition of the prepared sorption composite samples and their thermal properties. CaCl2/silica gel ratio of all samples was fixed at 3/7 (~0.43). PVA130/silica gel
ratio was fixed at 1/6 (~0.17).

Sample
codes

Sample composition ENG/Silica gel
ratio

Thermal conductivity, W/
(m⋅K)

Thermal diffusivity,
mm2/s

Silica gel,
wt.%

Salt (CaCl2),
wt.%

Binder (PVA130),
wt.%

Expanded Natural Graphite
(ENG), wt.%

SC 62.5 27 10.5 0 0 0.11 0.21
SCE1 62 26.5 10.5 1 0.02 0.15 0.29
SCE3 61 26 10 3 0.05 0.22 0.45
SCE4.5 60 25.5 10 4.5 0.08 0.27 0.60
SCE6 59 25.5 9.5 6 0.10 0.31 0.71
SCE8 58 25 9 8 0.14 0.37 0.87
SCE11 56 24 9 11 0.20 0.40 0.97
SCE14 54 23 9 14 0.26 0.41 1.03
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Parmer). Inlet and outlet temperatures of the heat transfer fluid side of
the evaporator and vacuum chamber as well as the temperature of the
gas inside the system were monitored by RTD temperature sensors
(PT100 RTD Probe; Omega Sensing Solutions ULC). The flow rate of the
heat transfer fluid was monitored by two ultrasonic flow meters (DUK-
11N4HL343L; Kobold Messring GmbH). The pressure inside the system
was monitored by two pressure sensors (PX309–005AI; Omega Sensing
Solutions ULC). The evaporator was connected to the vacuum chamber
by a flexible vacuum hose to allow the measurement of the sample’s
mass change. The evaporator and the vacuum chamber were separated
by two ball valves. This configuration allows to evacuate the sample and
set the vapor pressure in the evaporator simultaneously. To perform the
test (pressure jump) both valves need to be open.
Before the experiment sorbent composite sample coated on the nat-

ural graphite sheet were completely dried in the oven at 120 ◦C. Then,
sample was placed on the cold plate (HEX in Fig. 1) which was kept at a
constant temperature of 30 ◦C. A very thin layer of thermal grease was
applied between the natural graphite substrate and the cold plate to
reduce thermal contact resistance. Before and during tests temperature
of the gravimetric large pressure jump testbed, evaporator was main-
tained at 15 ◦C. The testbed’s vacuum chamber was kept under vacuum
for 0.5–1 hour before running the tests to ensure there was no moisture
inside the sorbents, hoses, and the vacuum chamber. Finally, the valves

between the chamber and the vacuum pump were shut and the valves
between the evaporator and the chamber were opened to perform the
water vapor pressure jump (from p0 = 0 kPa to pfinal = 1.7 kPa) which
initiates the sorption process. The mass of the sample was monitored
during the experiment to calculate the sorption kinetic curve and water
uptake. All sensors and scale were connected to a data acquisition (DAQ)
system to log the data and calculate the parameters.

3. Results and discussion

3.1. Thermal conductivity and thermal diffusivity

TPS measurements of thermal conductivity and thermal diffusivity
on eight prepared samples showed that the thermal conductivity of the
composites increases from 0.11W/(m⋅K) for sample with no ENG to 0.37
W/(m⋅K) for sample with ENG/silica gel ratio of 0.14 (Fig. 2) linearly
with the slope of 1.878 W/(m⋅K) and intercept of 0.116 W/(m⋅K). At
higher ENG/silica gel ratios, thermal conductivity gradually increases
up to 0.41 W/(m⋅K) (at ENG/silica gel ratio of 0.26) without following
mentioned linear trend (Fig. 2).
The same trend is observed for thermal diffusivity (Fig. 2). It linearly

increases from 0.21 mm2/s (no ENG) to 0.87 mm2/s (ENG/silica gel
ratio is 0.14) and then gradually increases to 1.03mm2/s (ENG/silica gel

Table 2
Composition, thicknesses and internal structure characteristics of the SC and SCE8 samples prepared for water sorption kinetics study.

Sample
codes

Composite sample composition Sample thickness (δ),
mm

Sample mass,
g

Specific surface area,
m2/g

Specific pore volume,
cm3/g

Average pore diameter,
nm

S Silica gel loose grains – – 289 1.05 13.8
SC-2 Silica gel + CaCl2 + PVA130 2.3 5.2 134 0.50 14.8
SC-5 5.3 12.0
SC-8 8.4 18.8
SCE8–2 Silica gel + CaCl2 + PVA130 +

ENG
2.4 4.7 109 0.42 15.4

SCE8–5 5.3 10.8
SCE8–8 8.3 17.3

Fig. 1. Schematic diagram of custom-built gravimetric large pressure jump (G-LPJ) testbed test set-up. F – flow controllers, T – RTD temperature sensors, P –
pressure sensors.

