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A B S T R A C T   

Laboratory tests were carried out to evaluate the feasibility of producing boards or coating panels with good 
hygrothermal performance by using different agro-industrial wastes (grape and olive press wastes, hazelnut 
shells, spent coffee and pine) and adhesives (gypsum-based binder, sodium silicate solution and starch-based 
glue). Hygrothermal properties and resistance to mould growth, including the effect of citric acid, were evalu
ated. The results highlighted the benefits and drawbacks of each adhesive: the binder seems more adequate to 
produce bio-based plastering mortars than boards; the other adhesives seem efficient solutions to produce boards 
with good hygrothermal properties; for the natural glue the bio-susceptibility needs improvement.   

1. Introduction 

The construction sector is one of the most polluting ones, as it pro
duces harmful residues and requires a large amount of global energy and 
resources, as it has been stated by several researchers [1–4]. It has been 
identified as responsible for the highest emissions and as the largest 
energy-consumer activity in Europe [5,6]. Both the management of 
buildings, the construction process, and the operational phase during 
the lifetime of buildings are widely responsible for the environmental 
impact [7], hence building materials too. For these reasons, research is 
currently focusing on the possibility of using eco-efficient materials and 
environmentally friendly solutions [8]. Among them, the use of agro- 
industrial wastes for construction practices has been widely investi
gated. They are continuously produced locally in large volumes, they 
can be used for composites having similar properties to conventional 
ones, and they are biodegradable and non-toxic [9,10]. Furthermore, the 
use of local agro-industrial wastes to produce building materials reduces 
carbon emissions and secures the disposal of solid waste, another cause 
of environmental problems [11–13]. 

Panels and particleboards for building practices are widely used due 

to their easy on-site installation, their multiple possibilities of applica
tions and their economic advantages. They can be produced by using 
several techniques, such as compression, thermal treatment, use of an 
adhesive, and materials, such as wood chips, fibres and agro-industrial 
wastes, an efficient solution for waste disposal [14–17]. Many past 
studies focused on the evaluation of thermal insulation properties of agro- 
industrial wastes-based boards and panels. For example, Mahieu et al. 
[18] analysed binderless compacted particleboards made up of flax shives 
(Linum usitatissimum L.) and sunflower stems (Helianthus annuus L.). For a 
density of 500 kg/m3, they obtained values of thermal conductivity of 
0.077 W/(m.K) for both; for a density of 350 kg/m3, they achieved values 
of 0.066 W/(m.K) for flax shives and 0.070 W/(m.K) for sunflower stems 
(calculated under steady-state conditions). Pavelek and Adamová [19] 
evaluated the thermal insulation properties of a sandwich panel: a me
dium density fibreboard filled with a bio-based insulation core. For this 
latter, they compared short-cut rapeseed and short-cut wood chips. They 
obtained thermal conductivity values of 0.048 W/(m.K) for rapeseed and 
0.065 W/(m.K) for wood chips (calculated under steady-state condi
tions). Ramos et al. [20] studied the properties of particleboards made up 
of corn cob and polyvinyl acetate (PVA) and Fabricol AG222 (FAG222) as 
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adhesives. They obtained thermal conductivity values of 0.052 W/(m.K) 
for PVA and 0.087 W/(m.K) for FAG222 (calculated by the heat flux 
meter system). Considering that 0.065 W/(m.K) is considered the 
maximum value to classify materials as thermal insulations [21,22], and 
past research considered a value of 0.1 W/(m.K) [2,23,24], the previous 
studies demonstrated the feasibility of using agro-industrial wastes to 
produce thermal insulation boards that meet the standards’ re
quirements. Table 1 reports the density and the thermal conductivity of 
commercial panels with different functionality (not only thermal insu
lation panels) and the values reported in past studies that analysed the 
thermal performance of bio-based panels and boards. 

In addition to bio-aggregates, the selected binders, and other adhe
sives play an important role in the insulation boards’ production. They 
can widely influence the final performance, as well as the feasibility of 
producing composites and their eco-friendly characteristics [13,40,41]. 
The choice of binders and other adhesives is as important as the bio- 
aggregates’ one. Combining eco-efficient aggregates with binders and 
adhesives that cause high environmental impact or that are unhealthy 
are not sustainable solutions. For example, urea–formaldehyde resins 
are widely used due to their many advantages, but their toxicity is 
already known and created much concern [16,40,42]. Cardoso et al. 
[43] collected information about bio-based adhesives for wood-based 
panels and reported tannins, lignin, proteins, carbohydrates, and vege
tal oils as natural possibilities. Solt et al. [41] presented a detailed re
view of formaldehyde-free adhesive systems for particulate wood, 
considering the possible future restrictions for formaldehyde-based 
ones. They assessed both synthetic and renewable-based adhesives. 
Kariuki et al. [44] reported several past studies that considered the use 
of starch and starch’s derivatives as an alternative to formaldehyde- 
based resins. Starch has been already used for board production. For 
example, Muizniece and Blumberga [45] used potato starch binder and 
dried needles of spruce and pine to produce thermal insulation parti
cleboards. Nataraj et al. [46] referred to wheat gluten as a promising 

natural glue. Monteiro et al. [47] investigated sour cassava starch for an 
adhesive system for wood-based particleboards. Starch could be a 
feasible solution to produce environmentally friendly binders, also 
because of its supply utilization and production quantity. They are re
ported in Table 2, considering only Euro-Mediterranean countries, the 
selected area for the present work [48]. 

Another important point for the production of agro-industrial waste- 
based composites is their bio-susceptibility. It can affect and modify 
materials’ properties and durability [51,52], as well as, depending on 
the application, can compromise building inhabitants’ health. Biological 
susceptibility depends on several factors: chemical compositions (i.e. 
cellulose, hemicellulose, lignin content), temperature, relative humidity 
(RH), moisture content, the surface of the materials, and the pH 
[17,53–55]. Both the aggregates and the adhesives play an important 
role in the biological resistance of the final product [56]. For example, a 
bio-based binder without any biocide could be easily attacked by mi
croorganisms. Hence, using additives, adhesive, or binder with high 
biological resistance (e.g., boric acid [51], sodium benzoate [57], lime 
[58,59] and citric acid [56,60]) could be certainly more suitable for 
agro-industrial-based composites. 

The present work shows the preliminary studies carried out to pro
duce eco-efficient boards by using agro-industrial wastes as aggregates. 
It focuses on the evaluation of different adhesives. The selected aggre
gates are grape and olive press wastes, hazelnut shells and spent coffee 
grounds. Maritime pine (Pinus pinaster Ait.) chips were used as control 
material, according to previous studies [48,61]. Three types of adhesives 
are evaluated: one based on hemi-hydrated gypsum and air lime, a so
dium silicate solution and one natural glue made of starch. They were 
selected considering the following criteria: 

- Avoid the use of harmful products, such as formaldehyde-based ad
hesives which can be sources of unhealthy substances [62]; 

Table 1 
Density and thermal conductivity of different types of panels and boards (considering commercial products and literature values).  

Board/Panel Density 
[kg/m3] 

Thermal 
conductivity  
[W/(m.K)] 

Ref. 

