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ARTICLE INFO ABSTRACT

Keywords: Currently, there is an increasing interest in the development of HVAC systems based on solid desiccant materials

Adsf’rpti°n to achieve efficient and affordable air dehumidification and humidification processes. Many research efforts deal

IS)_‘;_Slccg“: with the development of novel composite materials suitable to manufacture such devices. In this work we present
ilica Ge

a novel silica gel-based desiccant compound, which can be used to prepare different products, such as sheets,
monolithic components, and coatings. The proposed formulation is based on a combination of silica gel, sodium
polyacrylate, vinyl glue and polypropylene fibers. The preparation procedure of the sorbent material and its
characterization (adsorption capacity, morphology and surface analysis, mechanical properties by pull-off test,
structural and thermal stabilities of new and aged samples and volatile compounds emissions) are described in
detail. A small-scale prototype has been also manufactured and experimentally tested under typical operating
conditions of air dehumidification processes. Results show that the proposed material has a suitable sorption
capacity (maximum water uptake equal to 0.32 kg kg™!), good mechanical properties (pull adhesion strength
around 2.74 MPa) and stability (decomposition threshold of 400 °C). The performances achieved by the pro-
totype are comparable with those of a reference silica gel packed bed system, highlighting that the desiccant
material performs adequately also at system scale.

Dehumidification, Humidification

exhaustive overview of such devices and related applications is reported
in [3].

Silica gels and silicoaluminate zeolites (such as 13X and 4A) are the
most commonly adsorption materials employed in solid desiccant heat

1. Introduction

Currently, there is an increasing interest in the development of HVAC
systems based on solid desiccant materials to achieve efficient and
affordable air dehumidification/humidification processes [1 2]. The
working principle of such devices is based on the ability of some porous
materials, such as silica gel and zeolites, to effectively adsorb/desorb
water vapor from/to a moist air stream. Through an appropriate design
and management of the system, water vapor can be reversibly
exchanged between two airflows, alternatively put in contact with the
sorption material. First, a namely process air stream is dehumidified: at
this stage the desiccant increases its water content until almost the
saturation is reached. Then, a second air stream, conventionally indi-
cated as regeneration one, is heated by an external source (even at low
temperature, such as 40-50 °C) and used to remove water vapor from
the sorption material. Since air dehumidification occurs at the process
side and air humidification at the regeneration one, the device can be
effectively designed to provide humidity ratio variation of an airflow. An
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and mass exchangers, mainly due to their large availability on the
market and relatively high affinity with water molecules (sorption ca-
pacity up to 0.4 kg kg™!) [45]. On the other hand, silica gel is an
amorphous material with intrinsically poor hydrothermal and me-
chanical stabilities, while silicoaluminate zeolites require high regen-
eration temperature (beyond 150 °C) at low p,/pysq ratio. In addition,
sorption materials are generally available in the form of powders,
granules or beads: for both powder and granules, the process necessary
to coat surfaces or to manufacture monolithic components or sheets is
very complex; for beads, the spherical or cylindrical geometry limits the
design of the device.

In recent years, many research efforts dealing with sorption mate-
rials, substrates, and binders, have been carried out to overcome such
limitations. New types of solid desiccants have been suggested,
including crystalline (silico)aluminophosphate (such as AIPOs and
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Nomenclature

A Adsorption potential [kJ kg™ ']

B Base length [m]

D Diameter [m]

E D-A potential [kJ kg’l]

f Mass fraction [-]

H Height length [m]

L Length [m]

M Mass [kg]

n Exponent for surface heterogeneity [-]
P pressure [Pa]

Quds Heat of adsorption [kJ kg™']

RH Relative Humidity [-]

T Temperature [°C]

S Surface/Area [m?]

X Humidity Ratio [kg kg™!]

v Air velocity [m s’l]

w Water content [kg kg’l]

Greek Letters

AX Humidity ratio variation [kg kg™!]
p) Enthalpy of evaporation of water [kJ kg™']
p Density [kg m 3]

T Half cycle time [s]

Subscripts

ads Adsorption material

avg Time averaged value

b Bead

bed Bed

d Desiccant sheet

in Inlet

max Maximum

out Outlet

pro Process

reg Regeneration

v Water vapor

vsat Water vapor at saturation
Superscripts

N Reference condition (p = 1.2 kg m~3)
Acronyms

D-A Dubinin - Astakhov

DVS Dynamic Vapor Sorption

EXP Experimental

FT-IR Fourier Transform - Infrared Spectroscopy

HEC Hydroxyethyl cellulose

HS-GC  Head Space Gas Chromatography
MS Mass Spectrometry

PVP Polyvinylpyrrolidone

PP Polypropylene

SEM Scanning Electron Microscopy
SG Silica Gel

SIM Simulation

TGA Thermo Gravimetric Analysis

vOC Volatile Organic Compound

SAPOs) [6 7], metal-organic frameworks (MOFs) [8 9] and composite
adsorbents, constituted by a salt inside silica or carbon porous host
matrix [10 11 12]. In general, such advanced materials can guarantee
outstanding water adsorption capacity (up to 0.8 kg kg~ 1), which allows
the design of compact solid desiccant units. However, many materials
have been developed only at laboratory level or are highly expensive,
which is a bottleneck for their practical utilization in actual devices [13
14].

Recent R&D efforts have been focused on the optimal integration
between the supporting substrate and the adsorbent material through
the development of coated desiccant heat exchangers. This approach can
offer better heat and mass transfer properties as well as higher dehu-
midification and humidification capacity of the airflow, with respect to
conventional packed stationary beds or rotary wheels [15 16]. Two
different approaches are currently under investigation: the direct syn-
thesis of the adsorbent material over the substrate surface and binder-
based dip / spray coating technique [17].