S. Hassanabadi et al.



International Journal of Refrigeration 166 (2024) 129–138

133

ratio is 0.26). For the linear trend, the slope is 4.845 mm2/s and the
intercept is 0.2067 mm2/s.
A key heat conduction path in studied sorption composites is through

the binder, which covers the silica gel particles and connects them. After
adding conductive expanded natural graphite powder to the binder,
these channels become more heat conductive compared to the ones with
only PVA (Table 1). Fig. 3 shows the cross-section digital images of all
the samples in Table 1. Particles in white colour show the salt-

impregnated silica gels and black parts are expanded natural graphite
and binder mixture. Microscope images of SC (Fig. 4a) and SCE8
(Fig. 4b) composites, taken by a Keyence VHX 5000 digital microscope
showed a network made of PVA (SC) or PVA/ENG mixture (SCE8) that
can act like a connected heat transfer pathway between the silica gel
grains. This can explain the observed increase in thermal conductivity
and thermal diffusivity between samples with and without expanded
natural graphite added to the mixture.

Fig. 2. Thermal conductivity (■) and thermal diffusivity (▴) of the silica gel composites with different expanded natural graphite/silica gel ratio, measured by
transient plane source (TPS) “hot disc” method. Uncertainly of both measurements is 5%.

Fig. 3. Digital images from cross-section of samples with different ENG content taken by a DinoXcope digital microscope.

S. Hassanabadi et al.
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However, no thermal percolation [24] was observed contrary to the
similar samples made with natural graphite flakes instead of ENG
(Fig. 5a, [5]). This may be because ENG used in SCE samples has a
smaller particle size (~81 μm) with lower density (~0.04 g/cm3)
compared to graphite flakes from [5] (mixture of 150 μm fine particles
and 1.3 mm long flakes with a density about 1.9 g/cm3). The smaller size
and density of ENG particles allow them to more easily form heat
transfer pathways required for thermal percolation which is observed
already at 0.02 ENG/silica gel ratio. For the same effect to happen with
graphite flakes composites, an additive-to-silica gel ratio of at least 0.25
is required (bigger, less numeral particles in the PVP/natural graphite
mixture) [5]. A smaller increase of thermal conductivity and thermal
diffusivity at ENG/silica gel ratios higher than 0.14 can indicate that
most of the heat transfer pathways are already formed and the addition
of more ENG only leads to an increase in their size (“reversed hockey
stick”).
By adding expanded natural graphite to the composition, the mass

fraction of active materials (specifically, CaCl2, Fig. 5b) in the composite
and, consequently, water sorption capacity will linearly decrease with
the increase of ENG/silica gel ratio. Thus, there is a trade-off between
heat transfer improvement from ENG addition and sorption capacity.
Moreover, because of the above-mentioned “reversed hockey stick”
behaviour of the thermal properties of SCE composites, samples with
high values of ENG/silica gel ratio may have worse kinetic performance
due to lower sorption capacity. For example, SCE11 and SCE14 have
higher thermal diffusivity (11.5% and 18.5%, respectively, compared to
SCE8), but their water sorption capacity decreases by 4% and 8%
respectively (Fig. 5a and b). At the same time, thermal diffusivity of
SCE8 is 22.5% higher than that of SCE6 while water sorption capacity
decreases only by 2% (Fig. 5a and b). Taking into account previous and
that for the samples SCE11 and SCE14 thermal diffusivity increase with

the increase of ENG content is lower than for SCE1–8 (which follow an
observed linear trend, Fig. 2), the sample SCE8 (ENG/silica gel = 0.14)
was considered having optimal composition and chosen for further
characterization and kinetics study. The sample SC (without ENG) was
also used to study the effect of ENG on water sorption kinetic and for
comparison with SCE8.