Commercial products 
Celenit N panel (thermal and acoustic insulation board) 346–533 0.065 [25] 
Celenit ABE panel (thermal and acoustic insulation board) – 0.075 [26] 
KlimaExpert5 (thermal insulator layer: wood fibre) 280* 0.040–0.060 [27] 
Knauf Organic (sound-absorbing panel made up of coniferous wood wool mineralized, cement mortar and lime) – 0.08 [28] 
Knauf Standard A (gypsum plasterboard) 630** 0.21 [29] 
VestaEco Internal (internal thermal insulation panel made with lignocellulosic fibres and polymeric methylenediphenyl 

isocyanate, PMDI, resin) 
180 0.048 [30] 

OSB panel according to the European Panel Federation 650 0.13 [31]  

Past studies (literature review) 
Binderless compacted particleboards made up of flax shives (Linum usitatissimum L.) 350–500 0.066–0.077 [18] 
Binderless compacted particleboards made up of sunflower stems (Helianthus annuus L.) 350–500 0.070–0.077 [18] 
Internal layer of a sandwich panel (medium density fibreboard filled with a bio-based insulation core) made up of short-cut 

rapeseed 
– 0.048 [19] 

Internal layer of a sandwich panel (medium density fibreboard filled with a bio-based insulation core) made up of short-cut wood 
chips 

– 0.065 [19] 

Particleboards made up of corn cob and polyvinyl acetate (PVA) as adhesives – 0.052 [20] 
Particleboards made up of corn cob Fabricol AG222 (FAG222) as adhesives – 0.087 [20] 
Expanded Polystyrene (EPS) – 0.045 [20] 
Extruded Polystyrene (XPS) – 0.037 [20] 
Panels casted with a mix of rice husk, earth, air lime, hemi-hydrated gypsum, and water. 650.8–1021.6 0.102–0.197 [32] 
Boards made up of cement, gypsum, NaOH, aluminium dust, water, and corn stalk – 0.100–0.200 [33] 
Panels of wood waste and Portland cement, lime, and water 875.62–984.31 0.0742–0.1078 [34] 
Insulation corkboard (ICB) 115 0.045 [35] 
Insulation corkboard (ICB) – 0.042 [36] 
Composites of hemp shiv and clay 361.3–537.2 – [37] 
Composites made up of straw fibres (SF) bounded by using a sodium silicate solution (Na₂O•n(SiO₂)). 152 0.058 [38] 
Composites made up of olives fibres (OF) bounded by using a sodium silicate solution (Na₂O•n(SiO₂)). 235 0.062 [38] 
Gypsum plasterboard 900 0.25 [39] 

Note: *Maximum value; **Minimum value. 
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- Guarantee low energy consumption in samples’ production by using 
materials with low embodied energy, avoiding high pressure, not 
shredding the bio-aggregates, and drying and curing at low 
temperature;  

- Produce samples by using the same binders for the different 
considered aggregates, hence considering compatibility aggregates- 
binders for all; 

- Prevent bio-aggregates degradation by avoiding production pro
cesses that require high-temperature and moderate biological attacks 
by using binder, adhesive or additives that can moderate the bio
logical susceptibility. 

The aim is to study the feasibility of producing eco-efficient insu
lation thermal boards or coating panels with insulation thermal prop
erties by using the selected materials and to evaluate their hygrothermal 
properties and bio-susceptibility. 

2. Materials and methods 

2.1. Materials 

2.1.1. Bio-aggregates 
Grape press waste (G), hazelnut shells (H), olive press waste (O) and 

spent coffee grounds (c) were selected as bio-aggregates [48], as they are 

very common in Euro-Mediterranean countries. Maritime pine (Pinus 
pinaster Ait.) chips (W) were used as control material. The aggregate 
wastes G, H and O were collected from industries and spent coffee 
grounds from a coffee shop and prepared as reported by Cintura et al. 
[61]. G and O were air-dried for 7 and 10 weeks, respectively; H was 
used as received. Their physical properties and bio-susceptibility as raw 
materials were evaluated considering the possible development of 
composites. Table 3 reports information about loose bulk density, and 
thermal conductivity; Fig. 1 shows the particle size distribution of the 
bio-aggregates, considering past research [61]. 

2.1.2. Adhesives 
One adhesive (composites A) was made up of hemi-hydrated gypsum 

and air lime. Hemi-hydrated gypsum, produced at low temperatures 
(120–180 ◦C), was provided by Sival Company, Portugal. Hydrated air 
lime CL80-S, according to EN 459–1 [63], was provided by Calcidrata S. 
A., Portugal. It was applied with the aim of both delaying the hardening 
process of gypsum and improving biological resistance [32,58,59]. After 
several mix designs, since resistance to mould was low, citric acid, 
produced by La Droguerie Éco, France, was added with the aim of 
moderating biological susceptibility [56,64,65]. 

The second studied adhesive (used for composites B) was a sodium 
silicate solution (Na₂O⋅n SiO₂⋅nH₂O) produced by Labkem, Spain, and 
analysed by Ingessil S.r.l., Verona, Italy. It was selected considering the 

Table 2 
Information about starch production quantity (during 2020) and supply utilization accounts (during 2019) in Euro-Mediterranean countries according to FAO [49,50].   

Production quantity [Tonnes × 107] First producer Starch supply utilization account [Tonnes × 106] 

Maize  3.06 France  2.43 
Potatoes  1.39 France  0.09 
Rice  0.27 Italy  0.03 
Wheat  4.76 France  1.31  

Table 3 
Loose bulk density and thermal conductivity of the considered bio-wastes adapted from Cintura et al. [61].  

Material Loose bulk density [kg/m3] (T = 20 ◦C, RH = 60 %) Thermal Conductivity [W/(m.K)] (T = 23 ◦C, RH = 50 %) 

Grape press waste – G 343.88 ± 12.00 0.078 ± 0.002 
Hazelnut shells – H 550.50 ± 19.53 0.107 ± 0.003 
Olive press waste – O 449.43 ± 8.60 0.089 ± 0.004 
Spent coffee grounds – c 478.81 ± 5.40 0.092 ± 0.002 
Wood chips – W 256.98 ± 8.10 0.077 ± 0.001  

Fig. 1. Particle size distribution of the tested bio-wastes and the wood chips adapted from Cintura et al. [61].  
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study of Liuzzi et al. [38] that showed promising insulation properties 
for composites made up of sodium silicate solution mixed with bio- 
aggregates. The sodium silicate solution allowed avoiding pressing the 
samples and curing them at environmental temperatures. Furthermore, 
sodium silicate is resistant to fire and may contribute to avoid chemical 
decomposition and mould growth [38,66]; hence it could moderate 
some of the drawbacks of using bio-waste as building materials [48]. 

A natural glue made up of maize starch was selected as the third 
adhesive (composites C), considering the high production of maize in 
Euro-Mediterranean countries during the last years (Table 2). The 
starch-based glue was prepared by mixing starch, boiled water and 
vinegar which has an antimicrobial effect on fruit and vegetables [67]. 

With the aim to improve mechanical properties, resistance to water and 
biological attack, citric acid was added [46]. 

Table 4 shows the information on the selected materials. The per
centages of citric acid were maintained low to avoid a high delay in the 
setting time, to secure good workability and to moderate the inhibitory 
effect on the setting process of gypsum [68–70]. 

2.2. Composites and samples production 

The mix designs were selected both by considering past studies and 
by practical tests. The choosing criteria were guaranteeing the work
ability and feasibility of producing samples with all the different bio- 

Table 4 
Information on the main materials used for the three adhesives.  

Material Physical and chemical properties/compositions References 

Hemi-hydrated gypsum (composites A) Water/gypsum ratio [kg/l] 1450 Sival technical sheet [71] 
Hardening time [min] 12 ± 3 
Setting time [min] 28 ± 5 
Linear expansion (1 h) [%] 0.2 
Bending strength (dry) [kg/cm2] ≈ 52  

Sodium silicate solution (composites B) Mass fraction SiO2/Na2O 2.4–2.6 Labkem technical sheet [72] 
SiO2 + Na2O [%] ≥ 39 
Density at 20 ◦C [g/cm3] 1.45–1.48 
Fe2O3 [%] ≤ 0.01 
CaO [%] ≤ 0.1 
Viscosity (20 ◦C) [cP] ≥ 100 
Molar ratio [-] 2.48 Information provided by Ingessil [73] 
Na₂SiO3 title [% p/p] 41.33 
SiO2 [% p/p] 29.17 
Na2O [% p/p] 12.16 
pH at T = 20 ◦C [-] 12.40  

Maize starch-based glue (composites C) Water/starch ratio [ml/g] 5 – 
Vinegar/starch ratio [ml/g] 0.28 
Citric Acid/starch ratio [g/g] 0.04  

Table 5 
Formulation of composites A based on gypsum, B with sodium silicate and C with natural glue with the different bio-aggregates.  

