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Abstract

Lightweight gypsum composites with improved thermal and waterproof properties were
produced by using a concentrated slurry containing polystyrene nanoparticles (NPS) as
an additive. The NPS/Hemihydrate mass ratio was varied between 0.00 and 0.42. The
density of the composites decreased with the increase of the NPS/Hemihydrate mass ratio,
due to the change in the internal structure to a more lamellar one with crystals of larger
size that grow also in a less compact distribution. This also caused an increase of the
porosity (from 0.47 to 0.51) and a reduction in the thermal conductivity from 0.354 W m"
K- (NPS/Hem = 0) to 0.225 W m™'K"! at 32 °C for the composite manufactured with the
maximum NPS amount (NPS/Hem = 0.42). The thermal conductivity decrease allowed
to reduce the final temperature at the steady state up to 2.5 °C compared with the
unmodified gypsum, when they were exposed to a heat source at 45 °C. In addition, it was
observed by SEM and TGA that the NPSs were distributed homogeneously throughout
the gypsum composites blocks. Although the maximum compressive and flexural
strengths decreased with the increase of NPS amount up to 76 and 61 %, respectively; all
the synthesized lightweight gypsum blocks satistied the European standard regulation EN
13279-1. The waterproof properties were measured by the contact angle, passing from

26.2° to 141.5 ° when changing from 0.0 NPS/Hem ratio to the maximum amount.
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1. Introduction

The growing increase in energy demand is becoming a real problem in modern
society, in terms of the environment (due to greenhouse gas emissions) and of the
availability of energy resources [1]. The building sector is responsible of the 40 % of
energy consumption and of the 36 % of CO> emissions in the European Union [2].
Consequently, governments have implemented a series of regulations and directives with
the aim of renovating the housing stock, prioritizing energy efficiency by improving the
thermal insulation or applying new building designs and promoting the use of sustainable

energy resources [3,4].

The improvement of the construction materials thermal insulation is getting great
importance in terms of energy saving in building sector. The main goal is to obtain
materials with high porosity in order to decrease their thermal conductivity [5,6]. Air-
entrance agents and foaming agents can be used to get that target. Also, several kinds of
additives or lightweight aggregates can be added in building materials composites to get
the same effect. In bibliography, there are many lightweight composite materials;
containing diverse kinds of additives such as pumice [7], diatomite [8], expanded
vermiculite [9], expanded perlite [10], expanded clay [11], fly ash [12], oil palm shell
[13], rubber [14], expanded polystyrene [15,16], waste plastics [9,17,18] and
encapsulated phase change material [19,20], among others [21-23].

One of the most widely used materials in the building sector is gypsum, due to its
low cost and the fact that it is a very versatile compound. It has been traditionally used in
ceiling and wall claddings, which are key areas of energy losses in buildings [24].
Therefore, the way of improving its insulating capacity, while keeping the rest of its
properties almost intact, is being extensively studied. Borreguero ef al. [19] manufactured
lightweight gypsum composites with improved thermal energy storage capacity by adding
different kind of microencapsulated phase change materials with a polymeric shell. They
incorporated up to a 15 wt% of capsules with respect to the hemihydrate (Hem), obtaining
a reduction in the thermal conductivity up to 25.8 %, with an increase in the thermal
energy storage capacity up to 63.88 %. In addition, all the lightweight gypsum composites
that they manufactured complied with the standard European regulation EN 13279-1 [25].
Thompson et al.[21] fabricated a hierarchically porous gypsum composite by the
incorporation of micro-size agar hydrogel in the recipe formulation of the material. They
achieved an increase in the porosity up to 60 % with a reduction in the thermal
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conductivity from 0.42 W m™'K™! (unmodified gypsum) to 0.20 W m'K"!. Nevertheless,
the mechanical properties of the new porous and insulating composite were much worse
than the unmodified gypsum. On the other hand, gypsum composites, prepared from flue
gas desulfurization binder and different kinds of fillers (silica sand, perlite, expanded clay
aggregate and waste polyurethane foam), were manufactured by Dolezelova et al.[22].
By adding these fillers, they achieved an increase in the porosity from 30.4 to 61.3 % with
a decrease in the thermal conductivity from 1.8 to 0.2 W m'K"!, in compliance with the
standard European regulation EN 13279-1 [25]. Nevertheless, the samples with
lightweight aggregates accumulated a higher amount of water and did it faster. Bouzit et
al. [16] introduced expanded polystyrene balls (3-5 mm) in the manufacture of plasters,
generating an increase in their porosity as well as a decrease in their thermal conductivity.
However, there was a large decrease in the maximum compressive strength of lightweight

gypsum composites with the increase in the number of polystyrene beads.

