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Abstract: The internal structures and the hygroscopicity of bio-based boards consisting of giant
reed (Arundo donax L.) and hazelnut shells as bio-aggregates, and a sodium silicate solution as
the adhesive, were investigated. The aim was to evaluate the influence of each material (the bio-
aggregates and adhesive) and their distributions in the boards on the final performance. By carrying
out X-ray computed tomography, the internal structures and the porosities of the boards were
determined, allowing important considerations of their hygroscopicity. The voids’ percentages were
between 26% and 36% of the total volume of the composites. Both the materials and the composites
demonstrated high hygroscopicity. In particular, the mixtures of the bio-aggregates and the sodium
silicate allowed reaching a moisture buffering value of 7.44 g/ (m2%RH) for the A. donax-based
composite, 3.86 g/(m?%RH) for the hazelnut-shell-based composite, and 4.65 g/(m?%RH) for the
mixture-based composite. Besides the identification of the contributions of the materials, a detailed
discussion of the assessed properties was carried out to use these bio-based boards in vernacular
historic construction. The results show how the aggregate type and the adhesive content affected
the final behavior, demonstrating the importance of a conscious material choice. Furthermore,
helpful information for the future development of these types of bio-based boards and their possible
optimization was provided.

Keywords: agro-industrial waste; Arundo donax; bio-aggregate; bio-resource; giant reed; hazelnut
shell; hygroscopicity; moisture buffering; sodium silicate; tomography

1. Introduction

Research is nowadays increasingly focused on studying and proposing innovative
and sustainable solutions practices. The environmental impact of the construction sector
(for new construction, refurbishment, use, and deconstruction) is widely recognized [1,2],
as well as the worldwide interest in reducing the production of toxic and environmentally
damaging substances [3]. Both the Agenda 2023 [4] and the European Green Deal [1],
among several proposals, have reported the need for a reduction in energy demand and the
encouragement of a circular economic system. Thus, among the investigated innovative
possibilities, the use of bio-wastes and bio-resources seems to be a particularly attractive
solution. It reduces energy consumption [5], ensures a circular economy, and moderates
the problem of waste disposal [6,7]. Furthermore, the use of these types of materials, which
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do not act as water vapor barriers, can guarantee cultural heritage preservation, namely,
vernacular architecture.

Past research has already considered bio-based building composites and assessed
their properties. Both bio-wastes (such as agro-industrial wastes) and bio-resources have
been investigated (such as straw [8], corn pith [9], rice husk [10], banana fibers [11], hemp
shives [12], and reed [13]). Depending on the biomaterials used, the bio-based composites
demonstrated different promising properties, namely, good thermal insulation performance,
sound absorption capacity, high hygroscopicity, or adequate mechanical resistance. Several
types of bio-based composites and products have been produced and studied, such as
plastering mortars [14], glues [15], bricks [16], and boards [17,18], which are the ones
considered in this study.

Bio-based boards are usually made of bio-aggregates (bio-wastes or bio-resources) and
an adhesive (glue or binder). In addition to the bio-wastes/bio-resources, the employed
adhesive also significantly influences the board’s final properties, as well as its sustainability
and toxicity [19,20]. Considering the same bio-aggregates and different adhesives, the
composites” behaviors deeply change [21]. Using adhesives that could be harmful to
human health, such as formaldehyde-based ones [22,23], reduces the non-toxicity and the
eco-efficiency derived from the use of bio-based materials. The selected adhesive could
also moderate some of the main drawbacks, such as low resistance to water, fire, and
biological attack [24-26], improving the final composite’s performance. Thus, knowing
the properties of both the aggregates and the adhesive, individually and in composites, is
crucial in building composites” production [27,28].

The present work addresses the topic of materials’ influence on the final performance
of composite boards. In particular, this research study considered bio-based boards made
of bio-aggregates, namely, hazelnut shells and giant reed (Arundo donax L.), bounded by a
sodium silicate solution [29,30] (these two reference studies provided characterizations of
the proposed composites, evaluating their physical and mechanical properties).

Hazelnut shells are a widely produced bio-waste [29], available throughout the year
due to hazelnut treatment before their use [31]. Some past studies have already considered
the possibility of using hazelnut shells for building practices [32,33]. Nevertheless, they
have not been largely investigated as such [34]. A. donax L., known as giant reed or
giant cane, is an herbaceous, perennial, non-food, invasive, and largely available bio-
resource [35]. It can be found worldwide due to its tolerance to different climates and soil
conditions [5]. It has already been employed for construction practices—i.e., in panels,
concrete, plasters, and new construction technologies—showing promising mechanical and
thermal properties [13]. Being natural products, both bio-aggregates could be employed in
innovative building products compatible with vernacular architectural elements [36,37].
Indeed, they would be compatible with the traditional walls and roofs and could ensure
their preservation.

Sodium silicate, also known as “water glass”, is a widely produced material, which has
demonstrated several benefits. It is water-soluble, fire-resistant, non-toxic, and, hence, not dan-
gerous to human health, environment-friendly, and economically convenient [38—40]. It has
been employed in several sectors, such as to produce detergents and cleaning compounds [38],
for material treatments [40], in ceramics [41], and in the production of geopolymers [42] and
concretes [43]. Among its several uses, the employment of sodium silicate as a binder to
produce bio-based building composites could be a promising possibility [44]. Indeed, in
addition to guaranteeing the feasibility of their production, it can reduce some of the main
weaknesses derived from their organic matrices, improving their resistance to fire [45] and pre-
venting chemical decomposition [46,47]. Some past studies have investigated the employment
of sodium silicate as an adhesive for bio-based building boards. For example, Bakatovich
et al. [39] evaluated the properties of reed and straw fiber-based composites bonded with
sodium silicate and rosin, and Liuzzi et al. [46] produced composites made of olive fibers and
straw and a sodium silicate solution as the adhesive. Both studies reported promising thermal
insulation performance of the composites. Cintura et al. [21] considered some bio-based
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boards bounded with different adhesives and evaluated their biological susceptibility without
inoculation. The composites with sodium silicate demonstrated the highest resistance, avoid-
ing mold growth at high relative humidity levels. Besides its several benefits, it has also shown
some drawbacks, such as high hygroscopicity and low moisture resistance [45,48], which
could cause the degradation of the materials [49]. Furthermore, it could be less eco-efficient
than other adhesives (i.e., bio-based ones or natural glues). Indeed, higher temperatures could
be required for its production [38], even if lower than those required for other widely used
adhesives (such as cement-based binders).