Composites Designations Material Quantities [ml] Mix percentages by volume* [%] 

Composites A AG, AH, AO, AW Aggregate 200  45.8 
Hemi-hydrated gypsum 100  22.9 
Air Lime 35  8.0 
Citric Acid 2  0.5 
Water 100  22.9  

AWc Aggregate 200  37.2 
Spent coffee grounds 100  18.6 
Hemi-hydrated gypsum 100  18.6 
Air Lime 35  6.5 
Citric Acid 2  0.4 
Water 100  18.6  

Composites B BG, BH, BO, BW Aggregate 250  75.8 
Sodium silicate 80  24.2  

BWc Aggregate 200  50.0 
Spent coffee grounds 100  25.0 
Sodium silicate 100  25.0  

Composites C CG, CH, CO, CW Aggregate 200  55.6 
Natural glue 160  44.4  

CWc Aggregate 200  36.4 
Spent coffee grounds 100  18.2 
Natural glue 250  45.5  

* Calculated considering the total volume. 
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aggregates by using the maximum amount of bio-wastes and the mini
mum amount of adhesives. Table 5 shows the selected formulations in 
volume and the mix percentages by volume. Furthermore, the compos
ites’ designations were reported: the first letter identified the adhesive 
(A – gypsum-base binder, B – sodium silicate solution, C – natural glue); 
the following letter identified the aggregates (G – grape press waste, H – 
hazelnut shells, O – olive press waste, W – wood chips, c – spent coffee 
grounds). Hence, spent coffee grounds, a waste with particle size smaller 
than the others, was employed as fine aggregate and combined with 
wood chips for some composites. 

The different aggregates and the adhesive were mechanically mixed 
for 3 min, until homogeneity. The mixes were placed in cylindrical PVC 
moulds (diameter = 8.5 cm, high = 4 cm) without compaction. Three 
samples were produced for each composite. Samples A were dried and 
cured at environmental conditions, guaranteeing ventilation. The curing 
time was 28 days [74]. Samples B were cured for 28 days at environ
mental conditions and then put at T = 50 ◦C until the variation in mass 
after 24 h was less than 0.5 % to secure a complete drying [38,75]. 
Samples C were placed for 3 days at T = 50 ◦C to secure a fast drying, de- 
moulded and then placed at T = 60 ◦C until the variation in mass was 
lower than 0.5 %. Figs. 2, 3 and 4 show samples A, B and C, respectively, 
after casting and curing, reporting their designations. 

2.3. Methods 

2.3.1. Visual observation and pH 
The samples were constantly monitored during the casting and 

curing process, evaluating the presence of cracks, the distribution of the 
adhesive on the surface, and the eventual mould growth. At the end of 
the curing time, the pH of the composites was evaluated by using Litmus 

paper. A drop of demineralized water was applied on the samples’ sur
face by using a pipette and the Litmus papers were placed on it. The pH 
evaluation was obtained considering the final colour of the Litmus paper 
(Fig. 5a). 

2.3.2. Apparent density and thermal properties 
The apparent density was calculated after curing and stabilizing the 

samples at T = 60 ◦C, considered as having a change in mass less than 0.5 
% after 24 h. It was determined by the average ratio between mass and 
volume of the three samples, adapted from the EN 323 [76]. The mass 
was assessed with a Precise Analytical Balance and the volume was 
calculated using a Helios Digital Caliper. The thermal properties were 
calculated after stabilising the samples at T = (17 ± 1) ◦C and RH = (65 
± 5) %. Several methods could be considered to determine the thermal 
conductivity, namely the effectiveness in conducting heat: steady-state 
hot-plate, transient hot-bridge, hot-disk, photo-thermal methods [19]. 
The transient method was chosen according to past studies [32,77,78] 
and considering its several benefits [79]. Therefore, the thermal con
ductivity of the samples was evaluated by using an ISOMET 2114 Heat 
Transfer Analyser (Fig. 5b) with a 60 mm diameter contact probe IPS 
1105, ranging values between 0.04 and 0.30 W/(m.K). The average 
values of the three samples for each composite were considered. 

2.3.3. Hygroscopicity and moisture buffering value (MBV) 
Sorption and desorption properties were calculated based on the ISO 

24353 [80] but using the produced samples. The test allowed to define 
the hygroscopicity, namely the capacity of adsorbing/releasing moisture 
when relative humidity (RH) rises/decreases, respectively [81]. Three 
samples of each composite were covered by using a moisture barrier 
consisting of aluminium foil. Only the adsorption/desorption face (area 

Fig. 2. Samples A – hemi-hydrated gypsum, air lime and citric acid: (a) grape press waste (AG); (b) hazelnut shells (AH); (c) olive press waste (AO); (d) wood chips 
(AW); (e) wood chips and spent coffee grounds (AWc). 

Fig. 3. Samples B – sodium silicate solution: (a) grape press waste (BG); (b) hazelnut shells (BH); (c) olive press waste (BO); (d) wood chips (BW); (e) wood chips and 
spent coffee grounds (BWc). 

Fig. 4. Samples C – starch-based natural glue: (a) grape press waste (CG); (b) hazelnut shells (CH); (c) olive press waste (CO); (d) wood chips (CW); (e) wood chips 
and spent coffee grounds (CWc). 
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= 0.0057 m2) was exposed (Fig. 5c). The samples were preconditioned 
in a climatic chamber (Aralab Fitoclima 1000) at T = (23 ± 2) ◦C and 
RH = (63 ± 2) % until reaching a constant mass (change in mass of less 
than or equal to 0.1 % over 24 h). Four cycles of 12 h were carried out, 
by conditioning at RH = 75 % (sorption phase) and RH = 50 % 
(desorption phase). After two cycles of sorption–desorption (aiming at 
reaching more stabilized conditions) the samples were weighed every 3 
h to evaluate the moisture change during the time. Values of the mois
ture adsorption content, ρA,ac, the moisture desorption content, ρA,dc, 
and the moisture content difference, ρA,sc were calculated according to 
Eqs. (1), (2) and (3) to determine the variation of moisture adsorbed/ 
desorbed content over time. 

ρA,ac

(
kg
m2

)

=
man − md(n− 1)

A
(1)  

ρA,dc

(
kg
m2

)

=
man − mdn

A
(2)  

ρA,sc

(
kg
m2

)

= ρA,ac − ρA,dc (3) 

man [kg] is the value of the mass at the end of the sorption phase, md 

(n-1) [kg] is the value of the mass at the end of the desorption phase of the 
previous cycle, mdn [kg] is the value of the mass at the end of the 
desorption phase, A [m2] is the exposed surface. 

The moisture buffering value (MBV), which provides a numerical 
value of the absorbed/released moisture considering cycles with two 
levels of relative humidity (RH) [13], was calculated and rated 

according to an adaptation of Rode et al. [82]. RH and cycle times 
described by the ISO 24353 [80] were considered. The MBV was 
determined as the average value between the MBV of the sorption 
(MBVa) and the desorption phase (MBVd), calculated as reported in Eqs. 
(4) and (5), respectively. The last three cycles for each sample and their 
average values were considered (to evaluate the most stabilized 
conditions). 

