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Abstract: A new adsorbent coating for the adsorber unit of an adsorption heat pump made of hybrid,
organic—inorganic microfibres was prepared and characterized. Different coatings were obtained
by the electrospinning of polyvinylpyrrolidone (PVP) solutions added with different quantities of
tetraethyl orthosilicate (TEOS). PVP is a polymer with water adsorption capability and the TEOS
addition allowed to increase the thermal stability of microfibres. The aim, indeed, was to preserve the
polymeric structure of microfibres in order to obtain coatings with high flexibility and mechanical
strength. The results demonstrated that TEOS concentrations in the range of 5-13 wt.% produced
microfibre coatings of non-woven textile structure with both good water affinity and good thermal
stability. SEM images of coatings showed that the deposited microfibre layers have both a high
surface area and a high permeability representing a significant advantage in adsorption systems.
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1. Introduction

Electrospinning is a technique to produce fibres of sub-micrometric diameter by a relatively
simple and inexpensive method [1-3]. During the process, a jet of microfibres is continuously ejected
towards a collector, thus forming a non-woven mat covering the surface [4,5]. The material typically
used in electrospinning is a polymeric solution and there are many applications in which electrospun
microfibres can be used, as demonstrated by the numerous patents and publications even in the
medical and biomedical fields [6-8]. Large surface area, mechanical strength, surface functionality,
flexibility, and shape adaptability are some of the characteristics that make microfibre textiles interesting
materials for new and traditional applications. In this work, electrospinning has been used to prepare
an innovative functional coating made of hybrid microfibres for adsorption heat pump systems.
Adsorption heat transformers are eco-friendly and sustainable systems for refrigeration and cooling.
Their functioning is based on the cyclic adsorption/desorption of water vapor on a porous solid
that acts, in collaboration with an evaporator and a condenser, as the compressor in a traditional
heat pump replacing mechanical energy with thermal energy [9,10]. In order to drive the inverse
thermodynamic cycle of an adsorption pump, an additional heat source is needed, generally based on
waste heat recovery [11]. Detailed descriptions of adsorption heat pumps and their thermodynamic
operation are reported in the literature [9,12,13]. The traditional porous materials used in solid sorption
applications are zeolites and silica gel. Zeolites are characterized by a network of linked alumina
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and silica tetrahedra that form a crystalline nanoporous structure with hydrophilic behavior [14,15].
Although zeolites are the ideal adsorbing solid for the elevated thermal stability, their use in adsorption
systems is limited by the high regeneration temperatures. The desorption of water vapor from the
zeolite porosity requires temperatures above 300 °C for the complete material dehydration [16,17].
The ideal exploitation of this technology, indeed, is the coupling with low temperature heat sources
(T <150 °C), like solar thermal panels or waste combustion fumes [11,18]. For such a reason, other
adsorbing materials have been proposed and sometimes used in solid sorption applications, like silica
gel, alumino-phosphour zeotypes (AIPO and SAPO), and metalorganic frameworks (MOF). AIPO
and SAPO are interesting for their high adsorption capacity, their good structural stability, and low
regeneration temperatures but they are difficult to find on the market and costly [19,20]. MOF are new
adsorbing materials with large water capacity and low regeneration temperatures, but their structural
stability is still an open issue and they are expensive and difficult to find in large quantities [21,22].
Among others, silica gel is the adsorbent most used in commercial adsorption chillers mainly for its
low cost and large availability on the market although it shows a lower water adsorption capacity and
problems of morphological and thermal stability [22-25].

Over the years, the scientific community has focused not only on the development of the porous
material but also on the engineering of the absorber, the heat exchanger module where the adsorbent
material is located. In order to reduce heat transfer resistances, the porous material distribution around
the heat exchanger surfaces is very important. Zeolites and silica gel are generally used in form of
granules or powder and the simplest and most used solution is to fill the free space between the fins of
the heat exchanger with the adsorbent granules. In this case, however, the poor contact between the
adsorbent particles and the metallic surfaces causes high thermal resistances at the interface [26]. More
recent developments have shown that better performances are obtained when the adsorbing solid is
shaped as a coating covering the heat exchanger surfaces. A coating has several advantages compared
to the loose powder because the interface contact is improved and the quantity of porous material
needed is optimized as well as the mechanical and thermal stability of the adsorber module [27,28].
Several different solutions have been proposed, like the direct synthesis of the adsorbing material on
the heat exchanger surfaces [29,30] or the use of binders and ligands to make coatings [23,31] or the use
of metallic or polymeric fibres or foams [32-35]. Each of these solutions, however, has many restrictions
due to the scale up to an industrial level maintaining competitive production costs. For these reasons
the commercial heat pumps and chillers are still made with granules and pellets.