As hazelnut-shell-based and A. donax-based boards have demonstrated interesting
hygroscopic behavior [29,30], which can be useful to passively contribute to indoor com-
fort [50], reducing energy consumption [51], the present study mainly considered this
property. The contribution of each material was investigated by testing them individu-
ally and in composites. Furthermore, the materials” dispositions in the proposed boards
were analyzed, assessing the correlation between the hygroscopicity and internal struc-
ture. X-ray computed tomography, which is a non-invasive 3D-imaging technique able
to supply crucial information on the studied products [52], ensured the evaluation of the
internal configurations of the boards. This technique has been employed in several fields,
such as medical, industrial, and cultural heritage [53], as well as to investigate bio-based
composites [54]. It provides information such as the pore size distribution, porosity, and
tortuosity of the porous network [55]. In this work, X-ray computed tomography ensured
the identification of the distributions of the aggregates and adhesive and the porosities
of the bio-based boards. Finally, statistical analysis (ANOVA) was carried out for further
consideration of the results.

The present work aimed to analyze the composites’ properties and define the influence
of each material on the final performance, both in terms of the materials’ properties and the
aggregate/adhesive’s internal distribution.

2. Materials and Specimens
2.1. Bio-Aggregates and Adhesive

Giant reed (Arundo donax L.) and hazelnut shells were selected as bio-aggregates,
characterized, and prepared as described in past studies [29-31]. A. donax was harvested
from the cultivation of the Department of Agricultural and Food Sciences, the University of
Bologna, in Ozzano dell’Emilia, Bologna, Italy. Hazelnut shells were provided by Raccolti
di Cin, Baldissero d’Alba, Cuneo, Italy. Both were shredded to have grain sizes mainly
between 4 mm and 8 mm and dried at T = 60 °C until reaching a constant mass (with a
variation in mass of <0.1% after 24 h) [29,30].

Figure 1, adapted from the reference studies in [29-31], shows the particle size distri-
butions of both bio-aggregates.
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Figure 1. Particle size distributions of Arundo donax and hazelnut shells.
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A sodium silicate solution, Na,O-n(5iO;), provided by Ingessil Srl, Montorio, Verona,
Italy, with a density of 1.471 g/mL, a sodium silicate concentration of 41.33% p/p, and
pH (T = 20 °C) of 12.40, was employed as the adhesive, coherent with the reference
studies [29,30].

2.2. Composite Samples Preparation

The samples were produced as described by Cintura et al. [29,30]. The same percent-
ages of the bio-aggregates/adhesive and the same production process were considered.
They were selected after several tests, maximizing the contents of the aggregates, minimiz-
ing the amount of the adhesive, and securing sufficient mechanical resistance. The selected
percentages were 70% aggregates and 30% adhesive (by total volume).

Table 1 shows the mix designs and the composites” designations. As for the latter,
the first letters of the materials were considered (A = A. donax, H = hazelnut shells, and
AH = A. donax + hazelnut shells).

Table 1. Mix designs (quantities of aggregates and adhesives in percentages by the total volume) and
the composites” designations considered for the experimental analysis.

Composite’s Materials” Quantities (% by Total Volume)
Designation A. donax Hazelnut Shells Sodium Silicate Solution
A 70 - 30
H - 70 30
AH 35 35 30

The bio-aggregates and the sodium silicate solution were mechanically mixed for
10 min, placed into silicon molds without compaction, and leveled using a spatula to obtain
a horizontal surface. The molds were closed and maintained at T = 60 °C for 3 h and then
under laboratory conditions (air-dried), always being rotated to secure a homogeneous
distribution of the sodium silicate solution [31]. After 2 days, the samples were de-molded
and cured under laboratory conditions for 28 days. To secure complete drying, they were
finally dried at T = 50 °C until reaching a constant mass (a variation in mass of less than
0.5% after 24 h) [46,56]. The composite samples were analyzed after being dried under
this condition.

Cylindrical (diameter = 10 cm; thickness = 4 cm) and rectangular (10 cm x 10 cm;
thickness = 4 cm) samples were produced to be employed for different analyses (as de-
scribed in the following section). Figure 2 shows the produced samples. Three replications
for each composite were considered.

As better detailed in the following section, the materials (bio-aggregates and adhesive,
individually) were tested too. In this case, the bio-aggregates were employed after the
preparation described in Section 2.1 (i.e., after shredding and drying at T = 60 °C until
reaching a constant mass). For the designations, the repetition of the letters was considered:
A. donax = AA; hazelnut shells = HH; and A. donax + hazelnut shells = AAHH. Again,
three samples for each bio-aggregate were tested. As for the adhesive, the sodium silicate
solution was placed in a rectangular silicon mold (10 cm x 10 cm) and left to air-dry under
laboratory conditions for 28 days. The employed designation was S (= sodium silicate
solution), and four replications were considered.
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Figure 2. Composite samples made of bio-aggregates and sodium silicate solution. Rectangular and
cylindrical samples: (a,d) A. donax-based composite—A; (b,e) hazelnut-shell-based composite—H;
and (¢ f) A. donax + hazelnut-shell-based composite—AH.

3. Test Methods

Table 2 summarizes the tests performed, the numbers, sizes, and designations of the
samples used, and the considered references.

Table 2. Tests performed, numbers, sizes, and designations of the samples, and references.