The direct synthesis method consists in the grown of a thin layer
(10-50 pm) of zeolite crystals on the surface of a large surface area heat
exchanger by hydrothermal deposition process [18 19]. This method
provides a good interaction between the adsorbent layer and the sub-
strate, increasing the heat exchange efficiency. However, the severe
synthesis conditions, especially for SAPO zeolites, and the low material
thickness (10-50 m), limit the practical industrialization of this tech-
nique [20]. Moreover, the dense structure of the adsorbent layer can
significantly limit the internal vapor diffusion. The mass transfer issue
has been partially solved by using macro porous structures, such as
metal or carbon-based foamed zeolite [21 22] or a metal fibers network
[23], which allow to maintain good heat exchange and offer high me-
chanical stability without affecting vapor diffusion through the desic-
cant material.

Alternatively, relevant research activities have been focused to
develop coated adsorbent heat exchangers by spray or dip-coating

technique. In this case, the coating preparation procedure involves the
addition of a certain amount of polymeric binder: adsorbent layers with
0.1-0.3 mm thickness are typically achieved [24 25]. Polyvinyl alcohol,
polyvinyl pyrrolidone, epoxy resins, silanes and silicones are commonly
used binders [26 27 28 29 30], which allow to increase the adsorbent
layer thermal conductivity and to maintain sufficiently high perme-
ability to vapor diffusion through the adsorbent layer [31]. Further-
more, coating process based on silica gel and polymeric binder can be
easily scaled up at industrial level and are sufficiently affordable, being
silica gel cheap and largely available on the market. Based on the
aforementioned considerations, in Table 1 recent research works about
silica gel — polymer compounds are summarized, reporting main per-
formed characterizations, performance results and available thermo-
physical data.

However, looking at the previous state of art, still some research gaps
need to be addressed. In particular, the presence of an organic binder in
the coating formulation could potentially yield the partial blockage of
pores and the production of volatile organic compounds due to thermal
ageing. Additionally, low mechanical strength and poor hydrothermal
stability are possible issues that should be properly addressed to meet
durability requirements of commercial products [37].

The design of an adsorbent compound, cheap and easily made, which
has an effective adsorption/desorption capacity and able to preserve a
suitable mechanical stability during the hydrothermal cycles, is a rele-
vant aspect that should increase the scientific soundness of this research
topic.

To overcome the above-mentioned problems, in this work we present
a novel silica gel-based desiccant compound, which can be used to
prepare different products, such as desiccant sheets, monolithic com-
ponents and coatings. The high manufacturing flexibility is an added
value able to address its use in different application contexts, allowing to
tailor the performance and geometry of the adsorbent product according
to the industrial constrains. The novel compound formulation is based
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Table 1

Recent research works on silica gel — polymer compounds.
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Adsorbent Binder type Configuration Performed characterizations Max water Main results

and amount uptake

Microporous silica gel (Fuji PVP (2 wt%) Consolidated disks; f = Porous structure by N physisorption; W=0.3kg Packing density = 834-975 kg m~>;
Silysia Chemical Ltd, 17 mm,; thickness = Adsorption isotherms; Thermal kg (T = Average sorption enthalpy = 2580 kJ
Japan) [32] 1.1-1.5 mm diffusivity and conductivity; 30°C,p=4 kg™!; Thermal conductivity = 0.16 W

kPa) m1K!

Mesoporous silica gel PVP (10 wt%) Consolidated disks; Porous structure by N, physisorption; W=0.2kg Thermal conductivity = 0.27 W m™~!
(SiliaFlash, Silicycle, -+ graphite thickness = 3.5 mm; Adsorption isotherms; repeated kg (T = K™1; ethanol as solvent
Canada) + CaCl2 (28 wt flakes (20 wt%) sorption cycles; Thermal diffusivityand ~ 35°C,p = 1.1
%) [33] conductivity; kPa)

Microporous silica gel, (Fuji ~ HEC (n.a.) Dip-coating; average Adsorption isotherms; Adsorber testing ~ W = 0.4 kg Moisture removal capacity 7.4-11 g
Silysia Chemical Ltd, thickness = 0.1 mm; kg! (RH = kg™! (air flow rate = 35 kg h™)
Japan) [34] 80%-90%)

Microporous silica gel, (Fuji ~ liquid glue (10 Coating sheets; 100 mm  Adsorption isotherms; Sorption kinetics ~ W = 0.24 kg Coating density 523-888 kg m3;
Silysia Chemical Ltd, wt%) x 20 mm; thickness = kg ' (T = Thermal conductivity = 0.11 W m ™!
Japan) [35] 0.05-0.38 mm; 30°C,RH = K’l;

90%)

Microporous silica gel type HEC (3.3 wt%) Dip-coating; average Adsorption isotherms; Adsorber testing ~ W = 0.42 kg High heat and mass transfer (1.5-2

[28] thickness = 0.7 mm; kg’1 (T= times faster than conventional
35°C,RH = granular configuration)
90%)

Silica gel + LiCl (30 wt%) Emulsion Coating sheets; 120 mm  Adsorption isotherms; Adsorber testing ~ W = 0.25 kg Binder thermal conductivity = 0.24 W

[36] binder (~15 wt x 80 mm,; thickness = kg’1 (T= mK?
%) 0.3 mmy; 30 °C,RH =
90%)