On the other hand, it is well known that water is one of the most aggressive
external atmospheric agents that penetrates building materials structure causing an
important physical and chemical degradation, what compromises its functionality. In this
regard, the improvement of the building material waterproof properties by adding a layer
of polymer or other hydrophobic materials such as SiO>-CH3, or by incorporating them
in the manufacture of the material, has been studied by several authors [26-30]. The
addition of layers involves an extra step in the final material production and the layer
effectiveness can be reduced with the pass of time due to its thickness reduction or partial
damages, not lasting the whole building lifetime. Additionally, the homogeneous
incorporation of hydrophobic fillers throughout the gypsum composites is not easily
achieved, due to the presence of water as reagent for the gypsum manufacturing that can
promote the agglomeration of the hydrophobic filler. Thus, further materials or a better
incorporation of those previously tested must be tried for the development of lightweight
gypsum composites. For this purpose, a slurry concentrated in polystyrene nanoparticles
(NPS) has been used as an additive, in order to change the properties of the gypsum,
decreasing its thermal conductivity and improving its waterproof properties, while
agreeing with the rest of requirements of building regulations. To the best of our
knowledge, the use of slurries concentrated in nanoparticles of polystyrene functionalized
with hydroxyl groups (-OH) by means of tetraorthosilicate and vinyltriethoxysilane, for

the manufacture of gypsum composites exhibiting hydrophobic properties and low



thermal conductivity has not been studied up to now. Thus, the addition of a NPS slurry
instead of dry nanoparticles is a novel approach that facilitate the homogeneous
distribution of the NPS throughout the entire gypsum specimens thanks to the way the
particles are dispersed in it. Besides, the water of the slurry is used as settling water. The
physical, chemical and thermal properties, as well as the waterproof ones of all the
composites manufactured were studied; demonstrating that this method generates
materials with improved insulating and waterproof properties that comply with current

regulations for use in the building sector.

2. Materials and methods
2.1. Materials

Gypsum plaster for coatings, supplied by BigMat S.A., and milli-Q water, with a
conductivity value lower than 5 uS cm™, were used for fabricating the lightweight
gypsum blocks. The properties of the gypsum plaster for coatings employed are gathered
in Table 1. The slurry concentrated in polystyrene nanoparticles was synthesized
following our previous recipe [31]. The slurry used as an additive for the manufacturing
of gypsum composites was one highly concentrated in polystyrene nanoparticles, with
low viscosity and non-Newtonian behavior [31], whose values of solids content, zeta
potential (|C|) and particle size in volume and number (dvo.s and dnos, respectively) are
listed in Table 2. For the synthesis of the slurry, the suspension polymerization method
was employed, using sodium dodecyl sulfate as surfactant. Besides, the polystyrene
nanoparticles were functionalized with tetraorthosilicate and vinyltriethoxysilane, in

order to increase the stability of the colloidal suspension.
2.2. Lightweight gypsum blocks manufacturing

Gypsum blocks were synthesized by weighting first the mass of the slurry needed
for obtaining the desired NPS/Hemihydrate (NPS/Hem) mass ratio and then, completing
with the amount of water required to achieve a mass ratio water/Hem of 0.6. Then, the
mass of Hem was mixed with the slurry and water using a mixer that satisfies the
European regulation UNE-EN 196-1 [32]. The mixing process was carried out at slow
speed (rotation movement of 140 min™! and planetary movement of 62 min™') for 1.5 min.

Finally, the mixture was poured into a mold of 40x40x 160 mm for the mechanical test,



to a mold of 30x60x 100 mm for the thermal analysis and to a mold 0of 20x110X110 mm
for studying the thermal conductivity in lambdometer. All specimens were dried at room
temperature for one week and then at 40 °C until complete evaporation of the water
excess, in accordance with the European Standard regulation EN 13279-2. The
composites are named as C-NPS/Hemy, where “x” is the NPS/Hem mass ratio. The

recipes used for the manufacturing of the C-NPS/Hem are shown in Table 3.
2.3. Lightweight gypsum blocks characterization
2.3.1 Density and porosity

The bulk density of the gypsum blocks (ppyix) Was determined by weighing and
sizing the dry specimens. The real density (p,¢q4;) Was determined by helium pycnometry
(Micromeritics Accupy II 1340). The porosity of the gypsum composites (£) was
calculated with the Eq. 1 from the ppy ik, Preq; and assuming that the gypsum pores are
filled by air which remains trapped into the gypsum once it solidifies. The air density

(pgir) Was assumed to be 1.186 kg m~, which corresponds to the pg;, at 25 °C and 1 atm.

e = Preal — Pbulk [1]

Preal — Pair

2.3.2. Scanning Electron Microscopy (SEM) analysis

Manufactured gypsum composites were depicted by means of Scanning Electron
Microscopy (SEM) by using a Quanta 250 (FEI Company) with a tungsten filament
operating at a working potential of 15 to 20 kV. The Backscattered Electron Detector
(BSED) was applied for imaging. The SEM equipment was equipped with an Apollo X
EDX from AMETEK, an energy dispersive X-ray spectrometer (EDX), which analyzed

the chemical composition with detection limits between 1000 ppm and 0.1 wt%.
2.3.3. X-Ray Diffraction (XRD) analysis

The crystallography of the obtained materials was analyzed by using a Bruker D8
Advance X-ray reflectometer, with 0 - 6 configuration, Cu-Ka radiation, Gobel mirror to
produce parallel beam, special sample holder for reflectivity measurements, 0D point

scintillation detector and at the same time 1D LynxEye detector.