Samples

Property Material Ref.
N. Size (cm) Designations
A. donax 3 10 x 10,h=4 Al, A2, and A3 Adaptati ¢
Apparent density Hazelnut shells 3 10 x 10,h =4 H1, H2, and H3 ENa3p2§ [1;;1] ©
Mixture 3 10 x 10,h =4 AH1, AH2, and AH3
A. donax 3 d=10,h=4 A4, A5, and A6
Tomography Hazelnut shells 3 d=10,h=4 H4, H5, and H6 -
Mixture 3 d=10,h=4 AH4, AH5, and AH6
A. donax 3 15x11,h=2 AA1, AA2,and AA3
Hygroscopicity of Hazelnut shells 3 15x 11, h=2 HH1, HH2, and HH3 Adaptation of
materials Mixture * 3 15x11,h=2 AAHHI1, AAHH2, and AAHH3 ISO 24353 [58]
Sodium silicate 4 10 x 10 x h* S1,S2,S3, and S4
Hveroscopicity of A. donax 3 10 x 10 x 4 Al, A2, and A3
co}rlg ositeps Y Hazelnut shells 3 10 x 10 x 4 H1, H2, and H3 ISO 24353 [58]
P Mixture 3 10 x 10 x 4 AH1, AH2, and AH3

* Note: Mixture = 50% A. donax-50% hazelnut shells of the total volume of the filled container (without adhesive);
sodium silicate = samples of the air-dried (lab. conditions) sodium silicate solution with a thickness (h) varying
between 2 and 4 mm.

3.1. Apparent Density

An adaptation of EN 323 [57] was considered to determine the apparent density of the
composites. Three prismatic samples of each composition (A1, A2, and A3; H1, H2, and
H3; and AH1, AH2, and AH3) of 10 cm X 10 cm x 4 cm (Figure 2a—c) were stabilized at
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T =50 °C (with a variation in mass of less than 0.5% after 24 h), weighed with a Kern EW
2200-2NM electronic balance, and measured with a Fervi digital caliper. The ratios between
the mass and volume were calculated, and the average values and the standard deviations
were determined.

3.2. Internal Structure and Porosity

Three cylindrical samples of each composition (A4, A5, A6, H4, H5, H6, AH4, AHS5,
and AH6), with diameter = 10 cm and h = 4 cm (Figure 2d—f), were used to analyze their
internal structures and porosities using X-ray computed tomography. For this purpose,
a CT system was used. The apparatus (Figure 3a) was assembled in-house (byPhysics
and Astronomy Department of the University of Bologna) as a multipurpose CT system
and consisted of a Bosello XRG120.IT conventional X-ray tube, a Varian PaxScan 2520D
flat-panel X-ray detector, and a Physik Instrument manipulation axis set with an M-038
micrometric sample rotation stage and M413.3PD for detector translation. The samples
were placed with one face over the rotation stage in a horizontal position.

(a) (b)

Figure 3. X-ray computed tomography: (a) employed apparatus; (b) three samples separated with
expanded polystyrene boards placed on the rotation platform.

Two or three samples, separated with expanded polystyrene boards (which are trans-
parent to X-rays), were placed vertically on the rotation platform, one on top of the other
(Figure 3b), to optimize the scanning time. A standard scanning protocol for the system
was used: 900 projections over a 360-degree angle; a 4-frame average for each projection;
and low magnification (M = 1.115). The voltage (70 kV), current (6.5 mA), and detector
frame rate (3 fps) were chosen according to the sample size and material after an initial
evaluation of the X-ray absorption and signal outcome in the detector. No filtration was
used. The overall scanning time was 1 h.

After scanning each group of samples, CT slices were obtained via raw data elabo-
rations with the in-house software PARREC, EXE_2023_01_26_ PARREC_BHC_AYV, (im-
plementing a standard version of the filtered back-projections cone-beam Feldkamp al-
gorithm [59]). One of the great strengths of the performed X-ray computed tomography
was the large number of reconstructed slices, which ensured the reproduction of the entire
internal structures of the samples at a high resolution.

Slices produced with the reconstruction software were imported into the Image]J /Fiji
1.53c freeware image processing software for a more convenient data visualization and
further elaboration via a segmentation and pore classification process (Section 4.2). The
three-dimensional rendering of the reconstructed X-ray-scanned objects and the first simple
overall porosity measurements were performed by importing CT slices with the VGStu-
dioMax 2.1 commercial software (Volume Graphics).
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It is important to underline that although the samples employed for the tomogra-
phy were not the same as those employed for the hygroscopic analysis (described in the
following Section 3.3), the results were considered significant to carry out a comparison
between the internal structures and hygroscopicity as all the samples were produced at
the same time with the same mixtures of the aggregate-adhesive, production process,
and conditions.

3.3. Hygroscopic Properties

The hygroscopicity (i.e., the ability to adsorb/release moisture under relative humidity
(RH) variations [60]) can be determined via several tests, divided into those performed
using the step response method and those performed in a flux chamber [61]. In the present
study, the step response method was considered, according to ISO 24353 [58]. The variation
in mass over time was evaluated for both the materials (the bio-aggregates and adhesive,
considered separately: AA, HH, AAHH, and S) and the composites (A, H, and AH).

The bio-aggregates were placed in plastic boxes with open-top surfaces and filled up
to a height of 2 cm (Figure 4a), as described by Cintura et al. [28]. This ensured the exposure
of only one sample face (15 cm x 11 cm). Three replicates of each bio-aggregate were tested
(AA1, AA2, and AA3; HH1, HH2, and HH3) as well as the mixture of 50% A. donax and
50% hazelnut shells (AAHH1, AAHH2, and AAHH3).

Figure 4. Samples for the hygroscopicity test: (a) plastic boxes (15 cm x 11 cm) filled up to 2 cm
with the different aggregates (samples AA, HH, and AAHH); (b) air-dried sodium silicate solution
covered with aluminum foil, except for the exposure surface (area = 0.1 m?); (c) composite samples
(aggregates + sodium silicate solution) A, H, and AH (10 cm x 10 cm x 4 cm) covered with aluminum
foil, except for the exposure surface (area = 0.1 m?); and (d) samples in the climatic chamber.