Mesoporous Silica gel Liquid glue (n. Coating sheets thickness ~ Porous structure by N, physisorption; W = 0.65 kg Dehumidification capacities >
(Shanghai Ling Yi Gong a.) n.a. Adsorption isotherms; Thermal kg (T = 25-45% when compared to silica gel
Mao Co. China) + LiCl diffusivity and conductivity, Sorption 20 °C,RH =
(16.12 wt%) [10] kinetics 90%)

on a proper combination of sodium polyacrylate and vinyl glue as
binders, based on the previously reported stability and good affinity
with adsorbent materials [38 39], and polypropylene fibers, to further
improve the adsorbent layer mechanical strength. The preparation
procedure of the material is described in detail. The morphology and
surface analysis of the desiccant sheets have been evaluated by Scanning
Electron Microscopy (SEM). Mechanical properties of the composite
material realized have been evaluated by pull-off test. Adsorption,
structural and thermal stabilities of new and on-purpose aged samples
have been investigated respectively by sorption isotherms measurement,
Thermo-gravimetric (TG) test and Fourier Transform - Infrared Spec-
troscopy (FT-IR) analysis. Evaluation of the presence of undesired vol-
atile compounds has been carried out by Head Space Gas
Chromatography / Mass Spectroscopy (HS-GC/MS) technique. Finally, a
small-scale prototype has been manufactured and experimentally tested
under typical operating conditions of an air dehumidification process.
Performances achieved by the proposed prototype are compared with
those of a reference silica gel packed bed system.

2. Experimental part
2.1. Sample preparation

The components used for the preparation of the adsorbent material
are listed below:

1. Commercial Silica Gel in powder state, produced by Silysiamont.
According to manufacturer data, average particle diameter is 7 um,
average pore size is 2.5 nm, pore volume is 0.4 ml g™, specific
surface area is 700 m? g~! and sorption capacity, at 50 °C, is around
0.2 and 0.55 kg kg ™! respectively at RH equal to 40% and 90%
(further sorption properties are discussed in section 3.2).

. Sodium polyacrylate distributed by Alquera SL.

. Commercial vinyl glue.

. Demineralized Water.

. Polypropylene fibers (0.6 mm length).

a b~ wWwN

The basic composite material (slurry) was prepared by mixing the
components according to mass fraction detailed in Table 2. The quantity
of each component was optimized to get a material with adequate me-
chanical properties and to minimize the amount of binder. Preliminar-
ily, sodium polyacrylate, vinyl glue and water were mixed until a
homogeneous solution is reached. Afterward, silica gel filler and poly-
propylene fibers were progressively added in a small container, at room
temperature (around 20 °C). The slurry was manually stirred for ten
minutes up to homogeneity and, subsequently, it was placed and kept in
a closed vessel for 30 min before following product preparation.

The mixture can be used to prepare different products, such as
desiccant sheets, monolithic components, and coatings. Fig. 1 schema-
tizes the preparation steps applied for the silica gel filled composite
material.

2.1.1. Sheet

A small layer of material (e.g. 2 mm) was spread evenly on a non-
stick polypropylene board. The panel was then placed in oven at 45 °C
and held until the material was dry (about 4 h). Finally, the oven tem-
perature was raised up to 75 °C and the material was kept at 75 °C for
one hour, until it spontaneously detached from the surface of the panel.
Fig. 2A shows an example of the final product.

2.1.2. Monolithic structure

The slurry was placed inside a Teflon mold and heated in an oven at
75 °C. Differently to sheets, due to larger thickness of monolithic
structure, a longer drying time was required. A completely dry material

Table 2

Mass fraction and density of slurry materials.
Material Mass Fraction Density
Silica Gel 17.5% 0.70 g ml~!
Sodium Polyacrylate 1.1% 1.22 gml™!
Vinyl Glue 35.5% 1.19 gml™?
Distilled Water 45.2% 1.00 g ml~?
PP Fibers 0.7% 0.90 g ml !
Total 100.0%
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Sodium Polypropylene
polyacrylate  fibers

30 min storage
after mixing

o
——

Spreading

Moulding

! l
[N [

Samples after curing

Fig. 1. Preparation scheme of the silica gel composite material.

Fig. 2. Sample typology: A) Desiccant sheet; B) Monolithic structure; C) Coating on hydrophilic aluminum.

was obtained after 12-24 h, depending on the thickness (range 0.5-1.5
mm) of the monolithic structure. At the end of the process, the external
and internal parts of the mold were removed to extract the monolithic
structure with the desired characteristics. In Fig. 2B, a small complex
structure (5.5 cm length, 5.5 cm width, 1.0 cm height) with several
circular holes inside is shown. The sample preserved the shape of the
mold even after the shrinkage that occurred during the drying phase.
The specimen is regular and without macroscopic heterogeneities.

2.1.3. Coating

The composite slurry was also successfully employed to produce
surface coatings, after dilution with additional water (approximately 0.3
parts of additional water for each part of the composite slurry). In the
example shown in Fig. 2C, an aluminum sheet was coated using the
brush-applied diluted slurry (several layer can be applied until the
desired thickness is reached), after a hydrophilic treatment was applied
on the surface to increase the adhesion of the coating with the substrate.
Finally, the sample is heated in an oven at 75 °C until completely dried.
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2.1.4. Conclusion on sample preparation

According to aforementioned preparations, after the completion of
the oven drying process, the slurry weight decreases significantly due to
the evaporation of water and solvents. The mass ratio between dry
sample and initial slurry was 0.24 (indicating a weight reduction of
about 76%). The mass fraction of silica gel fsg in dry sample (mass of
silica gel to mass of dry sample) was equal to 0.73.