3.2. Porosimetry measurement

The results of nitrogen porosimetry of silica gel B150 (S) and selected
composites (SC and SCE8) are summarized in Table 2. Compared to pure
silica gel particles, both specific surface area and total specific pore
volume decrease for both composites. Considering SC (62.5 wt.% of
silica gel, 27 wt.% of CaCl2) and SCE8 (58 wt.% of silica gel, 25 wt.% of
CaCl2) composition (Table 1), measured pore volume of B150 VS = 1.05
cm3/g and density of dry CaCl2 ρCaCl2 = 2.15 g/cm3, expected pore
volume of SC is equal VSCe = VS⋅0.625 – 0.27/ρCaCl2= 0.53±0.05 cm3/g if
all salt is inside pores of B150. Similarly, expected pore volume of SCE8
is equal VSC8e = VS⋅0.58 – 0.25/ρCaCl2 = 0.37±0.04 cm3/g. A comparison
of porosimetry data and these calculations show that in the case of the
SC sample, all the salt is inside the grains of silica gel. In the case of
SCE8, the measured pore volume is higher than calculated which may
indicate that ENG (8 wt.% of composite) has some pores available for
nitrogen even after mixing of thermal additive with PVA130.
The higher average pore diameter of SC and SCE8 compared to pure

B150 indicates that salt is primarily accumulated in the smallest pores of
the matrix during the preparation process (Table 2).

3.3. Sorption isotherms

Isotherm of water adsorption on silica gel B150 shows that silica gel

Fig. 4. Optical microscopic images of the SC (a), and SCE8 (b) samples, taken by a Keyence VHX 5000 digital microscope. Impregnated silica gel particles (S),
expanded natural graphite (ENG), and polyvinyl alcohol binder (PVA) are shown by white arrows.

Fig. 5. a: thermal diffusivity of SC and SCE samples with ENG as the thermal additive (▴) and of CaCl2/B150/PVP/graphite flakes samples (●, “hockey stick”, [5])
depending on thermal additive/silica gel ratio. b: CaCl2 content vs. ENG/silica gel ratio for SC and SCE samples.
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itself cannot adsorb more than 0.1 gwater/gsorbent under the studied
relative pressure range and temperature (p/p0 = 0 - 0.85, 30 ◦C) since it
is a mesoporous material with a relatively low surface area (Fig. 6,
Table 2). However, after impregnating calcium chloride into the matrix,
the sorption capacity of the composites increased significantly: wSC =

0.67 g/g and wSCE8 = 0.64 g/g at p/p0 = 0.8. The amount of water
sorption for both studied composites was close to each other since the
salt content is close as well (27 and 25 wt.%, respectively; Table 1). This
and the similarity of the isotherms for SC and SCE8 show that ENG does
not significantly affect the equilibrium between silica gel and calcium
chloride.

3.4. Sorption performance evaluation

For the water sorption kinetics study, sorbent composites SC and
SCE8 were prepared on natural graphite sheet substrate (Section 2.2) in
three different thicknesses (Table 2): 2.3±0.1 mm (SC-2 and SCE8–2),
5.3±0.1 mm, (SC-5 and SCE8–5) and 8.3±0.1 mm (SC-8 and SCE8–8) -
to evaluate the effect of ENG and sample thickness on the sorption
kinetics.
It is worth mentioning that the reason for testing samples in this

range of thicknesses was that, based on the literature [9,29,30], for the
conventional sorption pairs and heat exchangers, when the sorbent
thickness goes higher than this range, the heat and mass transfer resis-
tance reduces the sorption performance drastically. On the other hand,
very thin layers of the sorbent, reduce the active mass and capacity of
the system. As an example, the optimum/tested thicknesses for these
studies were between 2 mm to 8 mm.
The water uptake between completely dry condition (p/p0 = 0) and

final sorption sample conditions (p/p0 = 0.4), which corresponds to the
operating conditions Tsorp = 30 ◦C and Tevap = 15 ◦C, was calculated to
be 0.34 ± 0.01 g/g and 0.33 ± 0.01 g/g for SC and SCE composite
samples, respectively, according to the water sorption isotherms data
(Section 3.3, Fig. 6). All six prepared samples were tested in the G-LPJ
test set-up (Section 2.4, Figs. 7 and 8).
It was observed that for SC-2 water uptake reached the equilibrium

value, established by thermo gravimetric test, after 25 minutes (Fig. 7).
SC-5 and SC-9 reached equilibrium after 57 and 153 minutes, respec-
tively (Fig. 7). For the SCE8 composites, a similar trend was observed:
thicker samples took longer to reach equilibrium than thinner ones

(Fig. 8). Water uptake reaches its equilibrium value after 15, 30, and 62
minutes for SCE8–2, SCE8–5, and SCE8–8, respectively. For both SC and
SCE samples, the difference between sorption kinetics can be attributed
to increase of samples’ heat transfer resistances with thickness increase.
The difference between SC and SCE composites’ kinetics of the same

thickness can be explained by considering the addition of the expanded
natural graphite. On one hand, the addition of the ENG increases ther-
mal diffusivity of the sample which improves heat transfer. On the other
hand, ENG, due to its low density decreases the density of the composite,
which can be shown by their higher S/m= [heat transfer area]/[sorbent
mass] values at constant thicknesses (Table 3). Lower density of the SCE
means that it has more free volume for water vapor transfer between the
grains which results in better external mass transfer.
Using kinetic data, two performance characteristics are calculated:

specific cooling power (SCP) and specific surface cooling power (SSCP).
SCP is defined as the ratio of evaporative cooling energy (Qevap) to the
product of cycle time (τcycle) and dry sorbent mass (msorb) (Eq. 2), was
calculated based on the 70% equilibrium uptake (SCP-70%) or after 5
minutes (SCP-5 m) for both composite samples (Table 3).