2.3.4. Fourier Transform Infrared (FT-IR) spectroscopy



Fourier Transform Infrared (FT-IR) spectroscopy analysis was carried out on a
Spectrum Two spectrometer (Perkin Elmer, Inc) equipped with a Universal Attenuated
Total Reflectance (UATR) accessory. Three samples in different positions of the same
specimen were carried out (at 0, 20 and 40 mm of mechanical test specimen). The infrared
spectra were collected using 16 scans and 16 cm™ resolution in the wavelength range of

4000 to 500 cm™.
2.3.5. Mechanical tests

The mechanical properties of the lightweight gypsum composites were studied by
using a Servohydraulic Test System (MTS Criterion Model 43). The flexion and
compressive strengths were obtained according to standard UNE-EN 13279-2 [33]. The
flexion tests were done using specimens of 40x40x 160 mm applying a load rate of 50 N
s' until fracture. The compression tests were done using the broken flexion test
specimens. A load rate of 1 N mm™s! was applied over 40x40 mm surface load

application until fracture.
2.3.6. Contact angle

The contact angle analyses were performed on gypsum specimens of 30x60x100
mm. Three measurements were done in different points of the same specimen to obtain
the average value. The tests were carried out with an Attension Theta Optical Tensiometer
from Biolin Scientific’s, with a computer controlled by OneAttension software and

provided with a high-definition camera.
2.3.7. Thermogravimetric Analyses (TGA) of gypsum composites

The thermal stability of the synthesized composites was analyzed by
Thermogravimetric analysis (TGA) using a SDT Q600 Simultaneous DSC-TGA (TA
Instruments). Three samples from different positions of the same specimen (taken at 0,
20 and 40 mm from the edge of the mechanical test specimens) were tested in order to
study the homogeneity of the composites. Temperature was tuned from room temperature

to 700 °C, under a nitrogen atmosphere and using a heating rate of 10 °C min™’.
2.3.8. Lambdometer

A lambdometer model HFM 446 Lambda medium (NETZSCH) was used in order
to quantify the thermal conductivity of the manufactured lightweight gypsum. The HFM
446 uses the heat flow meter method based in the following standards: ISO 8301, ASTM
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C 518, DIN EN 12667, JIS A 1412, DIN EN 12664 and ASTM C 1784. With this method
the specimens are tested between two heat flux sensors in fixed or adjustable temperature
gradients. After a few minutes for the system to reach the equilibrium, the software
computer determines the thermal conductivity and thermal resistance of the sample. It
uses a steady-state measurement process. The specimens are in contact with the upper
and lower plates, which are stabilized at two different temperatures. Due to the
temperature gradient imposed, heat flows vertically through the specimen, from hot face
to cold face. These plates are equipped with heat flux transducer and peltier system in
order to keep constant the temperature and heat flow. The values of heat flow and
temperature are used to calculate the specimen thermal conductivity under steady-state

conditions.

The thermal conductivities of the manufactured specimens with dimensions of
110x110x20 mm were measured at 8, 16, 24, 28, 32, 40 and 45 °C with a temperature
gradient of 20 °C between upper and bottom plates. The tests were performed three times

using for that the same specimen.

2.3.9. Procedure and experimental equipment for the thermal behavior tests of the

composite gypsum blocks

The thermal behavior of the gypsum composites has been studied using a
homemade equipment designed in the Chemical Engineering Department of the
University of Castilla-La Mancha. With this equipment, the temperature profiles at
different positions of the specimens are registered with time while they are subjected to a
cold or hot source (only in one of their faces) passing from one steady state to another.
The equipment consisted of an aluminum cell of 30X60x100 mm and wall thickness of
I mm, through which a liquid coming from a thermostatic bath is pumped. The
temperature of the aluminum cell is controlled with the temperature of this liquid. The
lightweight gypsum composites specimens are placed on the cell and further insulated
with foams boards of 4 cm in thickness. A more exhaustive description of the equipment
and proofs of its successful performance for the thermal characterization of materials can

be found in previous works [20,34-36].