MBVa(
g

m2 % RH
) =

man − md(n− 1)

A x (RHhigh − RHlow)
(4)  

MBVd(
g

m2 % RH
) =

man − mdn

A x (RHhigh − RHlow)
(5) 

RHhigh is the highest value and RHlow is the lowest one, 75 % and 50 
% respectively, according to ISO 24353 [80]. Ahead, MBV results will be 
compared with some literature values, considering also some calculated 
under different conditions of RH, which is an important information to 
highlight, since considering different methods (different cycles and RH), 
the MBV may change [83]. 

2.3.4. Bio-susceptibility 
Biological susceptibility was evaluated by exposing the samples at 

high RH, as this favours mould growth [84–86]. The samples were 
placed for four weeks in a conditioned room at T = (23 ± 2) ◦C and RH 
≥ 85 %, conditions that allow mould growth [87], without being steri
lised or inoculated. Temperature and RH were constantly monitored by 
using a data logger (Hobo U12-011). It was placed close to the samples 
to record as much as possible the exposure conditions. Natural 

Table 6 
Rate of mould adapted from ISO 846 [89].  

Intensity of growth Evaluation 

0 No growth apparent under the microscope 
1 No growth visible to the naked eye, but clearly visible under the microscope, covering up to 25 % of the test surface 
2 Growth visible to the naked eye, covering up to 25 % of the test surface 
3 Growth visible to the naked eye, covering up to 50 % of the test surface 
4 Considerable growth, covering more than 50 % of the test surface 
5 Heavy growth, covering the entire test surface  

Fig. 5. Main tests of the experimental campaign: (a) analysis of the pH by using the Litmus paper; (b) evaluation of the thermal conductivity by using the ISOMET; 
(c) samples in the climate chamber to assess the hygroscopicity; (d) samples in the climate chamber to assess the biological susceptibility to moulds, together with ICB 
and EPS panels (samples 5 cm × 3 cm × 3 cm). 
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ventilation was prevented, and the samples were kept spaced as shown 
in Fig. 5d. Three samples of an expanded cork agglomerate (ICB) and 
three of an expanded polystyrene (EPS) panel (5 cm × 3 cm × 3 cm), 
materials that demonstrated good resistance to mould growth [87,88], 
were used as controls. Fungal development was evaluated each week 
according to an adaptation of ISO 846 [89], considering method A. 
Table 6 reports the ratings of the top surface of the sample obtained 
either visually or by using a stereo microscope (Olympus SZX12). 

2.3.5. Statistical analysis and correlation between raw materials and 
composites’ properties 

An analysis of variance (ANOVA) was performed to evaluate signif
icant differences among the different types of composites by using 
MATLAB R2023a. Two variables were evaluated: the adhesives and the 
bio-aggregates. A significance level of 5 % was considered and the P- 
values were analysed to define if the null hypothesis (H0 = there are no 
differences among the groups analysed: adhesives and bio-aggregates) 
was verified. Post-hoc tests were performed to distinguish the signifi
cantly different adhesives or bio-aggregates, by considering a multiple 
comparison test. 

Finally, the results were compared to the ones of the bio-aggregates 
considered as raw materials, analysed in a previous study [61]. 

These analyses could help to define the contribution of each material 
in the final performance, pointing out when the properties were mainly 
influenced by the aggregates or the adhesives. In addition to providing 
important information for the discussion, it could be extremely useful 
for future studies, since they could support the choice of the materials 
for composites’ production. 

3. Results and discussion 

3.1. Visual observation and pH 

The visual and qualitative observation allowed noticing that samples 
A seemed to be the most fragile ones after curing. They seemed weakly 
bonded and tended to crumble during their manipulation. Samples B 
and C appeared more resistant; the aggregates were well bounded. 

Table 7 reports the average pH and the standard deviation of the 
specimens. 

The results confirmed the adhesives’ influence on the properties of 
the final products. Composites B, bounded by the sodium silicate solu
tion (pH = 12.40, Table 4), had values of pH of about 11. Composites A 
and C showed pH values of about 8.0–8.9 for all aggregates. The pH 
could be a predictor of bio-susceptibility [53,90], as previous research 
reported that alkaline materials (pH ≥ 10) can prevent chemical 
decomposition and moderate mould growth [85,91]. Therefore, good 
resistance to mould growth was expected from the B composites, but it is 
important to highlight both that this is a rapid evaluation, and that 
biological susceptibility depends on many factors. 

3.2. Apparent density and thermal conductivity 

Table 8 shows the values of bulk density and thermal conductivity of 
the analysed composites. 

The results can be compared with some commercial products and 
data from the literature, namely the ones mentioned in Table 1; the 
values are in line with the literature ones. Fig. 6 shows the correlation 
between the thermal conductivity and the apparent density of the 
studied composites, and the materials considered for comparison 
(reporting only the ones for which both density and thermal conduc
tivity are detailed). When a range was reported, the average value was 
considered. 

Table 7 
Ph average values and standard deviation of the composites.  

Composites pH ± standard deviation 

Composites A with gypsum-based binder 
Grape press waste – AG 8.4 ± 0.1 
Hazelnut shells – AH 8.1 ± 0.1 
Olive press waste – AO 8.9 ± 0.3 
Wood chips and spent coffee grounds – AWc 8.9 ± 0.1 
Wood chips – AW 8.2 ± 0.3  

Composites B with sodium silicate solution 
Grape press waste – BG 11.0 ± 0.1 
Hazelnut shells – BH 10.9 ± 0.3 
Olive press waste – BO 10.9 ± 0.3 
Wood chips and spent coffee grounds – BWc 10.8 ± 0.1 
Wood chips – BW 11.0 ± 0.1  

Composites C with natural glue 
Grape press waste – CG 8.8 ± 0.3 
Hazelnut shells – CH 8.5 ± 0.1 
Olive press waste – CO 8.5 ± 0.1 
Wood chips and spent coffee grounds – CWc 8.8 ± 0.3 
Wood chips – CW 8.0 ± 0.1  

Table 8 
Average apparent density and thermal conductivity with standard deviation of the composites.  

Composites Apparent density T = 60 ◦C [kg/m3] Thermal conductivity T = 17 ◦C RH = 65 % [W/(m.K)] 

Composites A with gypsum-based binder 
Grape press waste – AG 615.1 ± 22.7 0.103 ± 0.001 
Hazelnut shells – AH 742.5 ± 7.5 0.134 ± 0.018 
Olive press waste – AO 829.7 ± 8.5 0.096 ± 0.009 
Wood chips and spent coffee grounds – AWc 598.2 ± 17.9 0.078 ± 0.012 
Wood chips – AW 613.4 ± 8.4 0.090 ± 0.015  

Composites B with sodium silicate solution 
Grape press waste – BG 516.0 ± 48.5 0.068 ± 0.008 
Hazelnut shells – BH 689.3 ± 29.4 0.079 ± 0.027 
Olive press waste – BO 897.2 ± 68.4 0.101 ± 0.025 
Wood chips and spent coffee grounds – BWc 643.7 ± 6.2 0.100 ± 0.021 
Wood chips – BW 444.0 ± 5.2 0.057 ± 0.003  

Composites C with natural glue 
Grape press waste – CG 402.4 ± 23.2 0.064 ± 0.001 
Hazelnut shells – CH 524.2 ± 6.00 0.069 ± 0.003 
Olive press waste – CO 602.3 ± 13.8 0.069 ± 0.006 
Wood chips and spent coffee grounds – CWc 392.7 ± 7.5 0.067 ± 0.002 
Wood chips – CW 344.4 ± 5.4 0.057 ± 0.005 

*Apparent density after curing and stabilized at T = 60 ◦C; thermal conductivity at T = (17 ± 5) ◦C, RH = (65 ± 5) %. 
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The analysed composites had higher values of apparent density and 
thermal conductivity than the considered commercial insulation boards. 
They showed better insulation thermal performance than an OSB panel 
[31] and plasterboard Knauf Standard A [29]. Only BW, CG and CW had 
better thermal performance than Celenit N [25]. Considering past 
studies [21,22], for which the maximum thermal conductivity value is 
0.065 W/(m.K), neither of them could be considered as thermal insu
lation boards. According to past studies which reported a maximum 

value of 0.1 W/(m.K) [2,23,24], the composites respected the require
ment, except for AH, AG, BWc and BO. 