The novelty of the coating presented in this work consists of three principal features: the material,
which is based on polyvinylpyrrolidone (PVP) modified with tetraethyl orthosilicate (TEOS), the coating
structure, which is made of layers of non-woven microfibres and the coating technique used, based on
the electrospinning. PVP is a material known for its good biocompatibility and non-toxicity [36,37],
largely used as additive in medical, food, and cosmetic products due to its optimal interaction with
water and a wide range of organic and inorganic compounds [38,39]. PVP is easily spinnable and
has been frequently used to produce electrospun microfibres for scaffolds, membranes, and filtering
materials [2,6,40]. PVP and other polymers have been already used to prepare silica nanofibers
with the role of carriers for silanol groups. The polymeric carrier is successively decomposed by
calcination in order to leave the inorganic fibrous structure [41,42]. The pure silica microfibres obtained
in this way, however, would be too brittle to be used as coatings for adsorption heat transformers in
which mechanical stability is an important issue. In the fibrous coating presented in this work, the
hybrid, organic-inorganic nature of microfibres has been preserved by maintaining the PVP polymeric
structure and bonding tetraethyl orthosilicate (TEOS) to ensure thermal stability, structural flexibility,
and long-term usability without compromising the adsorbent properties.
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2. Materials and Methods

2.1. Electrospinning of Hybrid Microfibres

Microfibres have been prepared by electrospinning of mixtures of polyvinylpyrrolidone (PVP,
Molecular weight 1300000, Sigma Aldrich, Saint Louis, MO, USA) and tetraethyl orthosilicate (TEOS
99.9%, Sigma Aldrich). A typical solution for electrospinning was prepared dissolving 1 g of PVP
powder in 5 g of ethanol at room temperature and stirred at 500 rpm for 30 min. TEOS was then added
to the solution (at room temperature) and the mixture was left stirring overnight. The amounts of
silicate added are shown in Table 1.

Table 1. Precursor solutions for electrospinning.

Sample TEOS in the PVP/EtOH Sol. (wt.%)

Mf£-0 0
Mf£-5 5
Mf-8 8
Mf-13 13
Mf£-18 18
Mf-24 24

The PVP/TEOS/EtOH precursor mixture was loaded in a 10 mL syringe fitted with a 1 mm steel
needle and electrospun at a flow rate of 1.2 mL/h with an applied voltage of 13.5 kV (kdScientific
Model 100, Electro-spinner 2.0, Linari Engineering s.r.l., Pisa, Italy). The collector distance was fixed at
15 cm from the needle.

2.2. Microfibres Characterization

The silica microfibres were morphologically characterized by scanning electron microscopy, SEM
(Phenom ProX, Thermo Fisher Scientific, Waltham, MA, USA), and the chemical composition measured
by the microscope EDX microprobe. Morphological characteristics of microfibres were evaluated
by digital image analysis by the software Image] (v 1.52a) and the plugin Diameter] (v 1.018) [43],
specifically developed for nanofibres characterization. Thermal stability of samples was analyzed by
thermogravimetry-differential scanning calorimetry, TGA-DSC, (STA 409 PC Netzsch, Selb, Germany)
from 25 to 700 °C in airflow with a heating rate of 10 °C/min.

3. Results and Discussion

PVP is a polymer showing good water affinity. In adsorption systems, however, the structural
stability of the adsorbing material is a key issue: under cyclic water adsorption/desorption the material
should not show structural modifications that could compromise the operational functioning of the
adsorption machine. The objective of the TEOS addition to PVP was to improve the thermal stability
of the polymeric chains. For such a reason, microfibres with different contents of TEOS have been
prepared and assessed as discussed below.

3.1. Microfibres Morphological Characterization

The result of the electrospinning action on a collector surface is the formation of a continuous
coating of microfibres which form a non-woven fabric of the desired thickness. SEM images of
microfibre samples at different silicate concentrations, from Mf-0 to Mf-24, are shown in Figure 1.
Sample Mf-0 is made of pure PVP microfibres without TEOS addition obtained by the electrospinning
of a PVP solution of 16.7 wt.% in ethanol. This PVP concentration was selected from a set of experiments
carried out to find the ideal electrospinning conditions. The pure PVP coating (Mf-0 in Figure 1) shows
regular-shaped microfibres with lengths of a few millimeters and micrometric diameters. The average
diameters obtained by digital analysis of the microfibre sample images are shown in Table 2 and



Coatings 2019, 9, 443 40f12

in Figure 2. A combination of factors determines the morphological characteristics of microfibres
obtained by electrospinning, like the solution viscosity, the solvent physical and dielectric properties,
the applied electrostatic force, and the viscoelastic response of the forming microfibres. The mean
diameter of microfibres Mf-0 (d = 3.61 m) is in good agreement with literature data, considering the
PVP concentration, the solvent, and the electrospinning conditions used [38].