In this work, tests were carried out applying set-point step changes from 18 to 45
+ 0.1 °C in the thermostatic bath. Six thermocouples of K-type were used to measure

temperatures: two were put in the external test specimen surface (T,), other two at the



middle of the specimen (T,,,;44;¢) and the last ones on the cell surface (T, ). The liquid
flow was high enough (9 L h!) to ensure the absence of thermal profile in liquid direction.
Six heat flow sensors gSKIN®-XI and gSKIN®-XP were putted on the six faces of the
test specimens in order to monitor online the inlet and outlet heat fluxes. Fig. 1 shows the
distribution of the thermocouples and heat flow sensors in the studied specimen.
Thermocouples and heat flow sensors signals were registered continuously using the

NOKEVAL program and recorded by means of a computer.
Three samples of each synthesized gypsum were tested.
3. Results and discussions
3.1. Physical properties

The prear> Pouir and € (Equation 1) were obtained by employing the specimens
used for the mechanical tests, after completely dried. As can be seen in Fig. 2, the pp,x
and p,.q; densities linearly decreased with the NPS content (between 1315.6 - 942.3 kg
m™ and 2488.0 — 1925.0 kg m?, respectively), but agreeing in all cases with the standard
regulation UNE EN-13279-1 for binders and gypsum plasters, since all the py,,;, were
higher than the limit value of 600 kg m™ [25]. This density decrease can be partially
attributed to the fact that NPS have a lower density (1097.7 kg m™) than gypsum (2488.0
kg m™). Thus, the higher the NPS/Hem ratio, the lower the apparent and real densities.
However, when determining the theoretical density of the manufactured gypsum
composites by means of the linear mixing rule (Table 4), this is always higher than the
real one (p,q1); increasing the difference with the NPS content. This is due to the increase
of the gypsum crystals size or morphology changes which drive to a less compact
structure, what can also justify the increase of the porosity of the synthesized gypsum
specimens with the NPS content. In order to confirm this hypothesis, SEM pictures and
XRD analyses of gypsum composites were done. The SEM pictures of the internal

gypsum composites’ structure are shown in Fig. 3.

It can be seen in Fig. 3 that the gypsum without NPS showed a morphology of
very thin rectangular prisms, being able to agglomerate and form a compact structure.
However, by increasing the amount of NPS with respect to the hemihydrate, the crystals
showed a more lamellar structure, more clustering and larger cross section size caused by
crystals condensation. Therefore, increasing the NPS/Hem mass ratio resulted in less

compact structure and caused a decrease in density and an increase in porosity. The areas
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marked by circles are the nanoparticles occupying the pores, located thanks to the SEM
backscattered detector. The detector makes it possible to distinguish the nanoparticles,
with lower density, (blurred darker areas) and the gypsum crystals, with higher density
(brighter white areas). In addition, it has been included an EDX picture of the C-
NPS/Hemo 42, where the zones occupied by the gypsum crystals (green color) and the NPS
(red color) are clearly differentiated. In conclusion, it has been demonstrated that the
addition of NPS to the gypsum matrix results in a less dense structure, thus, producing an
increase in the porosity of the specimens. Besides, SEM pictures and EDX results allowed

to conclude that there are NPS distributed through the whole gypsum.

Fig. 4 shows the XRD analysis of the gypsum composites manufactured with
different amounts of NPS. In order to determine the mean size (f) of the ordered
crystalline domains in the manufactured gypsum blocks, the Debye-Scherrer formula has

been employed:

KxA

t=——"—
[ X cos@

[2]

where ¢ is the mean size of the crystallite, K is the Scherrer constant and taken equal to
0.9, / is the wavelength of the Cu-Ka radiation (1.54056 A), B is the Full Width at Half
Maximum (FWHM) of the X-ray peak in radians minus the instrumental width and @ is

the Bragg angle [37].

In Fig. 4a, it is observed that all the gypsum composites are mainly constituted by
crystalline monoclinic calcium sulfate dihydrates (CaSO4-2H>0), they showed very clear
and narrow peaks principally located at 26 = 11.6°, 20.7°, 23.4°, 29.1°, 31.1°, 33.3°, 35.9°,
40.6°,43.5°,47.9°,50.3° and 51.3°. It also can be seen vestiges of unreacted orthorhombic
hemihydrate (CaSO4-/2H>0) in the peak at 26 = 32.85°, being a bit more pronounced for
the gypsum without NPS (C-NPS/Hemy).

In Fig. 4b, it can be seen how the FWHM decreased with the increase of the
NPS/Hem mass ratio, revealing an increase of the crystallinity and domain size as the
dose of NPS is increased. The FWHM changed from 0.135 for C-NPS/Hemy to 0.109 in
the case of the lightweight gypsum with the maximum load in NPS (C-NPS/Hemy.42). The
t (Equation 2) of the crystallite varies from 1971.4 to 2903.4 nm, confirming the trend of

crystallinity enhancement with the NPS/Hem mass ratio. These XRD findings were in
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good agreement with the tendency observed in SEM images (Fig. 3), since the higher the
NPCS load, the higher the crystallite size of the matrix gypsum composites structures.