Composites A showed the lowest thermal insulation performance. 
Between them, grape press waste had the best insulation properties. The 
considered matrix could probably be better used to produce thermal 
mortars than insulation panels since the required thermal conductivity 
has to be lower than 0.2 W/(m⋅K) [6], although other requirements are 
also needed. For example, Fatma et al. [92] evaluated the properties of a 

Fig. 6. Correlation between thermal conductivity and density of the studied composites, compared with some literature and commercial values. (See above- 
mentioned references for further information.) 

Fig. 7. Moisture variation for four adsorption/desorption cycles of composites A (with gypsum-based binder).  
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gypsum mortar with palm fibre. They reported values of thermal con
ductivity between 0.29 and 0.51 W/(m.K) depending on the fibre’s 
percentage and treatment. Adamopoulos et al. [93] analysed gypsum- 
based composites with different percentages of waste wood and re
ported thermal conductivity values between 0.209 and 0.312 W/(m.K). 
Posani et al. [78] considered mortars made up of hydraulic lime and 
cork aggregates and reported values of 0.098 W/(m.K) and 0.127 W/(m. 
K). Composites B showed more promising thermal insulation perfor
mance. The ones made up of grape press waste and wood chips had 
properties similar to Celenit N [25]. The others had a high value of 
standard deviation. This is probably caused by the different aggregates’ 
grain size in each sample and the sodium silicate distribution. The better 
thermal insulation performance might be determined by the presence of 
spaces between the aggregates, due to the production process (without 
pressing). Composites C showed the best thermal insulation perfor
mance, having the lowest values of apparent density and thermal con
ductivity. The good insulation performances of the composites B and C 
might be caused both by the presence of many voids and by the good 
thermal insulation properties of the adhesives. Further studies should be 
carried out. 

3.3. Hygroscopicity and moisture buffering value 

Figs. 7, 8 and 9 report the four cycles of sorption/desorption for 
composites A, B and C respectively. 

For composites A, the ones made up of olive press wastes reached the 
highest values of moisture variation during the four cycles (ρA,ac be
tween 0.008 kg/m2 and 0.010 kg/m2; ρA,dc of 0.008 kg/m2 for all cy
cles); hazelnut shells achieved the lowest ones (ρA,ac between 0.005 kg/ 
m2 and 0.007 kg/m2; ρA,dc of 0.005 kg/m2 for all cycles). Composites 
made up of grape press waste and wood chips had similar performance. 
Values of moisture sorption and desorption were between 0.006 kg/m2 

and 0.007 kg/m2 for both. The addition of spent coffee grounds in the 
composites made up of wood chips increased the moisture content 
during the sorption and desorption phases (ρA,ac between 0.007 kg/m2 

and 0.008 kg/m2; ρA,dc = 0.007 kg/m2 for all cycles). For all composites, 
sorption capacity was higher than desorption, keeping remaining 
moisture after desorption. This demonstrated the high hygroscopicity of 
the bio-wastes. 

Composites B showed the highest values of moisture content for 
wood chips (ρA,ac between 0.235 kg/m2 and 0.243 kg/m2; ρA,dc between 
0.144 kg/m2 and 0.169 kg/m2) and grape press waste (ρA,ac between 
0.187 kg/m2 and 0.195 kg/m2; ρA,dc between 0.093 kg/m2 and 0.123 

Fig. 8. Moisture variation for four adsorption/desorption cycles of composites B (with sodium silicate solution).  

Fig. 9. Moisture variation for four adsorption/desorption cycles of composites C (with starch-based natural glue).  
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kg/m2). Also in this case, composites made up of hazelnut shells reached 
the lowest values (ρA,ac between 0.170 kg/m2 and 0.181 kg/m2; ρA,dc 
between 0.076 kg/m2 and 0.091 kg/m2), similar to ones made up of 
olives press waste (ρA,ac between 0.169 kg/m2 and 0.184 kg/m2; ρA,dc 
between 0.069 kg/m2 and 0.086 kg/m2) and wood chips with spent 
coffee grounds (ρA,ac between 0.190 kg/m2 and 0.211 kg/m2; ρA,dc be
tween 0.069 kg/m2 and 0.086 kg/m2). The moisture content difference 
of the composites B was higher than for composites A but similar be
tween the different agro-industrial wastes. Probably the sodium silicate 
solution had a higher influence than the aggregates on the hygroscop
icity. In this case, the addition of spent coffee grounds in the wood chips- 
based composite lowered the moisture content. 

Composites C showed a lower hygroscopicity capacity than com
posites B, and higher than composites A. This is in line with the expec
tation, as the adhesive is a natural glue, hence should have a high 
hygroscopicity. In this case, the highest values of moisture sorption were 
achieved by the composite made up of olive press waste (ρA,ac between 
0.112 kg/m2 and 0.140 kg/m2) and hazelnut shells (ρA,ac between 0.106 
kg/m2 and 0.131 kg/m2); while the lowest ones were the ones of wood 
chips (ρA,ac between 0.095 kg/m2 and 0.102 kg/m2) and grape press 
waste (ρA,ac between 0.101 kg/m2 and 0.114 kg/m2). The addition of 

spent coffee grounds in the sample made up of wood chips improved the 
moisture sorption content: ρA,ac between 0.100 kg/m2 and 0.128 kg/m2. 
As for the desorption phases, the wood chips-based samples, with and 
without spent coffee grounds, achieved the highest values (ρA,dc between 
0.089 kg/m2 and 0.096 kg/m2 and ρA,dc between 0.087 kg/m2 and 
0.091 kg/m2, respectively). The others showed similar performance: ρA, 

dc between 0.065 kg/m2 and 0.075 kg/m2, for samples made up of grape 
press waste; ρA,dc between 0.067 kg/m2 and 0.073 kg/m2, for olive press 
waste; ρA,dc between 0.058 kg/m2 and 0.069 kg/m2, for hazelnut shells. 

Comparing the different binders, the sorption capacity was greater 
than desorption for all composites. The one made with sodium silicate 
solution (composites B) showed the greatest hygroscopicity capacity, 
followed by the ones with natural glue (composites C). 

To better analyse the hygroscopicity properties, MBV was calculated 
for each sample as previously described. Table 9 reports the MBV. 

Considering the classification proposed by Rode et al. [82], all the 
samples were classified as “excellent”. The results were compared with 
some literature values, reported in Table 10. They were calculated by 
different methods: by Nordtest [82], considering 8 h at high RH (75 %) 
followed by 16 h at low RH (33 %); considering MBV ideal as described 
in Nordtest [82]; MBV calculated from the results of a study that ana
lysed moisture properties by using ISO 24353 [80]. The reference to RH 
variation allowed comparing MBV results even if calculated considering 
different conditions, but this comparison was carried out to give an idea 
of the moisture buffering capacity. Indeed, as previously anticipated, 
considering different methods gives different MBV results [83]. 