2.2. Adsorption, morphological and mechanical analysis

To assess the structural stability of the composite adsorbent material,
morphological and mechanical analysis of sample in the sheet form (as
described in section 2.1.1) were carried out. In particular, optical mi-
croscopy was performed by using a three-dimensional digital micro-
scope (Hirox HK-8700) and surface morphology was evaluated by an
environmental scanning electron microscopy (ESEM, Quanta 450, FEIL,
Hillsboro, OR, USA).

Furthermore, pull-off adhesion tests (by using a DeFelsko PosiTest
AT-M pull-off tester) were performed, according to ASTM D4541 stan-
dard, to assess the adhesion strength of the composite coating on an
aluminum sheet substrate. According to the experimental procedure
reported in [40], an aluminum dolly (10 mm diameter) was glued on the
coated surface using a commercial epoxy compound. Afterward, all
samples were cured at room temperature and open to air for 24 h before
carrying out the tests. Three replicas for each sample were performed.

Water adsorption isotherms were measured through a gravimetric
adsorption apparatus (Aquadyne DVS analyzer). Tests were performed
at three different temperatures: 30 °C, 50 °C and 70 °C. The reference
state of the material (anhydrous condition) was obtained in nitrogen
atmosphere at 80 °C (atmospheric pressure). Experimental uncertainty
of measured quantities are the following: temperature - + 0.2 °C; rela-
tive humidity - from + 0.8% at 20 °C to + 1.8% at 70 °C; weight - + 1.0
pg plus 0.001% of suspended mass.

2.3. Stability analysis

2.3.1. Adsorption/desorption stability

The sorption, structural and thermal stability was investigated by
ageing a sample of a desiccant sheet (Fig. 2A). Two different ageing
processes, namely test 1 and 2, have been implemented, both performed
through the DVS equipment:

1. One hundred adsorption/desorption cycles at constant temperature
and different relative humidity, based on the following steps:
- 30 min at T = 45 °C and RH = 80 %.
- 30 min at T = 45 °C and RH = 5 %.
2. One hundred adsorption/desorption cycles at variable temperature
and relative humidity, in the following way:
- 60 min at T = 60 °C and RH = 5 %.
- 60 min at T = 30 °C and RH = 60 %.

Although in actual components the regeneration is obtained through
temperature swing, in the ageing tests described above, the temperature
was kept constant (test 1) or varied in a quite long time (test 2). In fact,
due to the high thermal capacity of the adopted equipment (DVS), it was
not possible to reproduce a fast adsorption/desorption cycle through an
appropriate variation of the chamber temperature. Finally, it is high-
lighted that two different samples have been used in test 1 and 2.

To assess the structural stability of the composite material, FT-IR
analyses were performed before and after the ageing process. Infrared
spectra were recorded by using a Perkin-Elmer Frontiers FT-IR Spec-
trophotometer, equipped with a universal attenuated total reflectance
(ATR) accessory and a triglycine sulfate TGS detector. For each sample
32 scans were recorded, averaged and Fourier-transformed to produce a

spectrum with a nominal resolution of 4 cm ™",
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2.3.2. Thermal stability

Comparative thermo-gravimetric analysis (TGA) was performed to
assess the thermal stability and estimate the degradation temperatures
of the desiccant sheet. TG analysis was carried out using a Seiko EXSTAR
7200 TGA/DTA instrument. Measurements were carried out under ni-
trogen flow (200 ml/min) in the 30-800 °C range, at heating rate of
10 °C/min scanning rate, on 5-10 mg samples. The analysis of the
thermograms was used to determine the temperature values corre-
sponding to the onset, different weight loss percentages and maximum
degradation for each degradation step (from DTG curves) and the final
residue at 800 °C.

Furthermore, headspace-gas chromatography/mass spectrometry
(HS-GC/MS) analysis was carried out to determine the compounds that
possible degrades at low temperature in the composite materials. An
Agilent 6850 gas chromatograph, equipped with a split/splitless
injector, was used in combination with an Agilent 5975c mass spec-
trometer. A CTC CombiPAL auto-sampler was employed for HS sam-
pling. Vials with 1 g of sample were incubated at 80 °C for 15 min. A 0.5
ml headspace volume was then sampled (gas-tight syringe held at 85 °C)
and injected in the gas chromatograph. The syringe was then flushed
with helium. The inlet liner (internal diameter of 1 mm) was held at
200 °C and the injection was performed in splitless mode. Compounds
were separated on a polar column (DB-WAX ultra inert; length: 30 m;
stationary phase: bonded polyethylene glycol; 0.25 mm inner diameter;
0.50 um coating) using the following temperature program: 10 min at
30 °C, then 5 °C/min to 60 °C (held for 2 min) followed by 10 °C/min to
240 °C (held for 9 min). The temperature of the transfer line was set at
250 °C. After GC separation, compounds were ionized in positive EI, and
the acquisition was performed in full scan mode. Spectral identification
was done when the spectra and the NIST spectral mass library (NIST 05)
combined with our in-house library matched with a spectral similarity
> 90%. The thermal treatment and the analysis were repeated for three
times on the same sample. Afterwards, samples were analyzed before
and after thermal annealing at 80 °C for 8 h under vacuum. In this case,
for HS analysis vials with 1 g of sample were incubated at 50 °C for 15
min.