To confirm the presence of the NPS in the composite gypsum blocks, FT-IR
spectroscopy analyses were performed in CO; at three different positions of a specimen
for each NPS/Hem mass ratio. The media of the FT-IR spectra of the gypsum composites
and the FT-IR spectrum of the pure NPS are shown in Fig. 5. The FT-IR spectra of the
NPS presented the absorption bands at 3020, 750 and 695 cm-1, attributed to aromatic C-
H stretching vibration, corresponding to the polystyrene [38-40] and bands
corresponding to Si-alkoxy and Si-OH groups at 1110-1000 and 920-850 cm’!,

I confirmed the

respectively [31]. In addition, peaks located in 1490 and 1450 cm’
presence of aromatic C=C stretching vibration absorption [41]. In the spectrum of gypsum
without NPS, the band within 3200 - 3800 cm™ denotes asymmetric stretching band of
water remained into gypsum. The band observed at 1150 cm™! represented the symmetric
stretching vibration of -OH groups from water. Besides, the band recorded at 1619 cm’!
was attributed to the bending vibration of S-O group in CaSO4 [42,43]. The spectra of the
gypsum composites with NPS presented the characteristic bands of the polystyrene and

the pure gypsum, demonstrating, undoubtedly, that the NPSs were part of the gypsum

matrix.
3.2. Mechanical properties

Flexural and compression tests were performed on gypsum specimens added with
the polystyrene nanoparticles in order to determine their influence in maximum breaking
stress, both in flexural and compression. For this purpose, specimens with dimensions
4x4x160 mm were used. The tests were carried out in accordance with the European
standard regulation UNE-EN 13279-2 [33]. Fig. 6 shows the results obtained for these
tests. It can be seen that both, the maximum flexural and compressive ultimate stresses,
followed the same trend; decreasing as the NPS/Hem mass ratio increased, up to 61 and
76 %, respectively. This effect is due to the previously commented change in the crystal
morphology (crystals of larger size that grow also in a less orderly distribution), caused
by the addition of the NPS, what drives to a less compact structure. In addition, it can be
also partially attributed to the fact that polystyrene has lower flexural and compressive
strengths (0.3 and 0.1 MPa, respectively) [44] than C-NPS/Hemo (4.9 and 13.2 MPa,

respectively). In the case of the maximum flexural strength (Fig. 6a), it became practically
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constant from the NPS/Hem mass ratio of 0.2. This means that the mechanical energy
absorption of the specimen increases with the increase of polystyrene in the gypsum
matrix. On contrary, in the maximum compression strength test (Fig. 6b), it was observed
a significant decrease in this mechanical property for NPS/Hem mass ratio of higher than
0.3. Nevertheless, it is remarkable to say that both, the flexural and compression

properties, comply with the European standard regulation UNE-EN 13279-1 [25].
3.3. Waterproof properties

Since the slurry used in this research for the manufacture of lightweight gypsum
composites consists of polystyrene nanoparticles (hydrophobic material) stabilized with
the help of Si-based cosurfactant [31], it is expected to achieve an improvement of the
material hydrophobicity. The waterproofing ability of the surfaces is characterized by the
water droplet contact angle technique, which is visually quantifiable by measuring the
angle that forms a water drop with the tested surface [45]. The contact angle of the
lightweight gypsum composites was measured at 3 different points of the same specimen
in the side that was on the mold side, which is smooth and regular; in order to reduce the

effect of the surface morphology (Fig. 7).

Fig. 7a shows the average contact angle of the lightweight gypsum synthesized
with different NPS/Hem mass ratio. It can be observed how the addition of a 0.1 of NPS
with respect of the hemihydrate produced a considerable improvement in the waterproof
properties of the newly synthesized composite, as the contact angle increases from 26.2°
(C-NPS/Hemy) to 106.1° (C-NPS/Hemy.1), achieving an increase in contact angle of up
to 4.4 times for C-NPS/Hemo.4>. Furthermore, this effect is observed to occur across the
entire surface of the material, since a maximum standard deviation of only + 11.3° was
obtained for C-NPS/Hemo.. In Fig. 7b, it is represented the droplet aged of the
synthesized lightweight gypsum with the maximum amount of NPS (C-NPS/Hemo.42). It
can be observed that the contact angle was practically constant during the 2 first min of
the test, thereafter, there was a reduction in the contact angle until reaching a value of
87.9°. It is important to note that during the 5 min of the droplet aging test the contact
angle is always above 26.2° of the C-NPS/Hemy. Finally, Fig. 7c shows more visually the
waterproof properties enhancement, since C-NPS/Hemo absorbs water droplets from
practically the first moment they were added to the surface of the specimen, while in the
case of C-NPS/Hemy 4> they remain on the surface of it for a prolonged time. Moreover,

this experiment was carried out 2 years after the production of the specimen, indicating
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that this property is maintained over time. It has been reported in bibliography a contact
angle between 90° and 165 ° by using polymer or Si based product in the building material
[26,28-30]. However, these materials tend to present low energy efficiency [45].