Tables 9 and 10 show the high hygroscopicity capacity of bio-based 
composites, as expected [9,32,98]. All of them were classified as good or 
excellent. Furthermore, the comparison demonstrated that the results 
were in line with literature values. Composites A could be better 
compared with gypsum boards or gypsum and lime plasters. Ramos et al. 
[99] calculated the MBV of a gypsum board, gypsum plaster and 
gypsum-air lime (50 % − 50 %) plaster (not reported in Table 10 since 
they are not bio-based composites). The researchers achieved values 
between 0.7 and 0.8 g/(m2.%RH) for a gypsum board and a gypsum 
plaster, between 0.4 – 0.5 g/(m2.%RH) for a gypsum-air lime plaster, 
which are not high in comparison to bio-based products. This demon
strates that the addition of agro-industrial wastes can improve the hy
groscopicity capacity of gypsum-based gypsum products. As for the 
composites made up of agro-industrial waste and sodium silicate solu
tion, also past studies reported high values of MBV [38]. As for starch- 
based composites, Mnasri et al. [97] reported that a starch-based 
binder improves the MBV, even if Thieblesson et al. [94] reached 
lower values than the results of the present study. High hygroscopicity 

Table 9 
MBV of the composites with gypsum-based binder A, sodium silicate solution B 
and natural glue C.  

Composites MBV [g/(m2.%RH)] 

Composites A with gypsum-based binder 
Grape press waste – AG 2.70 ± 0.18 
Hazelnut shells – AH 2.43 ± 0.33 
Olive press waste – AO 3.66 ± 0.36 
Wood chips and spent coffee grounds – AWc 3.08 ± 0.23 
Wood chips – AW 2.63 ± 0.14  

Composites B with sodium silicate solution 
Grape press waste – BG 6.11 ± 2.14 
Hazelnut shells – BH 5.12 ± 2.72 
Olive press waste – BO 5.29 ± 2.42 
Wood chips and spent coffee grounds – BWc 5.63 ± 3.44 
Wood chips – BW 8.06 ± 2.18  

Composites C with natural glue 
Grape press waste – CG 3.61 ± 0.97 
Hazelnut shells – CH 3.78 ± 1.44 
Olive press waste – CO 3.79 ± 1.38 
Wood chips and spent coffee grounds – CWc 3.99 ± 0.55 
Wood chips – CW 3.74 ± 0.25  

Table 10 
MBV of different bio-based composites, reported in literature.  

Materials/Composites MBV 
[g/(m2.%RH)] 

Classification Ref. 

Composites with wood fibre, cellulose wadding, and paper granules with potato starch a 1.1–2.5 Good/ Excellent [94] 
Composites with hemp shiv and clay a 2.07–2.28 Excellent [37] 
Composites with hemp shiv and clay stabilized with 5% of air lime-based binder (Thermo®) from BCB and 5% of Portland 

cement (CEM I 52.5 N CE CP2 NF) a 
2.24–2.33 Excellent [37] 

Hemp concrete: hemp and binder paste with around 75% of air lime, 15% of hydraulic binder and 10% of pozzolan a 1.84–2.02 Excellent [95] 
Rape straw concrete: rape straw and binder paste with around 75% air lime, 15% hydraulic binder and 10% pozzolan a 2.29–2.59 Excellent [95] 
Composites with olive fibre and sodium silicate solution b 5.05 Excellent [38] 
Composites with straw fibre and sodium silicate solution b 3.29 Excellent [38] 
Clay plaster with hemp shiv and fibres c 2.20 Excellent [96] 
Wood-based panel with coniferous wood chips and cement (not specified)a 3.25 Excellent [97] 
Chipboard panela 2.25 Excellent [97] 
OSB panel a 1.25 Good [97] 
Hemp fibre panel a 2.25 Excellent [97] 
Wood fibre panel a 3.10 Excellent [97]  

a MBV calculated by Nordtest method [82]: 8 h at high RH (75 %) followed by 16 h at low RH (33 %); 
b MBV ideal calculated according to Nordtest project [82]; 
c MBV calculated from the results of a study that analysed moisture properties by using ISO 24353 [80]. 
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capacity could be good for coating panels since the composites could 
contribute to a passive equilibrium of moisture indoor conditions and, 
therefore, to comfort and health. On the other side, this could be a 
drawback for the biological attack: moisture storage inside the com
posites could encourage mould growth. 

3.4. Bio-susceptibility to moulds 

Table 11 shows the results of bio-susceptibility to moulds, consid
ering the average values of the evaluation (rating from 0 to 5 as 
described in Section 2.3). 

Fig. 10 shows the centre square (4 cm2) of the contaminated com
posites at the end of the four weeks. 

The results demonstrated the influence of the adhesive on the bio
logical resistance of the tested composites. Composites B showed the 
highest resistance to mould, as expected. According to the literature, a 

pH higher than 10 can prevent mould growth [85,90,91]. Considering 
Table 7, the results were in line with the expectations. Nevertheless, the 
evaluation of the biological resistance cannot be related only to the pH 
values since other factors play an important role, as previously reported. 
Composites A, with pH values between 8.1 and 8.9, demonstrated better 
biological resistance than expected, especially for hazelnut shells, wood 
chips and wood chips with spent coffee grounds that did not present 
mould growth. The others (made with grape and olive press waste) 
never reached the highest values. The starch-based glue (composites C) 
had the lowest resistance to mould. After the first week, all the samples 
were contaminated. Samples made with grape press waste reached the 
maximum values during the second week; for the ones made up of olive 
press waste and spent coffee grounds with wood chips it was during the 
third week. Furthermore, it seems that the addition of spent coffee 
grounds decreased the resistance to mould growth of wood-based sam
ples (Figs. 10f and 10g). These results were consistent with past 
research: starch-based composites had low resistance to biological 
attack and were affected by humidity [100–102]. This property could 
probably be improved by adding higher quantities of citric acid or other 
biocidal agents. 

The controls were rated as 0.00 during the four weeks and these 
results are consistent with the literature. The critical moisture level for 
EPS is 90–95 % [87], hence the samples were supposed not to be affected 
by mould growth at the considered RH. ICB was elsewhere rated as 1.00 
but considering higher values of RH [88]. This demonstrated both the 
validity of the test and the low biological resistance of composites A and 
C. As for composites B, they were rated as the controls, as for the 
considered conditions they showed the same resistance to moulds. 

Comparing the agro-industrial wastes, grape and olive press waste 
had the lowest biological resistance, while wood chips and hazelnut 
shells had the highest one. This was in line with the results of past work 
that considered the hygroscopicity properties of the aggregates [61]. 
The higher moisture buffering capacity created more favourable con
ditions for mould growth, even if considering only this information is an 
oversimplification, as Cintura et al. [61] reported. Certainly, the results 

Table 11 
Mould development on the composites and control commercial ICB and EPS 
evaluated according to ISO 846 grading scale [89].  

Composites Week1 Week2 Week3 Week4 

Composites A with gypsum-based binder 
Grape press waste – AG  0.67  0.67  2.00  2.67 
Hazelnut shells – AH  0.00  0.00  0.00  0.00 
Olive press waste – AO  0.00  0.67  2.67  4.00 
Wood chips and spent coffee grounds – 

AWc  
0.00  0.00  0.00  0.00 

Wood chips – AW  0.00  0.00  0.00  0.00  

Composites B with sodium silicate solution 
Grape press waste – BG  0.00  0.00  0.00  0.00 
Hazelnut shells – BH  0.00  0.00  0.00  0.00 
Olive press waste – BO  0.00  0.00  0.00  0.00 
Wood chips and spent coffee grounds – 

BWc  
0.00  0.00  0.00  0.00 

Wood chips – BW  0.00  0.00  0.00  0.00  

Composites C with natural glue 
Grape press waste – CG  0.00  5.00  5.00  5.00 
Hazelnut shells – CH  0.33  1.00  4.00  4.00 
Olive press waste – CO  1.00  4.33  5.00  5.00 
Wood chips and spent coffee grounds – 

CWc  
1.00  2.00  5.00  5.00 

Wood chips – CW  0.33  1.00  1.00  3.00  

Expanded cork agglomerate – ICB  0.00  0.00  0.00  0.00 
Expanded polystyrene – EPS  0.00  0.00  0.00  0.00  

Fig. 10. Mould development at the end of the four weeks: (a) AG; (b) AO; (c) CG; (d) CH; (e) CO; (f) CWc; (g) CW.  