The TEOS addition to the polymeric solution had an influence on the microfibres morphology
due to the variation of the physical and dielectric properties of the obtained mixtures. The SEM images
in Figure 1 show that irregular microfibres were observed only at the highest silicate concentrations as
for samples Mf-18 and Mf-24.

Figure 1. SEM images of microfibres coatings.

Table 2. Dimensional and compositional characteristics of the electrospun microfibres. Si wt.% (EDX)
is the average value measured on the same regions of the SEM images of Figure 1.

Sample Mean St. Dew. Initial Si wt.%  Microfibres Si Error %
Diam. (m) (m) (Dry Base) wt.% (EDX) (EDX)
Mi£-0 3.61 0.86 0 0 0
Mf-5 1.25 0.23 4.3 4.0 3.3
Mf-8 1.54 0.37 6.7 5.8 3.2
Mf£-13 2.13 0.52 11.8 12.6 1.6
Mf-18 3.14 0.56 16.8 26.1 1.3

Mf-24 5.52 1.72 234 28.0 1.2
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Figure 2. Determination of microfibre diameters by image digital analysis.

At low silicate concentrations, the hybrid microfibres from sample Mf-5 to Mf-13 resulted
morphologically similar to the pure PVP microfibres, although they presented smaller average diameters
with narrower size distribution than sample Mf-0 (Table 2). Increasing the TEOS concentration to
18 wt.% and 24 wt.%, the average diameter increased approaching the size of the pure PVP microfibres,
however irregular formations were observed (Mf-18 and Mf-24 in Figure 1). A comparison between
the silicon wt.% added in the precursor mixture before electrospinning and the Si wt.% measured on
microfibres by EDX of Figure 1 is reported in Table 2. With TEOS being the only source of Si in the
hybrid microfibres, the comparison between the two values is a further element for the evaluation of
the mixtures electrospinnability. To be comparable, the initial Si concentration reported in Table 2 is
calculated considering the dry weight, i.e., excluding the solvent.

In samples Mf-5 and Mf-8, the Si wt.% (EDX) in hybrid microfibres was slightly lower than
the added amount, in sample Mf-13 it was slightly higher whereas in samples Mf-18 and Mf-24, at
higher percentages of TEOS, the silicon concentration was clearly higher than in precursor mixtures.
Comparing results in Table 2 and the SEM observations, it can be concluded that at silicate concentrations
up to 13 wt.% the modification of the precursor solution characteristics, such as surface tension, viscosity,
dielectric properties, had no negative effects on the formation of hybrid microfibres. According to
several authors [4,38,44], the decrease of the average diameter of hybrid PVP microfibres observed in
samples Mf-5 to Mf-13 has to be mainly attributed to an increase in the dielectric constant of solutions
that contributed to the stretching of microfibres during ejection under the influence of electrostatic
forces. The anomalous Si concentrations measured by EDX in samples Mf-18 and Mf-24, instead, are an
indication that, when the TEOS content is increased beyond a certain quantity, difficulties in obtaining
a good homogenization in the precursor mixtures emerged. The irregular formations shown in SEM
images of samples Mf-18 and Mf-24 (Figure 1) are, indeed, areas where the EDX microprobe measured
the highest Si concentrations.

3.2. Microfibres Thermal Characterization

Polyvinylpyrrolidone is obtained by the polymerization of a cyclic amide monomer
(N-Vinylpyrrolidone) and has a high polarizability due to the carbonyl group in the amide ring
(Figure 3). This characteristic determines the high-water affinity of PVP and it is the main reason
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for selecting this material for the production of microfibres for adsorption systems driven by low
temperature heat sources.

H2C_CH2
HZC\ /C§o
N

n

Figure 3. The polyvinylpyrrolidone polymeric unit.

In Figure 4, the thermogravimetric analyses of PVP microfibres in comparison with all other
samples are shown. In the TGA-DSC plots reported, three main temperatures ranges have been
identified as regions of principal thermal events: (I) for the temperature range T = 25-150 °C, (II) for
the range T = 150—-400 °C, and (III) for the range T = 400-700 °C.
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Figure 4. TGA-DSC plots of pure and hybrid polyvinylpyrrolidone (PVP) microfibre coatings.