As for the dried sodium silicate solution and the composites, a moisture barrier was
provided using aluminum foil (Figure 4b,c), according to ISO 24353 [58] and the method
described by Cintura et al. [29,30]. Thus, only the top surface (area = 0.1 m?) was exposed.
Four replicates of the dried sodium silicate solution of 10 cm X 10 cm and a thickness
between 2 and 4 mm (S1, S2, S3, and S4) were tested (Figure 4b). As for the composites,
three samples of 10 cm x 10 cm and a thickness of 4 cm for each composite—the same
employed to evaluate the apparent density—were considered (Figure 4c).

The samples were exposed to four cycles of 24 h (a 12 h sorption phase at 75% RH and
a 12 h desorption phase at 50% RH) using a climatic chamber (Climatest ARGOLab CH
250) after being pre-conditioned at T = 23 °C and RH = 63% (Figure 4d) until reaching a
constant mass (with a change in mass not higher than 0.5% over 24 h). The samples were
weighed every 3 h to determine the moisture adsorption (pa ac) and desorption content
(pA,dc), moisture content difference (pa sc), and, thus, the sorption/desorption capacity, as
indicated in ISO 24353 [58] and described in Equations (1)—(3).

kg _ Man — My(n-1)
PAac F] B Area M
kg _ Man — Mgy
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k
PA,sc |:m_g2] = PAjac — PA,dc (3)

where man (kg) is the mass at the end of the sorption phase of the considered cycle, myq, 1)
(kg) is the mass at the end of the previous desorption cycle, mg, (kg) is the mass at the end
of the desorption phase of the considered cycle, and Area (m?) is the exposed surface.

The moisture buffering value (MBV) quantifies the content of adsorbed and released
moisture considering cycling between two levels of RH [62,63]. It was calculated consid-
ering the average value between the MBV of the sorption, MBV, (Equation (4)), and the
desorption phase, MBV4 (Equation (5)), of the last three cycles [29,30].

Man — My(n-1
MBV, LnZO/g RH} - - o @
° Area X(RHhigh — RHlow)
g - Man — My
MBVq [mZ%RH] - E ®)

Area x (RHhigh - RHIOW)

where the RHygn and RHy,y, are 75% and 50%, respectively [58]. The samples were
classified by adapting the method described by Rode et al. [64], and the results were
compared with values in past studies and literature. It is important to underline that
the classification was provided considering the study by Rode et al. [64], although the
evaluation was carried out considering the ISO 24353 [58], as the considered method could
determine differences in the results [61,65].

3.4. Statistical Analysis

An analysis of variance (ANOVA) was performed using MATLAB R2023a to define
if the materials (considered as the variable) identified statistically distinguishable groups,
both individually and in composites. Although three samples for each group were tested,
this screening test provided an idea of the influences of the employed bio-aggregates in the
final performance.

Analysis of variance (ANOVA) tests if the null hypothesis (HO)—which considers
the analyzed groups as equal—is verified. Hence, if the HO is true, the groups are not
distinguishable; otherwise, the alternative hypothesis is confirmed, and at least one of
the means is different. Once the groups are defined, the experimental data are analyzed
with descriptive statistical values, namely, the p-value and F-value [66,67]. If the F-value
is higher than 1 and the p-value is higher than 0.05, the null hypothesis (HO) is confirmed
(there are no distinguishable groups). If the F-value is less than 1 and the p-value is less
than 0.05, the HO is, hence, false, and the alternative hypothesis is confirmed.

The considered groups were the three composites (the A. donax-based one (A), hazelnut-
shell-based one (H), and mixture-based one (AH)) regarding their apparent densities and
porosities. For the hygroscopicity, the three bio-aggregates (A. donax (AA), hazelnut shells
(HH), and the mixture of A. donax and hazelnut shells (AAHH)) were considered, too. The
selected significance level was 5%, and the p-values were analyzed to determine if the null
hypothesis (HO = no differences between the groups) was verified. Post hoc tests were
performed using a multiple-comparison test.

4. Results and Discussion
4.1. Apparent Density

Table 3 reports the results of the apparent densities of the three samples for each
composite, the average values, and standard deviations (SD).

The values of the apparent density were in line with the ones in past studies that
considered A. donax-based and hazelnut-shell-based composites, namely, 517 kg/m3 and
702 kg/m?3, respectively [29,30].

The distribution of the aggregates and the sodium silicate was not controlled during
the production process. Hence, the samples could have had some differences in aggregate
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sizes, internal porosity, and void volume. The variations between the samples of the same
composite may have determined some differences in the results of other properties (e.g., the
hygroscopicity, as discussed in the following section). However, as the standard deviation
related to the average value was low, good uniformity between the tested samples was
guaranteed. Moreover, it seemed that better homogeneity was ensured for the hazelnut-
shell-based composite.

Table 3. Results of apparent densities at T = 50 °C and porosities: individual and average values and
standard deviation (SD).

Composite Samples  Apparent Density (kg/m®) Voids (%) * Solids (%) *
A. donax

Al 416 - -

A2 438 - -

A3 555 - -

A4 - 26 74

A5 - 35 65

Ab - 33 67
Average value £ SD 470 £ 75 31+5 69 +5
Hazelnut shells

H1 628 - -

H2 723 - -

H3 680 - -

H4 - 35 65

H5 - 38 62

H6 - 34 66
Average value £ SD 677 £ 47 36 £2 64 £2
A. donax + hazelnut shells

AH1 667 - -

AH2 576 - -

AH3 579 - -

AH4 - 21 79
AH5 - 27 73
AH6 - 29 71
Average value + SD 607 £ 52 26 =4 74+ 4

* Note: Percentages by total volume.

The A. donax-based composite showed the lowest values of apparent density, followed
by the mixture of the two aggregates. The hazelnut-shell-based composite had the highest
values. Thus, A. donax lowered the apparent density in the mixture-based composite. These
results are coherent with the expectation, and there was some correspondence with the
values of the loose bulk density of the two aggregates. For the hazelnut shells, the loose bulk
density was higher than that for A. donax—469 kg/m?> and 181.3 kg/m?3, respectively [29,30].