Table 12 
Results of ANOVA (F and P values) for the results which were significant (ad
hesives as the variable).  

Property F P-value 

pH  112.13  <0.001 
Apparent density  4.17  0.042 
Thermal conductivity  5.46  0.021 
MBV  23.59  <0.001 
Bio-susceptibility (mould growth after 4 weeks)  17.52  <0.001  
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demonstrated that the composites’ final properties depend on both the 
aggregate and the binder. 

3.5. Statistical analysis and correlation between raw materials and 
composites’ properties 

The statistical analysis showed that considering the adhesives as the 
variable, for all the properties, the null hypothesis was confirmed (P- 
value less than 0.05), hence at least one of the mean values was 
different. As for the bio-aggregates, for all the properties the alternative 
hypothesis was verified (i.e., P-value greater than 0.05, the mean values 
were the same). 

Table 12 summarizes the results of the ANOVA (reporting F and P- 

values) for the significantly different results, namely when the adhesives 
were considered as the variable. 

Table 13 reports the p-values of the post-hoc tests for the results 
which were significant (adhesives as the variable). The first two columns 
show which groups were compared with each other (A – gypsum-base 
binder, B – sodium silicate solution, C – natural glue, as defined in 
Section 2.2.). The p-values allowed identifying which and how the 
groups were significantly different from each other. 

These statistical analyses showed a strong influence of the adhesives 
on the analysed properties. Therefore, as previously reported, the 
gypsum-based binder, the sodium silicate solution and the starch-based 
glue predominated over the aggregates in the final performance of the 
composites. However, further, and detailed analysis should be per
formed to confirm this conclusion. 

The results were compared with the ones obtained for raw materials 
reported in a previous study [61] to evaluate eventual correlations. 
Values of spent coffee grounds were not reported since this agro- 
industrial waste was only used as fine aggregate and evaluated 
together with wood chips. Table 14 shows the values in different font- 
style: the highest ones are highlighted in bold; the second ones (in 
descending order) are in italics, the third ones (in descending order) are 
not edited (normal), and the smallest ones are underlined. 

For loose bulk density and apparent density, it seemed to be a cor
relation between raw materials and composites (considering also stan
dard deviation), except for composite BG, made up of grape press waste. 
The lower apparent density of these samples could be caused by the 
production process: the use of sodium silicate solution without pressing 
might produce internal voids. 

As for thermal conductivity and MBV, there was no linear corre
spondence (e.g., a lower value of thermal conductivity for the aggregates 
corresponds to a higher value for composites A). However, the results of 
thermal conductivity were in line with past studies since the waste ag
gregates considered individually did not show good thermal insulation 
properties [103]. Considering the sorption/desorption properties of the 
bio-wastes as raw materials, olive press waste achieved the highest 
values of moisture adsorption and desorption content, while hazelnut 
shells had the lowest ones. Hence, for composites A there was a corre
lation between the raw materials and composites properties. For the 
other composites (B and C), there was not a certain correlation between 
raw material and composites. As for biological susceptibility, the com
parison was not reported because different types of biological attacks 
were considered. 

Table 13 
P-values of the post-hoc tests for the results which were significant (adhesives as 
the variable).  

Group1 Group2 p-value* 

pH 
A B 0.0000 
A C 0.9936 
B C 0.0000  

Apparent density 
A B 0.8729 
A C 0.0462 
B C 0.1093  

Thermal conductivity 
A B 0.2079 
A C 0.0162 
B C 0.3300  

MBV 
A B 0.0001 
A C 0.1899 
B C 0.0012  

Bio-susceptibility 
A B 0.2276 
A C 0.0045 
B C 0.0002 

*Note: the numbers in bold represent p-values less than 0.05. 

Table 14 
Comparison between properties of raw materials [61] and composites considering the three analysed adhesives.  

Aggregates Loose bulk density Apparent density 

Raw materials Composites A Composites B Composites C 

Grape press waste 343.88 ± 12.00 615.1 ± 22.7 516.0 ± 48.5 402.4 ± 23.2 
Hazelnut shells 550.50 ± 19.53 742.5 ± 7.5 689.3 ± 29.4 524.2 ± 6.00 

Olive press waste 449.43 ± 8.60 829.7 ± 8.5 897.2 ± 68.4 602.3 ± 13.8 
Wood chips 256.98 ± 8.10 613.4 ± 8.4 643.7 ± 6.2 344.4 ± 5.4 

Thermal conductivity  

Raw materials Composites A Composites B Composites C 

Grape press waste 0.081 ± 0.002 0.103 ± 0.001 0.068 ± 0.008 0.064 ± 0.001 
Hazelnut shells 0.115 ± 0.003 0.134 ± 0.018 0.079 ± 0.027 0.069 ± 0.003 

Olive press waste 0.097 ± 0.003 0.096 ± 0.009 0.101 ± 0.025 0.069 ± 0.006 
Wood chips 0.082 ± 0.002 0.090 ± 0.015 0.057 ± 0.003 0.057 ± 0.005 

MBV  

Raw materials Composites A Composites B Composites C 

Grape press waste 3.54 ± 0.09 2.70 ± 0.18 6.11 ± 2.14 3.61 ± 0.97 
Hazelnut shells 3.13 ± 0.16 2.43 ± 0.33 5.12 ± 2.72 3.78 ± 1.44 

Olive press waste 4.38 ± 0.13 3.66 ± 0.36 5.29 ± 2.42 3.79 ± 1.38 
Wood chips 3.10 ± 0.06 2.63 ± 0.14 8.06 ± 2.18 3.74 ± 0.25 

Note: The values are classified considering the descending order by using different font styles: bold = highest values; italic = second; normal = third; underlined =
smallest values. 
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These results demonstrated the high impact of the binders on the 
properties of the final products, as expected [13,102]. It is important to 
specify that these considerations are more qualitative than quantitative, 
and they could be considered a rapid and initial assessment. To achieve 
more detailed considerations, further studies should be carried out. 

4. Conclusions 

This study investigated the feasibility of producing agro-industrial 
waste-based insulation boards or coating panels with hygrothermal 
performance. The outcomes are preliminary results, useful to carry out 
future studies about the production of eco-efficient composites. 

Three different adhesives were evaluated: a gypsum-based binder, a 
sodium silicate solution, and a starch-based natural glue. The present 
study provides a first evaluation of three adhesives. 

As for the aggregates, the considered agro-industrial wastes were 
grape press waste, olive press waste, hazelnut shells and spent coffee 
grounds. Maritime pine chips were considered as control. The influence 
of the coffee waste fine aggregates was only assessed together with the 
control aggregate. Apparent density, thermal conductivity, hygroscop
icity and resistance to mould growth at high relative humidity were 
assessed. 

The following conclusions can be achieved:  

• Mixing the considered agro-industrial wastes with a gypsum-based 
binder, with air lime and citric acid, may be an efficient solution to 
produce thermal plastering mortars, better than for thermal insu
lation boards or coating panels with good thermal insulation per
formance. These composites could be further analysed to evaluate 
their properties as such. The addition of citric acid may be interesting 
to improve the resistance to biological attack of bio-waste and 
gypsum-based composites.  