In the low-temperature range (I), the sample Mf-0 plot (Figure 4) shows an endothermic peak
associated to a mass loss that is due to the water desorption from the PVP microfibres. The same event
is evident in all the samples (Figure 4) although as the Si concentration increases there is a shift of the
endothermic peak towards lower temperatures (Table 3). Table 3 shows the weight loss at T = 150 °C for
all the microfibres produced because a temperature T < 150 °C is used to regenerate the porous material,
for example silica gel or SAPO-34, in low-temperature adsorption pumps [18,45] and T = 150 °C was
considered, in this work, the reference temperature to evaluate the hybrid microfibres. Comparing the
thermal behavior of a commercial silica gel (70-230 mesh, high purity grade, Sigma-Aldrich) to sample



Coatings 2019, 9, 443 7 of 12

Mf-0, the water adsorbed at 150 °C by PVP microfibres is even higher (Figure 5), which makes this
material an interesting candidate for solid sorption at low temperature. In general, by increasing the Si
concentration in the hybrid microfibres from sample Mf-5 to Mf-24, the water desorbed at T = 150 °C
decreased, as shown in Table 3.

Table 3. Thermogravimetric data from TGA-DSC plots in Figure 4.

Endothermic Weight loss at  Weightloss at  Final Mass at

Sample peak Temp. T =150°C T =400°C T =700°C
O (%) (%) (%)
ME-0 87.0 16.4 50.2 0.6
Mf-5 80.9 14.6 61.6 52
ME-8 80.7 13.0 62.3 54
ME-13 74.7 11.0 60.4 18.1
Mf-18 744 9.4 53.8 25.6
Mf-24 73.8 8.6 523 28.7
100 = 100 20
1.8 16
95+ 95 .
]
1.2 F1.2 »
g 8 = g
g %7 Fos 2 g8 ° 08 2
© < = =
= 3 é
©Q i | —
= Mf-0 i = Silica-gel 0
80 , : ‘ : s 80 ’ ; - - B
25 50 75 100 125 150 25 50 75 100 125 150
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Figure 5. TGA-DSC comparison between pure PVP microfibres (a) and silica gel (b) (T = 25-150 °C).

The TEOS addition, indeed, causes the bonding of siloxane species to the PVP carbonyl groups
reducing the availability of polar bonds for water adsorption. A scheme of the TEOS interaction with
the PVP polymeric chain for a low and high silicate concentration is shown in Figure 6. The lowest
values of mass loss at T = 150 °C (Table 3) were observed for microfibre samples with the highest Si
concentrations (Table 2) due to the progressive addition of siloxanes (Figure 6).

O> MN e N :\/O\és/o\o
o O -

o b

(a) (b)

Figure 6. Schemes of the tetraethyl orthosilicate (TEOS) addition to PVP at low (a) and high
(b) concentration.
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In zone (II), two events are evident in all the plots of Figure 4. For pure PVP microfibres, sample
Mf£-0, a first exothermic peak at T > 200 °C is followed by a more pronounced oxidation peak at
T =323 °C correlated to an evident mass decrease (~40%). The behavior of sample Mf-0 is in good
agreement with literature data claiming a thermal degradation of the PVP pellets in air at T ~400 °C [36]
although a slightly lower degradation temperature was observed for PVP microfibres due to the greater
surface area of microfibres compared to pellets. In zone (II), for samples Mf-5 and Mf-8, the first
peak associated to a mass loss at T > 200 °C is endothermic (Figure 4), followed by a more intense
exothermic peak at T ~300 °C. The endothermic mass loss is an indication of the desorption of residual
solvent trapped among the polymeric branches due to the availability of carbonyl groups given the
low concentration of TEOS (Scheme a in Figure 6).

The exothermic peak at T = 300 °C instead, is related to the oxidation of PVP chains and the bond
of siloxane species. Table 3 shows the mass loss of all microfibre samples at T = 400 °C. From sample
Mf-0 to Mf-8, the increasing weight loss at T = 400 °C is related to the concurrent thermal degradation
of the organic and inorganic components of the hybrid structure [46]. In the remaining samples Mf-13,
Mf£-18, and Mf-24 the first endothermic peak in zone (II) is not visible because increasing the Si content
the exothermic peak at T = 300 ° C becomes larger and more dominant (Figure 4). For these samples,
the weight loss at T = 400 °C (Table 3) is always higher than that of sample Mf-0, however, it decreases
increasing the TEOS used in the microfibres. In sample Mf-18 and Mf-24, the lower weight loss at
T =400 °C is due to the high amount of siloxanes which, by binding to the surface of the microfibres
(Schema b in Figure 6), delay the thermal degradation of the polymeric component.