4.2. Internal Structure and Porosity

Figure 5 reports one sample for each composite and its internal structures, showing
both transverse and longitudinal sections, acquired from Image]J /Fiji software. For a more
precise comparison, the same sections were considered for each sample. Among all the
frames, the middle one (i.e., 2 of the total number of frames) and the quarter ones (% and %
of the total number of frames) were reported. This allowed showing the successive sections
of the internal structure, simplifying it.

These results provide a visual evaluation of the homogeneity of the samples and the
internal configurations of the aggregate—adhesive combinations. Indeed, Figure 5 shows
the sizes and shapes of the voids, the possible connections between the internal voids, the
orientations of the aggregates, and the distributions of the sodium silicate solution. In both the
transverse and longitudinal sections, the white parts represent the sodium silicate; the grey
parts represent the aggregates; and the black parts (inside the samples) represent the voids.
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Figure 5. Cylindrical samples of each composite and their corresponding internal structures (trans-
verse and longitudinal sections): (a) A. donax-based composite; (b) hazelnut-shell-based composite;
and (c) mixture-based composite.



Appl. Sci. 2024, 14, 873

11 of 22

The differences between the internal structures of the composites were more pro-
nounced along their thickness (h = 4 cm). The hazelnut-shell-based samples seemed more
homogeneous than the A. donax-based ones. For these, the sodium silicate (the white
parts in Figure 5) was mainly on the bottom side (the one in contact with the mold during
the production process). This is in line with the expectation, as the optimization of the
production process was defined by considering hazelnut shells [31]. Furthermore, the
differences between samples were coherent with the values of the standard deviation of
the apparent density (Section 4.1).

Evident differences were found between the shapes of voids and aggregates, which
determined different internal connections. The contribution of the sodium silicate solution’s
distribution significantly affected the type of porosity. As represented in Mati-Baouche
et al.’s study [68], the combination of the adhesive-aggregate produced solid, closed pores,
open pores, dead-end pores, dead-end clusters, and, hence, kinematic porosity, and dead-
end porosity (properties mainly considered in the acoustic field).

Table 3 reports the results of the internal porosity of each composite sample, the
average values, and the standard deviation (SD).

The composites showed similar percentages of solids/voids, with a variation of only
5%. Hence, the porosity seemed to be determined by the mixture of the bio-aggregate—
adhesive rather than by the type of bio-aggregate. The latter seemed to influence mainly
the shape and size of voids, their connections, and the tortuosity. The standard deviation
related to the average value was low (with a maximum of 5%). Hence, the reproducibility
was good: similar results were achieved for the three replications.

The evaluated porosity was considered “macroporosity” as the percentage of macrop-
ores, determined by the arrangement of the shredded bio-aggregates [62,68], was provided.
The large sizes of pores were determined by the aggregate grain size, between 4 and 8 mm
(Section 2.1). Further analysis could be performed to define the other types of porosity, as
discussed in Section 4.5.

The quantification of the percentages of solids/voids was a starting point for the
analysis of further characteristics of the internal structures of the samples. Certainly,
in addition to the number of voids, their shapes, their connections, and the tortuosity
influenced the final performance of the composites, as discussed in the following sections.

4.3. Hygroscopicity Properties

Figure 6 shows the moisture adsorption/desorption content curves of the materials for
four adsorption/desorption cycles. Three samples for each aggregate (i.e., three samples
of A. donax (AA), three of hazelnut shells (HH), and three of the mixture of A. donax
and hazelnut shells (AAHH)), and four samples of sodium silicate (S) were considered
and reported. To provide a clearer representation, the same color and style of lines were
considered for the same tested material.

The differences between the moisture content values for each material become more
marked along the cycles. Indeed, at the beginning of the test (12 h and 24 h), the curves
achieved values that varied within +-0.03 kg/m?; at the end (84 h and 96 h), the range
increased (+0.06 kg/ m?). As for the curves, all the materials showed similar behavior.
A. donax (both alone and mixed with the hazelnut shells) stabilized earlier than the others,
having similar values during the four testing days. Meanwhile, for both the hazelnut shells
and the dried sodium silicate solution, the curve increased during the test, demonstrating
a higher moisture storage capacity, more markedly for the sodium silicate. Indeed, the
sodium silicate solution achieved the highest values of moisture adsorption and desorption
content for all cycles, followed by the hazelnut shells, and then by A. donax and the mixture
of the two aggregates. These results are in line with the expectation, as sodium silicate is
known to be highly hygroscopic [44,48].
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Figure 6. Moisture adsorption/desorption contents for four cycles of three samples of each bio-
aggregate and four samples of the sodium silicate solution, considered separately.

Considering the values of moisture adsorption (p4 ,.) for each cycle (average values),
the hazelnut shells achieved the highest values, with a py ,. between 0.048 kg/m? and
0.066 kg/m?. A. donax achieved the lowest values, with a p Aac between 0.024 kg / m? and
0.038 kg/m?. The same was found for the moisture desorption content (pp 4c): the hazelnut
shells showed the highest values, with a p 4. between 0.057 kg/m? and 0.059 kg/m?, and
A. donax showed the lowest ones, with a py 4. between 0.034 kg/ m? and 0.037 kg/m?. The
moisture content difference, py ¢, for the bio-aggregates decreased after the first cycle,
differently from the sodium silicate solution, for which the p, 4. increased during the test:
0.003 kg/m? after the first cycle, 0.006 kg/m? after the second, 0.009 kg/m? after the third,
and, finally, 0.005 kg/ m?2. This shows that the sodium silicate stored the moisture, and its
sorption capacity increased.

Cintura et al. [28] evaluated the hygroscopicity of some agro-industrial wastes, in-
cluding hazelnut shells, using the same test method. Although the researchers achieved
higher values for both the sorption and desorption moisture content, the trend of the curve
was similar, and the hazelnut shells showed a moisture storage capacity. The differences
between the values could be determined by the different types of hazelnut shells (their
physical and chemical properties) as well as the differences in the employed equipment.