3. Results and discussion
3.1. Morphological and mechanical analysis

Fig. 3 shows the top view and fractured section micrographs at 300x
magnification, respectively, of the silica gel based composite sheet. The
material structure is homogeneous and almost compact. No evidence of
large cracks or voids can be highlighted. The morphology (Fig. 3A) is
quite rough, with some asperities randomly distributed on the surface.
This morphology is almost common in composite polymer adsorbent
coatings and binder based composite coating and it is not strictly asso-
ciated to a poor distribution of matrix binder or local filler domains [41].
Moreover, the silica gel grains are homogeneously distributed and well
packed in the polymer matrix confirming a suitable interaction between
the filler and the polymer matrix. It is also clear the presence of the
polypropylene reinforcing fibers well embedded in the matrix. Some
pores or rivers are superficially observed: these are attributable to the
evaporation process of liquid solvents during the drying phase.
Although, these surface asperities are not deep enough to prejudice the
structural integrity of the material bulk. In fact, by analyzing the cross
section of the sample (Fig. 3B) it is possible to highlight that no relevant
heterogeneities or voids can be identified in the bulk of the absorbent
sheet. On the fracture surface, it is possible to observe some poly-
propylene fibers pulled out from the matrix due to the tensile stress
applied during the local ripping of the adsorbent sheet. The fracture
image also evidences the bridging effect offered by the polymer fiber on
the crack stabilization. The reinforcement hinders the extension of the
crack by imposing higher stress values to propagate the fracture of the
sample. Thus, the fibers act as reinforcement allowing to anchor and to
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Fig. 3. Top view a) and fracture section b) micrographs of the silica gel polymer composite.

fix the constituents each other, increasing the mechanical stability of the
sheet even in the presence of local cracks or fractures.

Fig. 4 shows a representative fracture surface caused of pull-off
adhesion test and suggests further observations. All replicas exhibited
an almost similar fracture surfaces with mainly pull-off cohesive frac-
ture. This behavior can be related to the triggering and propagation of
cracks within the bulk of the material. This indicates that the adhesion
strength with aluminum substrate is stronger than the cohesive bulk
one. The substrate roughness can improve both chemical and physical
interaction with the applied coating, thus improving the adhesive force
at the coating/substrate interface and favoring a cohesive mode failure
[42]. The average pull adhesion strength is equal to 2.74 + 0.73 MPa.
This value is compatible with the literature data [37] and suggests that
the composite material exhibits good tensile adhesion capability.

3.2. Adsorption properties analysis

Fig. 5 shows experimental equilibrium data of pure silica gel and of
the composite material (T = 50 °C). The sorption capacity is calculated
referring both to the total mass of the sample and to the sole mass of the
silica gel (both in anhydrous conditions). The shape of all curves is
similar, highlighting that their sorption capacity is substantially related
to silica gel physical properties, and the amount of sodium polyacrylate
is small so that it does not modify indeed the shape/slope. As expected,
the sorption capacity of the material is limited due to the presence of the
binder. By comparing the trend of the sorption capacity of the material
with that of pure silica gel, we can state that about 60% of the adsorbent
properly works, while pores of the remaining part are not available due
to the presence of the binder.

The adsorption capacity of the composite adsorbent can be evaluated
through the Dubinin-Astakhov (D-A) approach:

& B R
0 P Y
S UTAN TR #

Fig. 4. A representative pull-off fracture image of the composite material
coated on aluminum substrate. Other replicates show the same features.

0.6 T T T T
4 Sample (total dry mass basis) L
05 e Sample (SG dry mass basis)
* SG (pure) *
*
0.4 |
R *
2
0.3 * .
= *
= . i
0.2r * N
A
* ¢ A
0.1 * * 3
L[] A
* : A
2 2
0 L 1 1 L L 1 1 L
0 01 02 03 04 05 06 07 08
RH [-]

Fig. 5. Adsorption capacity at 50 °C vs relative humidity of pure silica gel (SG)
and of the material developed in this work (referred to total dry mass and to dry

silica gel mass).
_ (é) ’ _ (Rm(l/rm)) ’
E E
W = Wyne = (€]

Where W,y is the maximum water content, A and E respectively the
adsorption and D-A potential and n the exponent for surface heteroge-
neity. Experimental data at 30 °C, 50 °C and 70 °C have been used to
determine the parameters of Eq. (1) (on total dry mass basis): resulting
values are Wpay = 0.3129 kg kg%, E = 36.47 kJ kg~ and n = 0.9897
(R? = 0.97). Measured data and numerical results are reported in Fig. 6.

According to D-A approach used to evaluate the adsorption capacity
of the compound, the heat of adsorption can be simply calculated as
follows [43]:

max€

@

As shown in Fig. 7, Qqqs is close to the enthalpy of evaporation at a
given temperature: at low water content Qs is around 10% higher than
A while at maximum sorption capacity Qqgs tends to A.

Qads =1+A

3.3. Verification of stability

3.3.1. Adsorption/desorption stability

The adsorption and desorption capacity were observed during the
ageing process carried out through the DVS apparatus. Fig. 8 shows last
10 cycles of the two stability tests (denoted as 1 and 2 and described in
Section 2.3.1): no evidence of performance degradation is shown, since
the maximum and minimum water uptakes do not change even after
several adsorption/desorption ageing cycles.
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Fig. 6. Measured and calculated adsorption capacity of the new material (nu-
merical results obtained with Dubinin-Astakhov Eq. (1)). Values are calculated
on total dry mass basis.
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2450 G e

-1
Q4 kI kg']

2400 e

2350 1

2300 '
0

0.05 0.1

W kg kg™l

0.15 0.2

Fig. 7. Calculated heat of adsorption of compound (Eq. (2)).