• Using sodium silicate solution as an adhesive could be an efficient 
solution to produce thermal insulation boards or coating panels. It 
provides high hygroscopicity, advantageous behaviour for coating 
panels to equilibrate the indoor RH levels, and good resistance to 
mould growth. This solution needs to be further detailed and opti
mized, considering more information (e.g., the mechanical proper
ties, different types of biological attacks, and different compositions 
of binder-aggregates).  

• A starch-based natural glue could be a good possibility to produce 
thermal insulation boards, considering the results of apparent den
sity and thermal conductivity. Nevertheless, this binder demon
strated low resistance to mould, even when citric acid was added. 
This solution could be further investigated, trying to improve the 
biological resistance (by adding more citric acid or other biocidal 
products).  

• Comparing the different agro-industrial wastes, grape press waste 
and hazelnut shells show the best properties in terms of thermal 
insulation performance and biological susceptibility. However, it is 
difficult to find out a certain correlation between the raw materials 
and composites. Even when knowing the properties of the agro- 
industrial wastes it seems mandatory to assess the properties of the 
composites, as the selected adhesive widely affects the final 
performance. 

Grape press waste and hazelnut shells mixed with the sodium silicate 
solution could be a feasible solution to produce bio-based thermal 
insulation boards and coating panels. Starch-based natural glue could be 
another interesting possibility if resistance to mould growth is 
improved. An LCA analysis will be performed to assess the global per
formance of the composites. 

CRediT authorship contribution statement 

Eleonora Cintura: Conceptualization, Data curation, Formal 

analysis, Investigation, Methodology, Validation, Visualization, Writing 
– original draft. Paulina Faria: Conceptualization, Funding acquisition, 
Supervision, Writing – review & editing, Project administration. Marta 
Duarte: Investigation. Lina Nunes: Conceptualization, Project admin
istration, Methodology, Supervision, Writing – review & editing. 

Declaration of Competing Interest 

This research was funded by the Portuguese Foundation for Science 
and Technology (FCT- Fundação para a Ciência e a Tecnologia), with Ph. 
D. grant PD/BD/150579/2020, as part of the Eco-Construction and 
Rehabilitation Program (EcoCoRe). 

Data availability 

Data will be made available on request. 

Acknowledgements 

This research was funded by the Portuguese Foundation for Science 
and Technology (FCT- Fundação para a Ciência e a Tecnologia), with Ph. 
D. grant PD/BD/150579/2020, as part of the Eco-Construction and 
Rehabilitation Program (EcoCoRe). The authors are grateful for the 
Portuguese Foundation for Science and Technology support through 
funding UIDB/04625/2020 of the research unit CERIS. The authors 
acknowledge Professor Bruno Esteves, Polytechnic Institute of Viseu, 
and Professor Susana Filipe Barreiros, NOVA School of Science and 
Technology, NOVA University of Lisbon, for their help in providing 
some of the materials used in this work. The authors are grateful to 
Mirko Braga (Ingessil S.r.l.) for the chemical analysis of the sodium 
silicate solution. The authors acknowledge Professor Ines Flores-Colen 
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[35] A.S. Tártaro, T.M. Mata, A.A. Martins, J.C.G. Esteves da Silva, Carbon footprint of 
the insulation cork board, J. Clean. Prod. 143 (2017) 925–932, https://doi.org/ 
10.1016/j.jclepro.2016.12.028. 

[36] H. Fu, Y. Ding, M. Li, H. Li, X. Huang, Z. Wang, Research on thermal performance 
and hygrothermal behavior of timber-framed walls with different external 
insulation layer: Insulation Cork Board and anti-corrosion pine plate, J. Build. 
Eng. 28 (2020), 101069, https://doi.org/10.1016/j.jobe.2019.101069. 

[37] B. Mazhoud, F. Collet, S. Prétot, C. Lanos, Effect of hemp content and clay 
stabilization on hygric and thermal properties of hemp-clay composites, Constr. 
Build. Mater. 300 (2021), 123878, https://doi.org/10.1016/j. 
conbuildmat.2021.123878. 

[38] S. Liuzzi, C. Rubino, F. Martellotta, P. Stefanizzi, C. Casavola, G. Pappalettera, 
Characterization of biomass-based materials for building applications: the case of 
straw and olive tree waste, Ind. Crops Prod. 147 (2020), 112229, https://doi.org/ 
10.1016/j.indcrop.2020.112229. 

[39] D. Eliche-Quesada, S. Ruiz-Molina, L. Pérez-Villarejo, E. Castro, P.J. Sánchez- 
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particleboards bonded with starch foam—study of production process conditions, 
Mater. (Basel). 12 (2019) 1975, https://doi.org/10.3390/ma12121975. 

[48] E. Cintura, L. Nunes, B. Esteves, P. Faria, Agro-industrial wastes as building 
insulation materials: a review and challenges for euro-mediterranean countries, 
Ind. Crops Prod. 171 (2021), 113833, https://doi.org/10.1016/j. 
indcrop.2021.113833. 

[49] FAO, FAO Crops and livestock products, (2020). https://www.fao. 
org/faostat/en/#data/QCL (accessed August 31, 2022).. 

[50] FAO, FAO Supply Utilization Accounts, (2019). https://www.fao. 
org/faostat/en/#data/SCL (accessed August 31, 2022). 

[51] M. Palumbo, A.M. Lacasta, A. Navarro, M.P. Giraldo, B. Lesar, Improvement of 
fire reaction and mould growth resistance of a new bio-based thermal insulation 
material, Constr. Build. Mater. 139 (2017) 531–539, https://doi.org/10.1016/j. 
conbuildmat.2016.11.020. 

[52] B.K. Stefanowski, S.F. Curling, G.A. Ormondroyd, A rapid screening method to 
determine the susceptibility of bio-based construction and insulation products to 
mould growth, Int. Biodeterior. Biodegradation. 116 (2017) 124–132, https:// 
doi.org/10.1016/j.ibiod.2016.10.025. 

[53] M. Viel, F. Collet, Y. Lecieux, M.L.M. François, V. Colson, C. Lanos, A. Hussain, 
M. Lawrence, Resistance to mold development assessment of bio-based building 
materials, Compos. Part B Eng. 158 (2019) 406–418, https://doi.org/10.1016/j. 
compositesb.2018.09.063. 

[54] A. Brambilla, A. Sangiorgio, Mould growth in energy efficient buildings: causes, 
health implications and strategies to mitigate the risk, Renew. Sustain. Energy 
Rev. 132 (2020), 110093, https://doi.org/10.1016/j.rser.2020.110093. 

[55] C.A. Echeverria, J. Ozkan, F. Pahlevani, M. Willcox, V. Sahajwalla, Effect of 
hydrothermal hot-compression method on the antimicrobial performance of 
green building materials from heterogeneous cellulose wastes, J. Clean. Prod. 280 
(2021), 124377, https://doi.org/10.1016/j.jclepro.2020.124377. 

[56] Y. Indrayani, D. Setyawati, S.S. Munawar, K. Umemura, T. Yoshimura, Evaluation 
of termite resistance of medium density fiberboard (MDF) manufacture from 
agricultural fiber bonded with citric acid, Procedia Environ. Sci. 28 (2015) 
778–782, https://doi.org/10.1016/j.proenv.2015.07.091. 

[57] P.S. de Carvalho, M.D. Nora, L.C. da Rosa, Development of an acoustic absorbing 
material based on sunflower residue following the cleaner production techniques, 
J. Clean. Prod. 270 (2020), 122478, https://doi.org/10.1016/j. 
jclepro.2020.122478. 

[58] T. Santos, L. Nunes, P. Faria, Production of eco-efficient earth-based plasters: 
Influence of composition on physical performance and bio-susceptibility, 
J. Clean. Prod. 167 (2017) 55–67, https://doi.org/10.1016/j. 
jclepro.2017.08.131. 
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