Hygroscopicity is strictly related to the chemical and physical properties of the ma-
terial, including the porosity [54,62,69], as previously reported (Section 4.2). The results
indicate a greater porosity for the hazelnut shells than for A. donax, which is different from
the expectation. Indeed, the results of the loose bulk density (469 kg/m? for hazelnut
shells [29] and 181.3 kg/m? [30] for A. donax) would lead to hypothesize a greater porosity
for A. donax, as the two properties are correlated [70]. The same for the thermal insulation
performance, as A. donax demonstrated a promising thermal insulation performance [35,39],
and the two properties are strictly connected [60,71]. However, considering only the poros-
ity is too simplifying, as many other parameters affect both the hygroscopicity and the
other properties.

As for the dried sodium silicate solution, its high hygroscopicity is derived from its
chemical composition. It ensures an easy reaction with water and makes the sodium silicate
able to absorb moisture from the environment, as detailed in past research [38,48].
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Figure 7 shows the moisture adsorption/desorption content curves during the four
cycles for the composite samples (i.e., three samples of the A. donax-based composite (A),
three of the hazelnut-shell-based one (H), and three of the mixture-based one (AH)). Again,
the same color and style of lines were considered for the samples of the same composite.
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Figure 7. Moisture adsorption/desorption contents for four cycles of three samples for each composite.

The hazelnut-shell-based composite achieved the lowest values of moisture content
in the four cycles. The composite made of A. donax (both alone and combined) reached
the highest values. The hygroscopicity depended on the aggregates, the adhesive, and
their coupling [72], as well as the conformation of the composite, namely, the adhesive’s
distribution, the porosity, and the grain size of the aggregate [73]. For this reason, one of
the samples of the A. donax-based composite showed different values: the exposed surface
could have had a different distribution of the sodium silicate solution or different aggregate
grain sizes. However, considering the average curves, the composites showed similar
behavior (similar trends in the moisture adsorption/desorption curves).

None of them reached stability after the four cycles, as the adsorption and desorption
moisture contents continued to increase. Indeed, considering the average values, the
moisture absorption content, pa o, increased from 0.099 kg/m? to 0.110 kg/m? for the
hazelnut-shell-based composite (increasing by 11%); from 0.186 kg/m? to 0.208 kg/m? for
the A. donax-based one (increasing by 12%); and from 0.125 kg/m? to 0.139 kg/m? for the
mixture-based one (increasing by 11%). The moisture desorption content, p4 g4, increased
from 0.076 kg/m? to 0.087 kg/m? for the hazelnut-shell-based composite (increasing by
13%); from 0.160 kg/m? to 0.173 kg/m? for the A. donax-based one (increasing by 8%);
and from 0.094 kg/m? to 0.101 kg/m? for the mixture-based one (increasing by 7%). The
moisture content difference, py ., was between 0.023 kg/m? and 0.037 kg/m? for the
hazelnut-shell-based composite; between 0.026 kg/m? and 0.053 kg/m? for the A. donax-
based one; and between 0.031 kg/m? and 0.045 kg/m? for the mixture-based one. The
highest values of moisture content difference were achieved during the third cycle for all
composites. After this cycle, the samples started to stabilize.

To investigate in more detail the correlation between the materials and the composites,
the average values for all were considered. They are reported in Figure 8.
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Figure 8. Moisture adsorption/desorption contents for four cycles of the tested samples: comparison
between materials and composites (average values).

These results show the strong influence of the sodium silicate on the final performance.
Indeed, by adding the sodium silicate solution, the hygroscopicity and the moisture storage
capacity of the bio-aggregates strongly increased. For example, as Figure 8 shows, consider-
ing the last cycle, from values of moisture content between 0.03 kg/m? and 0.06 kg/m? after
84 h for the bio-aggregates, the sodium silicate allowed achieving values in the range of
0.20-0.33 kg/ m? after 84 h. The moisture content difference, p Asc, increased, too. This is in
line with past studies that demonstrated that the adhesives (binder/glue) strongly affected
the final properties of the composites [19,21,60]. The advantage here, in comparison with
other more common binders, is that the sodium silicate solution has a significative positive
effect on the hygroscopic capacity.

Comparing the hygroscopicity of the raw materials and the composites, there was
no correspondence. Indeed, the most hygroscopic raw materials (hazelnut shells) did not
produce the most hygroscopic composite (which was the A. donax-based one). Hence, a
correlation between the aggregates and composites cannot be defined. This was caused by
the combination of the sodium silicate-aggregate, in particular, by the different sodium
silicate distributions on the exposed surfaces. Indeed, according to Figure 5, the A. donax-
based samples had a greater amount of sodium silicate on one side, and this could have
significantly affected their hygroscopic behavior. The results and the practical experience
suggest that the greater the surface area covered by sodium silicate, the greater the capacity
to absorb moisture. Furthermore, the mismatch between the materials and composites
demonstrates, again, the strong influence of the adhesive on the performance of the final
composites. It is important to underline that the sodium silicate distribution in the compos-
ites was assessed only qualitatively, and further analysis should be carried out. However,
the results already indicate this correlation between the two properties.

Table 4 reports the moisture buffering values and the classification, following Rode et al. [64],
for both the materials—considering the aggregates and adhesive individually—and the com-
posites (with the average values of the last three cycles and standard deviation), calculated as
described in Equations (4) and (5) (Section 3.3).
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Table 4. Moisture buffering values (MBVs) of the materials and composite samples, considering the
average values and standard deviations (SDs) of the three samples for each material /composite.