The ascending and descending branch of W is almost similar. This
qualitatively suggests that the kinetic diffusion of water vapor through
the composite bulk is not hindered up to 100 cycles of test 1 and test 2.

With the purpose of assessing the structural stability of the composite
material and their constituents, FT-IR analyses were performed on aged
and unaged samples (before and after the 100 cycles of test 1). The re-
sults confirmed the presence of each single component employed for the
preparation of the material (silica, polypropylene fibers, polyacrylate,
vinyl binder), as shown in Fig. 9A. The band at 3600-3000 cm ™! is due
to the O-H stretching of residual adsorbed water, which is about 30%
lower in the aged sample. The lower content of adsorbed water may be
also responsible for the lower absorption in the O-H bending region
(around 1642 cm™1). The absorptions of polyacrylate are observed as a
convolution of peaks at 1555 and 1409 cm™; vinyl binder and poly-
propylene absorption are present at 1729, 1452 and 699 cm ™. The main
absorption band between 1300 and 800 cm ™ is due to silica. The ab-
sorptions at 1052 and 794 cm™! are due to the Si-O asymmetric and
symmetric stretching, respectively. The shoulder at 962 cm™! is due to
the C-O Si-O-C bending.

The vibrational analysis did not show any significant variation of the
material except for a decrease of the polyacrylate peak at 1555 cm ™! and
for the shoulder at 962 cm ™2, in the silica absorption region. Considering
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Fig. 8. Water content and relative humidity or temperature profile during
stability cycles in DVS: constant temperature and variable relative humidity
(top) and both variable temperature and relative humidity (bottom).

that sodium polyacrylate is soluble in water, we could suggest that
ageing may induce its slight dissolution because of hydrogen bonding
interactions between the water and the polymer [44].

The decrease of the shoulder at 962 cm ™ in the silica absorption
region may be due to a slow degradation of silica network due to ageing.
For this reason, the 1300-800 cm ! region of FTIR spectra of solid silica
gels was further investigated through the peak fitting analysis [45]. This
region is indeed the convolution of several bands [46] and the identi-
fication of the single components may give structural information about
silica solutions and the potential occurrence of the sol-gel process
[41-45]. Fig. 9B shows the results of the peak fitting analysis of the
1350-870 cm ™! region of ATR-FTIR spectra of virgin and aged material
and Fig. 9C shows the optical density (OD) percentage of each compo-
nent resulting from the peak fitting (N = 3 replicates). The mean stan-
dard error between the experimental and the theoretical curves was in
all cases < 5 x 10,

A deep inspection of this region evidence indeed changes in the silica
network that, however, do not have a big impact on the performances of
the material developed in this study.

In this region, characteristic peaks identified also by Osswald et al.
[46] are observed around 1222, 1156-1147, 1070-1082, 1032-1038,
971-975, 945-950 and 917-901 cm ™. The frequency and the OD % of
most of them changes with ageing. The first absorption at 1222 cm™! is
assigned to the LO3 mode of Si-O-Si asymmetric stretching vibration
[48]. The shoulder at 1167-1147 c¢cm ! may be due to skeletal Si-O
stretching vibrations [49 50] or to the LO3 mode of the Si-O-Si
stretching vibration in porous gel silica [47 48]. The peak around
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Fig. 9. (A) Normalized FT-IR spectra of the material before (black line) and after (red line) ageing. (B) Peak fitting analysis of 1350-870 cm ! region of ATR-FTIR
spectra of virgin (B1) and aged material (B2); the peak fitting was performed with 7 gaussian peaks [45]. The spectrum deconvolution software identified 7 Gaussian
peaks: around 1222 cm ! (black continuous line), around 1156-1147 cm ™! (blue dotted line), 1070-1082 cm ! (red line), 1032-1038 cm™* (green line), 971-975
em ! (brown line), 945-950 cm ! (black dotted line) and 917-901 ecm ! (purple line); the assignment of each single component is reported in the text. (C) optical
density (OD) percentage of each component resulting from the peak fitting (N = 3 replicates); ba = before ageing (light gray columns) and a = after ageing (dark gray
columns). ATR-FTIR spectra have been normalized with respect to the highest peak in the 1350-870 cm™ region. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)

1070-1082 cm™! has been assigned to the TO3 mode of Si—O—Si
asymmetric stretching vibration [46 47 49-51]. The additional peak at
1032-1038 cm ! has been assigned to TO3 mode of surface Si-O-Si
stretching, while for inner Si—O—Si the same absorption is at
1098-1074 cm ™! [46]. After ageing the contribution to the main peak of
silica network is due to surface Si—O—Si stretching that suggests a
degradation of silica network. The peak around 1038 cm ™! has high
intensity when particle size is small and, therefore, the surface/volume
ratio is high [46]. For bigger particles the asymmetric Si—O—Si
stretching mode at ~ 1080-1100 cm ™! is dominant.

After ageing the shoulder around 962 cm™! is mainly due to the
component at 950 cm ™! assigned to the stretching vibration of Si—0 of
silanol groups [52], likely formed after many sorption/desorption
cycles.