SCP
[
W
kg

]

=
Qevap

msorb⋅τcycle
=

Δω⋅hfg@Tevap
τcycle

, (2)

where the hfg@Tevap is the enthalpy of water evaporation at the evaporator
temperature (at 15ºC) which is 2465.4 kJ/kg and Δω is the net water
uptake in gram water per gram of the composite at the 70% of equi-
librium (SCP-70%) or after 5 minutes (SCP-5 m).
SSCP is defined as corresponding SCP multiplied by the mass of the

studied composite m and divided by surface of the substrate S (Tables 2
and 3, Eq. 3):

SSCP
[
W
/
m2

]
=

SCP⋅m
S

, (3)

The results showed that by increasing the sorbent thickness, specific
cooling power decreased significantly. For example, by increasing the
sorption composite thickness with expanded natural graphite from 2.4
to 8.3 mm, SCP-70% drops 4.2 times, from 1920 to 460 W/kg (Table 3).
At the same time, by adding ENG to the composition it is possible to
improve both SCP-70% and SCP-5 m (Table 3). For example, for a 5.3
±0.1-mm thick samples, SCP-70% increased up to 77%: from 480 W/kg
for SC-5 to 850 W/kg for SCE8–5. For the same samples, SCP-56

Fig. 6. Isotherms of water sorption by the loose grain silica gel B150 (S, ■) and composite sorbent materials (SC, ●, and SCE, ▴), measured by IGA-002 ther-
mogravimetric sorption analyzer at 30 ◦C. Dash line – final sorption conditions for gravimetric large pressure jump (G-LPJ) tests. The uncertainty of the uptake
measurements is 0.01 g/g.
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increases by 55%: from 760 W/kg to 1180 W/kg.
Unexpectedly, specific power per surface area may increase with the

sample’s thickness increase. For longer cycles, SCP-70% finds its
maximum in the case of samples SC-5 and SCE8–5 (Table 3). This can
indicate that 5 mm samples can produce and transfer more heat through
the sample’s substrate while thicker samples become hindered by slower

heat and mass transfer. However, for 5-minute cycle, SCE8–8 sample
was found having highest SSCP (W/m2). In its case SSCP-5 m = 3.19
kW/m2 which is 6% higher than the SSCP-5 m for the sample SCE8–5
(3.02 kW/m2). This result is different from what presented, for example,
in ref. [31]; in that study, results show that both SCP and SSCP decrease
with increasing thickness. However, in ref. [31] all the results obtained
on LTJ setup where experiment is initiated by temperature jump. In our
case, the process is initiated by the pressure jump (G-LPJ). Contrary to
the temperature jump initiation usually present in sorption systems, in
the case of pressure jump initiation the whole sample becomes exposed
to the higher pressure of adsorptive which leads to faster initial sorption
in the whole sample [32]. For this reason, the SGE8–8 sample with high
thermal diffusivity and a bigger external surface than SGE8–5 has higher
specific surface cooling power during the first 5 minutes of the process
SSCP-5 m but a lower one at 70% water conversion SSCP-70%.
It is important to summarize that based on the test results, the

samples of similar thicknesses with ENG have significantly higher SSCP
than the samples without the additive (by 28%-170% for both SSCP-70%
and SSCP-5 m, Table 3). This signifies that even though adding ENG
decreases the overall capacity of the samples, their volumetric power is
higher, which makes them better suited for sorption heat transformation
(chiller) systems where both the volume of the sorbent material and its

Fig. 7. Gravimetric large pressure jump (G-LPJ) water uptake kinetic curves for SC composite samples of different thicknesses. Dash line – maximal equilibrium
water sorption uptake for the performed pressure jump (calculated using the water sorption isotherms data). The uncertainty analysis is in Appendix A.

Fig. 8. Gravimetric large pressure jump (G-LPJ) water uptake kinetic curves for SCE8 composite samples with different thicknesses. Dash line –maximal equilibrium
water sorption uptake for the performed pressure jump (calculated using the water sorption isotherms data). The uncertainty analysis is in Appendix A.