Samples MBV (g/(m?%RH)) Classification (Rode et al. [64])
Materials

A. donax—AA 147 +0.04 Good

Hazelnut shells—HH 241 +£0.14 Excellent

Mixture—AAHH 2.11 +0.03 Excellent

Sodium silicate—S 1.92 +0.18 Good

Composites

A. donax—A 744 +1.25 Excellent

Hazelnut shells—H 3.86 +0.83 Excellent

Mixture—AH 4.65+1.12 Excellent

Considering the materials, both the A. donax and the dried sodium silicate solu-
tion were rated as good. Hence, they had lower MBVs than the hazelnut shells. Coher-
ently, the addition of A. donax to the hazelnut shells resulted in a lower MBV. As for the
sodium silicate result, a higher value of MBV was expected. However, this result was
evaluated by considering the average values between the MBV, and MBVy of the last
three cycles. Considering these separately, the MBV of the sodium silicate solution was
MBV, =2.05 £ 0.10 g/(m?%RH) and MBV4 = 1.79 4 0.01 g/(m?%RH). Hence, as expected,
the MBV of the sorption phase was higher than that of the desorption phase (Table 4 reports
its average value).

The MBVs of the composites are coherent with the previous results (Figure 7). Again,
the values of A. donax were influenced by the distribution of the sodium silicate, which
determined higher values. As for the mixture, the results are in line with the expectation:
the combination of the two materials determined a lowering of the moisture buffering
capacity, and then of the MBV.

4.4. Statistical Analysis
Table 5 summarizes the results of the ANOVA (reporting F- and p-values).

Table 5. Results of ANOVA (F- and p-values) considering raw materials as the variable.

Property F p-Value
Apparent density 9.53 0.013739
MBV * 9.33 0.008070
Porosity 5.15 0.049987

* Note: For MBV, both the materials (individually) and the composites were considered as the variable.

The statistical analysis showed that considering the materials as the variable, the
alternative hypothesis was confirmed (F < 1; the p-value was less than 0.05; and the HO was
false, as described in Section 3.4) for all. Hence, at least one of the groups was different.

Table 6 reports the p-values of the post hoc tests, defining where the differences were.
Indeed, the p-values allowed identifying which and how the groups were significantly
different from each other. The first two columns show which groups were compared with
each other, considering the three composites (A, H, and AH) for all the properties, and
also the materials individually (AA, HH, and AAHH) for the hygroscopicity. For easy
reading of the results, when the materials (individually) are compared with each other, the
results are underlined; when they are compared with the composites, they are underlined.
A. donax is not reported in italics to avoid any confusion.
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Table 6. p-values of the post hoc tests for the results that were significant (considering adhesives as
the variable).

Group A Group B p-Value *
Apparent Density

A. donax-based composite—A Hazelnut-shell-based composite—H 0.012
A. donax-based composite—A Mixture-based composite—AH 0.066
Hazelnut-shell-based composite—H Mixture-based composite—AH 0.380
MBV

A. donax-based composite—A Hazelnut-shell-based composite—H 0.038
A. donax-based composite—A Mixture-based composite—AH 0.136
Hazelnut-shell-based composite—H Mixture-based composite—AH 0.968
A. donax (raw material)—AA Hazelnut shells (raw material)—HH 0.932
A. donax (raw material)—AA Mixture (raw material) —AAHH 0.987
Hazelnut shells (raw material) —HH Mixture (raw material) —AAHH 1.000
Hazelnut shells (raw material) —HH A. donax-based composite—A 0.004
Hazelnut shells (raw material) —HH Hazelnut-shell-based composite—H 0.709
Hazelnut shells (raw material) —HH Mixture-based composite—AH 0.305
Mixture (raw material) —AAHH A. donax-based composite—A 0.002
Mixture (raw material) —AAHH Hazelnut-shell-based composite—H 0.539
Mixture (raw material) —AAHH Mixture-based composite—AH 0.198
A. donax (raw material) —AA A. donax-based composite—A 0.001
A. donax (raw material)—AA Hazelnut-shell-based composite—H 0.244
A. donax (raw material) —AA Mixture-based composite—AH 0.074
Porosity

A. donax-based composite—A Hazelnut-shell-based composite—H 0.405
A. donax-based composite—A Mixture-based composite—AH 0.244
Hazelnut-shell-based composite—H Mixture-based composite—AH 0.043

* Note: The numbers in bold represent p-values of less than 0.05; underlined results represent materials (indi-
vidually) compared with each other; and italicized results represent materials (individually) compared with
the composites.

p-values of less than 0.05 (highlighted in bold in Table 6) indicated which groups
were significantly different. Both for the apparent density and MBYV, the results for the
A. donax-based and hazelnut-shell-based composites defined two distinguishable groups.
As for the porosity, a significant difference was found between the hazelnut-shell-based
composite and the mixture-based one. This confirms the observations reported in the
previous section (Section 4.2): the porosity was determined more by the combination of the
sodium silicate-aggregate than by the type of aggregate.

Considering the comparisons between the raw materials for the MBV (the underlined
values in Table 6), they did not determine distinguishable groups (the p-values were
always higher than 0.05). As for the comparison between the materials and composites
(values reported in italics in Table 6), significant differences were always found between
the materials (AA, HH, and AAHH) and the A. donax-based composite (A). This suggests
that for the A. donax-based composite, the sodium silicate solution strongly influenced the
final performance. This is in line with the previous results, both for hygroscopicity and
internal structure (Figure 5).

4.5. Additional Discussion

In addition to the considerations and comparisons carried out in the previous sections,
further discussions were conducted. These ensured a better understanding of the compos-
ites” properties and materials’ contributions. Moreover, the benefits and drawbacks of the
studied composites were pointed out, as well as their possible applications.

Considering the apparent density, as the addition of A. donax lowered the results of
the hazelnut-shell-based composite, this could probably improve the insulation thermal
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properties, too. Density and thermal conductivity are strictly correlated [74,75]. However,
this consideration should be verified.

Hygroscopicity, porosity, and internal structure are strictly connected. The porosity
includes a large range of pore sizes: macropores derived from the bio-aggregates’ ar-
rangement, mesopores within the aggregates and the adhesive, and the micropores of the
aggregates and the adhesive. Even if the present study considered only the macroporosity,
all these porosities affected the moisture storage capacity, together with the ratio of the
aggregate/adhesive and the grain size [62,70]. The moisture sorption/desorption capacity
also depends on the surface area available for vapor exchange and other hygroscopic
properties [73].