3.4. Thermal properties

In order to know the thermal stability of the manufactured composites gypsum
blocks with different amount of NPS and to know if the NPS were homogeneously
distributed throughout the gypsum matrix, TGAs were carried out on the specimens used
for the mechanical tests in three different positions (40, 20 and 0 mm). The results
obtained are shown in Fig. 8. In Fig. 8a, the TGA curve of the C-NPS/Hemy presented
three regions of weight loss. The first one, observed between 80 and 160 °C, is attributed
to the evaporation of the absorbed water (hygroscopic water) and the chemically bound
water of the hydrated salt. The second one, that occurs between 510 and 550 °C,
corresponds to the release of the water bound to hydraulic compounds (CaSO4-2H>0O and
CaS04-2H20) and the last one, the smallest one (starting close to 700°C), refers to the
CO; formed during the decomposition of carbonates [46—48]. The PSS TGA curve
presented three steps of weight loss [31]. The first one, between room temperature and
100 °C, corresponds to the fluid phase evaporation (water); the second one, at ca. 220 °C,
corresponds to the dispersant degradation (SDS), and the last one, at ca. 400 °C can be
attributed to the polystyrene degradation [49]. Finally, a 0.8 wt% remains none degraded
at 700 °C due to the inorganic content of the SDS and the cosurfactant based on VTES
and TEOS. The TGA curves of the gypsum composites with different NPS/Hem mass
ratio showed four clear weight losses due to the absorbed water (between 80 and 160 °C),
the SDS (ca. 220 °C), the NPS (ca. 400 °C) and the water bound to hydraulic compounds
(between 510 and 550 °C). The NPS content present in each composite according to the
TGA results is shown in Table 5. The NPS content is equal to the weight loss that occurs
around 400 °C, since NPS is formed from polystyrene and, as explained before, the
degradation of this polymer occurs at this temperature. It is worthy to point out that the
biggest deviation, between the three TGA in the different points of the specimens, was
only a 0.90 wt% for C-NPS/Hemy 3. In addition, the three TGA measurements are within
the confidence interval for an alpha = 0.10. So, at this point, it is possible to say, without
any doubt, that the NPS have a good distribution in the composite when it is added in the
form of homogeneous and stable slurry. Fig. 8b shows, as an example, the TGA curves

of the synthesized composite gypsum with the maximum NPS load (C-NPS/Hemy.42),
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where the mentioned homogeneity is demonstrated.

In order to know if the change in the porosity and the presence of NPS in the
gypsum composites affected to their thermal behavior, a measurement of the thermal
conductivity (k) of all the manufactured specimens were carried out by using a
lambdometer. Measurements were made at 8, 16, 24, 28, 32, 40 and 45 °C, in order to
have a scanning at different temperatures (Fig. 9). As can be observed in Fig. 9, the k of
the gypsum composites blocks decreased with the increase of the NPS/Hem mass ratio.
The thermal conductivity of C-NPS/Hemo was 0.353 + 0.005 W m'K™! at 32 °C and
decreased to 0.258 + 0.004, 0.253 + 0.004, 0.236 = 0.021 and 0.225 £ 0.011 W m'K'!
when the NPS/Hem mass ratio increased from 0.10 to 0.20, 0.30 and 0.42, corresponding
to a decrease of a 27.0, 28.4, 33.4 and 36.3 % in the k£, compared with that of C-
NPS/Hemy, respectively. All the k£ values of the manufacture specimens at different
temperatures are shown in Table 5. The decrease of the £ with the NPS presence can be
attributed to the porosity increase due to the following factors: a) the increase of porosity
involves an increase of air inside the composite gypsum blocks and air is an excellent
thermal insulator (0.026 W m™'K™!) compared to the solid phase [5]; b) the presence of a
porous structure increased the conduction interfaces between the gypsum phase and
thermal phonons, thereby increasing the interfacial thermal resistance [6]. Besides, this
drop in k is also due to the lower thermal conductivity of NPS (0.105 - 0.128 W m™'K™!)
[50] compared to unmodified gypsum (0.304 - 0.340 W m'K™). It was found that this
improvement in the insulating properties was similar and even better than that from other
gypsum composites synthesized by using polymers as additives, in order to increase its
porosity. Bicer et al. [15] added up to a 80 % in volume of expanded polystyrene into a
composite, achieving an improvement in the thermal conductivity of 17 % with a
reduction in the compressive strength of 40 %. Bouzit ef al. [16] manage to obtain a
conductivity value of 0.116 W m™'K™! by adding 30 wt% of expanded polystyrene balls
of 3 mm diameter, however, these gypsum composites do not comply with European
standards in terms of mechanical properties. On the other hand, Borreguero et al.[19]
achieved a reduction in the thermal conductivity up to 16 % by the addition of a 15 wt%

of polystyrene microcapsules into a gypsum composite.