3.3.2. Thermal stability

Fig. 10 shows the TGA curve (solid line) obtained for a sample of a
desiccant sheet. Two different weight drops can be identified at low and
high temperature. i) At about 60 °C a first weight loss of ~ 6% can be
identified. It is attributed to the evaporation of the water vapor adsorbed
by the silica gel from the humid air. This weight drop at low temperature
could be also supported by the additional evaporation of the residual
organic solvents not released during the drying phase in oven at 75 °C.
ii) A second relevant drop in weight (~20%) was experienced at nearly
400 °C. At this temperature the decomposition of the polymeric binder
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Fig. 10. TG (solid line) and DTG (dotted line) profile of the desiccant sheet.
Maximum rate of weight loss at 60 °C and 410 °C.

occurs thus setting this temperature as a threshold value for its use. The
threshold value of 400 °C is quite higher than the typical operating
conditions of devices for air humidification and dehumidification (max
operating temperature around 100 °C). These results consequently
confirm that the thermal stability of the material is compatible with the
application conditions.
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To better clarify the nature of the compounds released by the ma-
terial at low temperatures, HS-GC/MS analysis was applied to evaluate
the release of volatile and potentially harmful compounds following the
heating of the desiccant sheet [45]. Samples of desiccant sheet (1 g,
corresponding to 25 cm?) were analyzed before and after thermal
annealing at 80 °C under vacuum for 8 h.

The headspace above the desiccant sheet, closed into a gas-tight vial,
was injected into a GC-MS instrument after mild heating at 80 °C for 15
min, and the analysis was repeated three times on the same sample.
Several organic compounds were identified from their mass spectra, and
the intensity of each signal (expressed as detector counts) was compared
among the three analyses. Specifically, the headspace analysis of the
desiccant sheet before 8-hours thermal annealing showed the presence
of organic solvents such as acetone, 2-propanol, and ethanol (Fig. 11).
Traces of organic solvents can be found in glue or in polypropylene as
residuals of the peroxide degradation during the industrial
manufacturing process, while branched aliphatic hydrocarbons are
caused by either polymerization defects or polypropylene thermal
degradation at 80 °C [53].

As expected, even a short treatment at 80 °C for 15 min causes the
release of volatile compounds from the sample. However, successive
analyses on the same desiccant sheet revealed that all compounds were
reduced by 80-95% after the first extraction (80 °C for 15 min). This
result confirm that the first weight drop in TGA can be ascribed mainly
to solvents than water. Moreover, from the analysis of the same sample
before and after the thermal annealing for 8 h under vacuum it was
possible to observe a significant reduction in the amount of released
VOCs (data not shown for brevity). This means that even a mild thermal
treatment of the material is sufficient to remove most of volatile organic
residues, thus improving its safety and environmental impact.

4. Experimental test of scaled up prototype
4.1. Prototype description and adopted methodology

A small-scale prototype was manufactured in order to evaluate the
performance of the proposed composite material. As shown in Fig. 12,
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the device consists of three rows of desiccant sheets, prepared according
to the detailed experimental methodology. Each sheet is 2 mm high,
11.9 cm wide (Bg) and 5.8 cm long (Lg). In each row there are twenty
sheets, which are spaced 2 mm apart and are kept in their position
through 3D printed plastic supports (the desiccant device height Hy is
therefore 7.8 cm). The total dry mass of the sixty sheets is 0.265 kg,
which corresponds to a net mass of silica gel Mg equal to 0.193 kg
(according to fsg = 0.73). The desiccant sheets and related supports are
fixed in a Plexiglas box, which is covered with 5 cm tick insulating
panels during tests. The cross-sectional area S = Bg Hy of the device is
92.8 cm? Two additional junction ducts were installed to convey the
airflow that does not pass through the desiccant sheets during experi-
ments. The box is connected to air ducts of the test rig and mounted on a
sliding slide, to allow primary and secondary air flow exchange.

The developed system is compared with a silica gel packed bed de-
vice, as reference technology. In particular, the face area S of the system
crossed by the airflow and the total mass of desiccant material Mgg are
set equal to ones of the proposed device (respectively § = 92.8 cm? and
Mg = 0.193 kg). Bed length is calculated as follows:

Msc
SPea

Lyea = 3)

In the analysis, experimental data of the developed apparatus are
compared with numerical results of the reference one, obtained through
a previously developed transient phenomenological model [54]. In such
model temperature, humidity ratio and sorbent water content are
assumed uniform at the cross section of the bed. In addition, mass
transfer resistance through desiccant beads is modelled through an
appropriate superficial mass transfer coefficient. The resulting model
requires low computation time and guarantees adequate accuracy of
results. Table 3 resumes the main technical data of the packed bed
adopted in the simulations.

4.2. Description of the test rig

According to Fig. 13, the test rig consists of two air circuits, namely
the process and regeneration one. The desiccant sheets are alternatively
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Fig. 11. Chromatographic areas of volatile compounds released from the desiccant sheet before thermal annealing (inj = injection). Before each analysis the sample

was heated at 80 °C for 15 min.
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Fig. 12. View of the prototype.

Table 3

Main reference system data adopted in the simulation.
Type of material Silica Gel
Max water uptake - Wiq, [kg kg™'] 0.318
Average pore size- [nm] 2
Water uptake(at T = 50 °C, RH = 90 %)-W [kg kg '] 0.31
Water uptake(at T = 50 °C, RH = 40 %)-W [kg kg '] 0.17
Beads diameter - D, [mm] 3.3
Packed bed density - gpeq [kg m~3] 844
Bed face area - § [cm?] 92.8
Bed thickness - Lyq [cm] 2.5

connected to the first or second circuit: during the process period (zpro)
the air is dehumidified and heated while during the regeneration step
(r¢g) the water is removed from the desiccant material. Inlet process air
conditions, namely temperature, relative humidity, and mass flow rate
are properly set through two independent air-handling units. The
volumetric flow rate was evaluated through orifices plates and piezo-
resistive pressure sensors (+0.5% of reading + 1 Pa), according to DIN
EN ISO 5167-2 international standard. Inlet and outlet temperature was
measured through calibrated thermocouples (+0.5 °C) installed in
proximity of the desiccant sheet. Airflow humidity ratio was evaluated
through coupled PT100 thermo-resistances (£0.2 °C at 20 °C) and
relative humidity capacitive sensors (+1% at 20 °C) installed in the test

Sliding structure

Inlet Process Airflow ||

[] Outlet Process Airflow

rig ducts.