The porosity and the information about the internal structure could provide a better
understanding of many other properties, too. They are strictly connected to the final
performance of the composite. In addition to the hygroscopicity [62], they could influence
the sound absorption and thermal insulation [76,77].

Considering all the results, it was confirmed that the hygroscopicity depended on
both the aggregates and the sodium silicate. The latter more significantly affected the
moisture storage capacity. As the percentages of the aggregate—adhesive were the same
for all samples, the differences in the results were mainly caused by the sodium silicate
distribution. This changed due to the types of aggregates, namely, their physical and
chemical properties and their reactions with the adhesive. The statistical analysis confirmed
these considerations. For the MBYV, the distinguishable groups (Table 6) were the composites
with A. donax and the sodium silicate solution. According to Figure 5, these composites
showed less homogeneity and a higher amount of sodium silicate on one side of the samples
(Section 4.2).

Bio-aggregates are known to be highly porous and, hence, highly hygroscopic. Know-
ing their internal structures, too, is useful to understand their properties even better [54].
However, other types of analysis are more suitable for this purpose, such as scanning
electron microscopy (SEM), mercury intrusion porosimetry (MIP), and sorption techniques.
Future studies could consider these laboratory tests to investigate the correlation between
these properties on a micro-scale.

High hygroscopicity could be both an advantage and a drawback. Indeed, hygroscopic
building materials and products can passively contribute to the control of indoor condi-
tions [61] and can secure indoor hygrothermal comfort and better indoor air quality [78,79],
which are extremely important for human health and users’ well-being [80]. On the other
hand, a high moisture storage capacity and moisture content could determine the material’s
degradation [24]. Furthermore, bio-based composites can be easily attacked by microorgan-
isms due to their chemical composition, their organic nature, and their pH [81,82]. Apart
from the aesthetic impact, a biological attack can lower the durability of composites, affect
the materials’ properties, and restrict their performance, modify their chemical composi-
tions, and compromise their natural structures [83]. Furthermore, biological degradation
can affect human health, causing diseases and lowering indoor air quality [84,85].

However, sodium silicate has demonstrated good resistance to biological attack [21]
and is known to avoid mold growth and material decomposition [45-47]. The present study
confirmed this property, as no biological colonization was detected after the hygroscopicity
test. Moreover, as moisture storage can be crucial, determining the critical moisture
level [86,87] could be useful to better define this possible drawback and moderate it.
Furthermore, some strategies could improve low moisture resistance, such as the addition
of additives, such as phosphorus, boron, or silica fume [48].

The results suggest that the hazelnut-shell-based and A. donax-based composites
could be employed as indoor coating boards, passively regulating internal conditions,
hygrothermal comfort, and energy demand [73,88,89]. These types of building composites
could also be useful for the preservation of architectural heritage, namely, vernacular
buildings. Being bio-based, the employed materials would be compatible with vernacular
architecture’s typical materials. Their high hygroscopicity and moisture buffering capacity



Appl. Sci. 2024, 14, 873

18 of 22

would avoid the creation of water vapor barriers, which is crucial to avoid wall and
roof degradation. Moreover, by knowing these types of composites” behaviors, other
possibilities could be proposed, which could be suitable for historic architectural heritage,
too. A possible effective solution for the bio-based composites could be a superficial
application of the sodium silicate solution to both protect the bio-based materials and
secure the passive control of indoor hygroscopic conditions. However, this is an idea for
future studies, suggested by the analysis of the present study, which should be investigated
and confirmed.

5. Conclusions

The present study analyzed A. donax-based and hazelnut-shell-based boards produced
using a sodium silicate solution as the adhesive. The performed laboratory tests considered
their apparent density, internal structure, porosity, and hygroscopicity. The connection
between the composites and the materials’ properties and the influence of the distributions
of the aggregates and the adhesive were considered, too. Indeed, this research work
wanted to investigate the correlation between the final performance of the boards and the
contribution of each composing material.

The results allowed the achievement of the following conclusions:

e  The hazelnut-shell-based composite had a higher apparent density than the A. donax-
based one. Therefore, the addition of A. donax to the mixture of hazelnut shells and
the sodium silicate solution lowered the apparent density. Hence, it could probably
improve the thermal performance, too. The results of the replications and the val-
ues of standard deviation confirm the good homogeneity between the samples of
each composite.

e  The tomography enabled knowing the internal structures of the composites. A qualita-
tive evaluation suggested a better homogeneity in the hazelnut-shell-based composite.
In the A. donax-based composite, the sodium silicate solution was deposited more on
one side of the sample (the bottom face). This could affect the final performance, such
as the moisture storage capacity.

e The tomography allowed defining the porosity, too. The results demonstrate that
this property was mainly determined by the contents of the selected materials (the
bio-aggregates and adhesive) rather than by the type of bio-aggregate. The latter
affected the type of voids (size and shape) and the sodium silicate distribution.

e  Both the materials and the composites were highly hygroscopic, as expected. The
addition of the sodium silicate solution increased the hygroscopicity and the moisture
storage capacity. Furthermore, the sodium silicate’s distribution in the samples signifi-
cantly influenced their final performance, and this caused a mismatching between the
results of the materials and composites. These results were confirmed by the statistical
analysis (ANOVA).

The correlations between the properties of the materials (individually) and the com-
posites were defined. Knowing which and how these parameters could influence the final
performance is extremely helpful for their optimization and future research development.
The strong influence of the adhesive content on the final properties was confirmed, as well
as the high hygroscopicity of the considered composites. The results suggest that in the
case of the employment of the composites as internal coating boards, they could passively
control indoor hygrothermal comfort. This could improve both indoor conditions and
internal comfort and lower energy demands. Furthermore, when considered as bio-based
boards, they could be compatible with the elements in vernacular architecture. Hence, start-
ing from this research study, useful solutions for the preservation of cultural architectural
heritage could be developed.
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