It was also observed a slight decrease of the thermal conductivity of pure gypsum with
temperature, mainly from 30°C. This agrees with the behavior observed by previous
researchers that attribute this reduction to the moisture presence [S1-53]. The thermal

14



conductivity reduction was higher when NPS was used, which can be related to an excess

of moisture due to the use of the NPS.

On the other hand, this kind of materials tend to have poor waterproof properties due to
the increase in the porosity. However, this is not the case of the developed composites,
thanks to the hydrophobicity of the incorporated NPS. In light of these results, this kind
of composite gypsum blocks by using a concentrated NPS slurry could be a promising

candidate for thermal insulation in the edification sector.

As commented before, the thermal behavior was also studied by a homemade
equipment that allows to measure the temperature profiles and inlet and outlet heat flows
of the gypsum blocks when they are subjected to a heating or cooling process. Fig. 10
shows the temperature profiles of the external face of the lightweight gypsum
manufactured with different NPS/Hem mass ratio when they are subjected to a heating
process from 18 to 45 °C using for that homemade experimental equipment. This
temperature would be the one inside the building when it is subjected to high external
temperatures. It is observed that as the amount of NPS in the building material increases,
the temperature that reaches the external face of the specimen in the steady state is lower.
It is obtained up to a temperature reduction of 2.5 °C for the case of C-NPS/Hemo.4> with
respect to C-NPS/Hemyo. This temperature reduction with the addition of the NPS slurry
is due to the modification of the structure of the gypsum matrix generating a more porous
materials with a lower thermal conductivity, as previously demonstrated; also due to the
lower thermal conductivity of NPS with respect to gypsum. Thus, materials with better

insulating properties have been obtained.
4. CONCLUSIONS

The use of a slurry concentrated in NPS allowed to develop lightweight gypsum
with a maximum NPS/Hem mass ratio of 0.42 with a synergetic improvement in the
waterproof and insulating properties. The use of the slurry facilitated the homogeneous
distribution of the NPSs throughout the lightweight gypsum, according to SEM pictures
and EDX and TGA results. The density of the composites decreased with the increase of
the NPS/Hemihydrate mass ratio, due to a change in the morphology of the gypsum
crystals to a more lamellar one with bigger sizes, which promoted less compact structures,
causing an increase in their porosity. The increase in the porosity, together with the low

thermal conductivity of the NPS compared to gypsum, increase the insulating capacity of

15



the gypsum, with a reduction in the thermal conductivity of the new material from 0.354
to 0.225 W m'K"! when using a NPS/Hem mass ratio of 0.42. Moreover, the addition of
NPSs in the fabrication of lightweight gypsum blocks generated an increase in the water
contact angle of 4.4 times for the 0.42 NPS/hemihydrate mass ratio, demonstrating the
improvement in the waterproof properties. Regarding the mechanical properties, although
the maximum compressive and flexural strength decreased with the increase of NPS load,
all of the synthesized lightweight gypsum composites satisfied the European standard
regulation EN 13279-1 for gypsum binders and plasters, since all of them presented

flexural and compressive strengths above 1 and 2 MPa, respectively.
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Figure captions

Fig. 1. Heat flow sensors and thermocouples distribution in the homemade equipment for

studying the gypsum composites thermal behavior.

Fig. 2. ppuik> Prea: and € of the manufacture composite gypsum blocks with different

NPS/Hem mass ratio.

Fig. 3. SEM images of gypsum composites with different PS/Hem mass ratio. The lower
right image is an EDX mapping of C-NPS/Hemo .42, where the green color corresponds to

Ca from gypsum and the red color to C from NPS.

Fig. 4. a) X-Ray Diffraction patterns of the manufactured gypsum composites. b) Full
width at half maximum (FWHM) and corresponding mean size of the crystallite ()
obtained for the main peak located at 20 = 11.6 ° using the Debye-Scherrer (Eq. 3) formula

for the gypsum composites prepared with different NPS/Hem mass ratio.
Fig. 5. FT-IR analyses of the manufactured gypsum composites and the pure NPS.

Fig. 6. a) Flexural and b) compression strengths of the gypsum blocks as function of

NPS/Hem mass ratio.

Fig. 7. a) Contact angle of the lightweight gypsum composites with different NPS/Hem
mass ratio and b) evolution of the contact angle with time of the C-NPS/Hemo.. ¢)
Comparison of hydrophobicity of lightweight gypsum composites by using NPS slurry as
additive in a 0.42 NPCS/Hem and without it after 2 years.

Fig. 8. a) Average TGA curves of the composite gypsum blocks with different NPS/Hem
mass ratio and b) TGA curves of samples at different position of the C-NPS/Hemy 4>.

Fig. 9. Thermal conductivity of the manufactured composite gypsum blocks with

different NPS/Hem mass ratio at different temperatures by using a lambdometer.