Zone (III) in TGA-DSC plots shows the last thermal degradation of hybrid microfibres characterized
by an exothermic oxidation whose peak decreases from sample Mf-0 to Mf-24. For a comparison, in
Table 3 are shown the residual weights at the final temperature of 700 °C. The final mass of pure PVP
microfibres is significantly lower than all other microfibre samples and from sample Mf-5 to Mf-24
the residual weight is similar to the Si wt.% measured by EDX (Table 2), confirming that the PVP
component was almost completely decomposed at T = 700 °C. The difference between the final mass
(18.1%) and the measured Si wt.% (12.6%) observed for Mf-13 microfibres was due to an incomplete
decomposition of the organic part of the sample.

The effect of the TEOS addition on the water adsorption capacity of PVP microfibres is evidenced
in Figure 7 where the weight loss at 150 °C is correlated to the Si concentrations shown in Table 2.
Water molecules adsorb on PVP microfibres by bonding to the carbonyl groups of the polymer chains.
Their progressive saturation with the siloxane species of TEOS reduces the initial water affinity since
the polarity of the hybrid, organic-inorganic system is reduced.

18 30%

16 r 25%

Si (EDX)

14 F 20%

12 r 15%

Si (Wt%)

Si (added)

10 r 10%

% Weight loss (150°C)

F 5%

0%

Mf-0 Mf-5 Mf-8 Mf-13 Mf-18 Mf-24

Figure 7. Correlation between weigh loss (T = 150 °C) and Si concentrations for the electrospun
microfibres. Error bars of Si (EDX) measures are obtained from data in Table 2.



Coatings 2019, 9, 443 90f12

However, the reason for introducing such a modification in the original PVP microfibres is
related to the thermal stability that an adsorbent material must have under the cyclic adsorption
and desorption of water vapor without showing any structural decomposition or loss of the initial
water affinity. From this point of view, the unsaturated bonds of the PVP chains are sites of possible
secondary (decomposition) reactions that could generate undesirable effects over time. To improve the
thermal stability of PVP microfibres, partial saturation of the carbonyl groups is advantageous although
this costs in terms of adsorption capacity (Figure 7). From data in Figure 7, a good compromise is
represented by samples Mf-5 and Mf-8 that have maintained a weight loss at T = 150 °C over 12%.

To evaluate the thermal degradation of hybrid microfibres, a sample of Mf-5 microfibres was
exposed to a cycle of four TGA analyses in the following conditions: temperature range = 25-150 °C,
heating rate = 10 °C/min in airflow, holding time = 7 h at 25 °C, and 45% RH at the end of each run.
The results of the cyclic TGA test are shown in Figure 8. From the initial weight loss of 14.5% in Test 1,
the second thermogravimetric curve showed a decrease to 13.5% (Test 2). Test 3 and the following Test
4, however, demonstrated a tendency of microfibres Mf-5 to reach stable conditions for a final water
desorption > 12.5 wt.%.

100 45
I N m Test 1: 14.5%
98 -
— Test 2: 13.5%
96
) ‘ ® Test 3: 13.0%
S 94 -
- N\ v : ‘ Oo
g 92- \\ S
© \x
S 90 x
- \K
. :‘:8:823‘3‘ =
| e “B=§=g=g=3-
86 - -\I~I~l—l—l~l—l—l
84 50 75 100 125
1 - . 100 125 150

Temperature (°C)

Figure 8. Cyclic TGA test for microfibres Mf-5.
4. Conclusions

PVP is a polymer showing hydrophilic properties, so it could be an interesting adsorbing
material for adsorption chillers driven by low temperature heat sources. An important advantage
is the possibility of producing hybrid PVP microfibres by electrospinning. This technique allows
obtaining coatings made of microfibre layers, structured as non-woven mats, by an easy process.
The implementation of microfibre coatings in adsorption technologies would bring clear advantages
in terms of vapor permeability, large surface area, and mechanical strength, which is preserved by
maintaining the hybrid, organic-inorganic structure of microfibres. In order to increase the coating
stability to the water adsorption/desorption cycles, PVP microfibres were added with different amounts
of TEOS. Silicate addition has shown to reduce the original water affinity of PVP, however, hybrid
microfibres with a TEOS concentration in the range of 5-13 wt.% demonstrated adsorption properties
similar to commercial silica gel and a good short term thermal stability. Long term stability under
many water adsorption/desorption cycles will soon be tested.
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