Table 3
Sorption performance parameters for studied composites.

Sample Thickness,
mm

SCP-
70%,
W/kg

SSCP-
70%, W/
m2

SCP-5
m, W/
kg

SSCP-5
m, W/
m2

S/m,
cm2/g

SC-2 2.3 ± 0.1 1070 1320 1355 1670 8.1
SC-5 5.3 ± 0.1 480 1360 760 2160 3.5
SC-8 8.4 ± 0.1 155 690 265 1180 2.2
SCE8–2 2.4 ± 0.1 1920 2140 1925 2140 8.9
SCE8–5 5.3 ± 0.1 850 2170 1180 3020 3.9
SCE8–8 8.3 ± 0.1 460 1880 780 3190 2.4

*SCP: specific cooling power in 70% of equilibrium uptake (SCP-70%) and after
5 minutes (SCP-5 min) for sorption (half-cycle); SSCP: specific surface cooling
power calculated directly from SCP, mass of the corresponding sample and
surface of the natural graphite sheet; S/m: substrate surface area to sorbent mass
ratio.
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power are important for designing the machine of the optimal size.

4. Conclusion

The effect of expanded natural graphite on thermo-physical prop-
erties and water sorption kinetics of the CaCl2-based salt-in-porous-
matrix composites with fixed salt/silica gel and binder/silica gel ratios
was studied. The linear increase in thermal conductivity and thermal
diffusivity with the increase of expanded natural graphite/silica gel ratio
was discovered. It was attributed to the thermal percolation effect
observed before for multi-component polymer blends similar to
expanded natural graphite and polyvinyl alcohol mixture which is a part
of the studied composites. It was found that by adding expanded natural
graphite at a thermal additive/silica gel ratio of 0.14 to the calcium
chloride/silica gel sorbent, thermal conductivity and thermal diffusivity
would increase by 240% (0.11 W/(m⋅K) vs. 0.37 W/(m⋅K)) and 310% %
(0.21 mm2/s vs. 0.87 mm2/s), respectively. This expanded natural
graphite/silica gel ratio was found to be optimal for the studied com-
bination of composite components because of the trade-off between the
increase in thermal conductivity and thermal diffusivity of the samples
and a decrease in water sorption capacity.
A custom-built gravimetric large pressure jump (G-LPJ) test bed was

used to investigate the transient heat and mass transfer performance of
the prepared sorption composites coated on a natural graphite sheet
substrate. The sorption kinetic results showed that, for example, for a 5.3
±0.1-mm thick sample, the specific cooling power increased up to 77%
(from 480W/kg to 850W/kg), by adding expanded natural graphite at a
thermal additive/silica gel ratio of 0.14. In addition to this, it was found
that even though the specific cooling power decreases with the increase
of sample thickness, the average cooling power per surface area can
increase. Samples ranging from 2.4 to 5.3 mm in thickness are discov-
ered to be ideal: specific surface cooling power at 70% water conversion

can reach 2.17 kW/m2 and 3.02 kW/m2 during the first 5 minutes of the
process for samples with expanded natural graphite.
Even though adding ENG to the samples decrease their sorption ca-

pacity per kg of composite, it leads to a significant increase of the spe-
cific surface cooling power (by 28%-170%) if compared to the samples
without ENG of the same thickness. This means that by adding just a few
percentages of ENG to the composition it is possible to increase cooling
power per volume of the materials which makes such composites better
suited for sorption heat transformation systems where not only power
but the volume of the material is important.
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Appendix A. Uncertainty Analysis for G-LPJ test

The uncertainty in uptake calculation is obtained based on the method proposed by Moffat [33] as follows.

ω =
msorptive

msorbent

δω
ω =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(

δmsorptive

δmsorptive

)2

+

(
δmsorbent

δmsorbent

)2
√

≅

(
δmsorptive

δmsorptive

)2

=
0.01 g
msorptive

Sorbent mass was measured using an analytical balance (OHAUS AX124) with the accuracy of 0.0001 g, where the sorptive (water vapor) mass
change was measured by precision balance (ML4002E, Mettler Toledo) with the accuracy of 0.01 g. Therefore, the sorbent mass uncertainty was
negligible compared to that of sorptive.
According to the above calculations, for the water uptake values higher than 0.1 g/g, the uncertainty will be less than 10%.
Regarding the SCP, it should be calculated based on the uncertainty of the uptake (<10%), enthalpy of the evaporation (~0%), and cycle time

(~0.33%), and it will be ~ 10%.
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