Fig. 10. a) Temperature profiles of the external surface and b) the accumulative power of
the lightweight gypsum with different NPS/Hem mass ratio when they are subjected to a

heating process from 18 to 45 °C.
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Figure 5
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Figure 7

160 160
a) b) CNPS/Hem_,,
140 I____--——I 140
120 ,} -7 120
100 L e 6100
o ’ ©
D /7 [o)]
& 801 ’ & 80
< 60+ ’ £ 604
3 ’ S
404 7 40
/
20-I 20
0 T T T T T O T T T T T T T T T T T
00 0.1 02 03 04 045 00 05 10 15 20 25 30 35 40 45 50
NPS/Hem mass ratio Time (min)

30



Weight (%)

Weight (%)

Figure 8

100 43) - 100
- 80
90 1
- 60
80 1
PSS T --- - 40
NPS/Hem mass ratio
—0.00
707 —0.10 | 20
—0.20
0.30
JE— \
60 T 0.421 T === 0
0 100 200 300 400 500 600 700
Temperature (°C
1005 p (*C)
90 4
80
704 C-NPS/Hem, ,,
—— Upper part
—— Middle part
—— Down part
60 T T T T T I
0 100 200 300 400 500 600 700
Temperature (°C)

31

Weight (%)



Figure 9

0.40
(]
035 . LI ;
« t
' [ ]
€ 030- ¢
5 & A i
= T T 2
S 0254 1 s T 71 %
g * * i i
2
8 0.20-NPS/Hem mass ratio
ol = (.00
= e 0.10
L 0154 4 020
= 0.30
* 042
010 I I I I I I I I I
0 5 0 15 20 25 30 35 40 45
Temperature (°C)

32




Figure 10
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Table 1. Properties of the gypsum plaster for coating used for the lightweight gypsum

fabrication.

Combined water 4.5-5%
Sulphur trioxide 45 -50 %

pH 10
Purity index >85%
Granulometry Gross
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Table 2. Solids content, viscosity at share rates of 1 and 680 s™!, |¢| and dvo.s, dno.s and

PDI of the used NPS slurry.

n
Solids content at share rates €] dvo.s dnos PDI
(wt%) 1-680 s (mV) (nm) (nm)
(mPas)
39.4 127.6-37.6 533 75.3 64.0 0.047

35



Table 3. Weight mass percentage of hemihydrate, slurry and water in the manufactured

composites.
Hem (wt%) Slurry (wt%) Water (wt%)
C-NPS/Hemg 62.5 0.0 37.5
C-NPS/Hemo 1 58.8 14.3 26.9
C-NPS/Hemyo» 55.6 27.0 17.4
C-NPS/Hemoq 3 52.6 38.4 9.0
C-NPS/Hemo 42 49.5 50.5 0.0
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Table 4. Real and theoretical densities and deviation between them.

Real density Theoretical density |Deviation|
(kg m?) (kg m?) (%)
C-NPS/Hemyg 2488.0 2488.0 -
C-NPS/Hemo . 2287.0 2404.6 4.9
C-NPS/Hemo.» 2180.0 2315.0 5.8
C-NPS/Hemo 3 2015.0 2241.1 10.1
C-NPS/Hemy 42 1925.0 2162.7 11.0
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Table 5. NPS content in the three TGA measurements of the same specimen and the

average, standard deviation and error for an Alpha = 0.10.

Measurements Average Standard deviation Error
(wt.%) (wt.%) (wt.%) (wt.%)
6.29
C-NPS/Hemy 5.77 6.00 0.26 0.44
5.95
12.34
C-NPS/Hemy > 12.77 12.44 0.29 0.48
12.22
18.43
C-NPS/Hemo 3 18.11 17.76 0.9 1.49
16.74
22.73
C-NPS/Hemy 42 22.64 23.40 0.66 1.10
23.83
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Table 5. Average thermal conductivity (W m'K™"') + standard deviation of the lightweight

gypsum composites with different NPS/Hem mass ratio at different temperatures.

Tem({’)ecr;‘ture C-NPS/Hemo C-NPS/Hemo; C-NPS/Hemo, C-NPS/Hemos C-NPS/Hemoai
8 0.369+0.008  0.315£0.004  0.282+0.001  0.260£0.012  0.237+0.009
16 0.362+0.006  0.307+0.005  0.279£0.001  0.254+0.013  0.236+0.009
24 0.359+0.006  0.28440.007  0.274+£0.001  0.245£0.017  0.232+0.009
28 0.356£0.005  0.271£0.006  0.267£0.002  0.240£0.019  0.229+0.010
32 0.354+0.005  0.258+0.004  0.253+£0.004  0.236+£0.021  0.225+0.011
40 0.346£0.008  0.235£0.004  0.227+0.005  0.220£0.028  0.209+0.018
45 0.337£0.013  0.223£0.004  0.215£0.006  0.208£0.035  0.199+0.024
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