4.3. Experimental results and comparison with reference technology

Experimental tests of the device with the proposed composite ma-
terials and numerical simulations of the reference system were carried
out in three different operating conditions, summarized in Table 4. Tests
were performed with almost the same inlet air conditions (accordingly
to experimental setup constraints), representing a dehumidification
process with regeneration at low temperature, and three different
commutation periods 7. The scope of such tests is to demonstrate that the
proposed compound can be used to develop devices for air humidifica-
tion and dehumidification.

Temperature and humidity ratio profiles of Test A are reported in
Fig. 14. It is possible to state that:

i. During the process period, air is dehumidified and heated due to
the release of the adsorption heat. The opposite occurs during the
regeneration process.

ii. Atthe beginning of the process period, the air dehumidification is
less effective because the desiccant material is still hot from the
regeneration one. Once the structure is adequately cooled, the
dehumidification process reaches the maximum value (t =~ 100 s)
and then it gradually decreases due to the increasing water

Junction Duct
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Outlet Regeneration Airflow
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Inlet Regeneration Airflow

/

,
—— O,
,
|
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Fig. 13. Scheme of the experimental setup.
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Table 4
Main reference system data adopted in the simulation.
Input
Test 7 [s] Tregin [°C] Xregin [gkg "] Viegin [ms™'] Tpro,in [°C] Xpro,in [gkg "] Vproin [ms™]
A 600 52.1 10.2 0.292 25.4 15.5 0.325
B 1200 52.2 11.1 0.293 24.8 16.1 0.326
C 1800 52.4 10.7 0.293 25.2 16.2 0.327
Output
EXP SIM Relative difference
Test © [s] AXaygreg [gkg™'] AXaygpro [gkg™'1 AX g reg [gkg ™' AXayg pro [gkg™"] AXayg reg [%] AX gz pro [%]
A 600 3.8 -3.5 45 4.1 ~16% ~13%
B 1200 4.0 3.4 4.6 —4.1 ~14% ~17%
C 1800 3.7 -3.2 4.4 -4.0 -16% —20%
55 outlet temperature profile of experiments and simulations are not
L EPT = ' ' ' strictly comparable.
=== in
sob | e EXP T, [°C] ] . o ) o
—eeoSIMT_[°C] Table 4 reports the time averaged humidity ratio variation 4Xgyg,
.. SIM T'" [°C] calculated for the process and regeneration period, for both experi-
RO it |
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Fig. 14. Temperature and humidity ratio profile during the entire cycle (pro-
cess and regeneration period) of Test A.

content in the adsorbent material. A similar analysis can be car-
ried out for the regeneration process.

iii. At the beginning of the commutation period, the experimental
temperature difference between outlet and inlet states (| Toue-Tin|)
is significantly higher than the numerical one obtained for the
reference system. This trend is related to the additional thermal
capacity of the device (plastic supports, Plexiglas box and ducts)
and the consequent transient heat transfer with the airflow. In
fact, in the adopted phenomenological model only the thermal
capacity of silica gel is considered, leading to a faster desiccant
beads cooling/heating after commutation. For this reason, the

11

mental and numerical cases. Dehumidification capacity of the proposed
system is always slighter lower than that of the reference technology: the
relative difference of AXgyg pro is between 13% and 20%. The difference is
mainly related to: i) the presence of the glue that partially reduce silica
gel interface area and, therefore, adsorption capacity; ii) the slightly
different properties of silica gel. The preliminary results obtained with
this prototype are satisfactory and they can be improved by a further
optimization of the device and of operating conditions, such as the
regeneration temperature and airflow rates. Furthermore, the proposed
system can be designed with different geometries and it does not present
the risk of adsorbent grain displacement.

5. Conclusions

In this research a new silica gel-based compound has been proposed
for devices aimed at realizing air dehumidification and humidification
processes. The proposed formulation is based on a proper combination
of silica gel, sodium polyacrylate, vinyl glue and polypropylene fibers.
The results of this study have shown that:

(i). The adsorption capacity of the compound at RH equal to 90% is
0.32 kg kg™!, highlighting that almost 60% of the silica gel
properly works for adsorption/ desorption of water vapor.
Adequate mechanical strength and high adsorption and thermal
stability of on-purpose aged samples were observed.

The emission of volatile compounds is low and it significantly
decreases with progressive thermal cycles. An appropriate pre-
treatment of the proposed material, such as vacuum heating,
can reduce drastically volatile compounds emissions even after
the first cycles.

Dehumidification capacity of the proposed prototype is around
3.5 g kg™ when the regeneration occurs at 52 °C, slightly lower
than that of similar systems based on silica gel beads.

(ii).

(iii).

@iv).

Based on the mentioned results, the silica gel-based compound pro-
posed in this work seems a promising, performing solution that can be
used to realize devices for air humidification and dehumidification.
Further studies should deal with the design and optimization of the
devices, their integration and scale-up in air handling units.
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