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Under the motivation of the Agenda 2030, increasing efforts have been addressed to the introduction of green
products into the marketplace, enhancing awareness on eco-labelling and supporting the industrial sustainable

development. This study investigates the re-use of waste generated by wine production (10 vol % of milled grape
stalks were added to a standard clay body) as a new primary resource in making high porous bricks. Results
demonstrate that the combustion of grape stalks during the firing process gives several advantages, in particular
related to the formation of macro-pores (up to 4 cm). Large pores, in fact, make this experimental new brick-type
a high-quality material both in terms of insulating performances, drastically reducing the heat transmission, and
of resistance in environmental stressed conditions, specifically where salts or temperatures around 0 °C (for
cycles of ice formation) can occur.

1. Introduction
1.1. New material design challenge and the agenda 2030

Nowadays is well known that a society exclusively relying on linear
economy is an historical anomaly in terms of resource exploitation. The
culture of reuse in ceramic industry is rooted in the past [1-6] and
represents an alternative for win-win circular economy solutions, still
able to face modern industrial challenges in a sustainable perspective.
On this lesson from the past, the UN General Assembly agreed on the
Sustainable Development Goals (SDGs) of the Agenda 2030 (United
Nation-UN, 2015), according to which a sustainable development em-
phasizes the enhancement of environmental, social and economic re-
sources, in order to meet the needs of current and future generations.
Since the building materials industry has a strong impact on the envi-
ronmental issues, it can widely contribute to achieving the UN SDGs
goals [7]. One of the challenges to face is a more sustainable use of
natural resources, as reported at the EU level by the Raw Material
Initiative [8], considering also the entire life cycle (LCA, Life Cycle
Assessment) of the product. Under these perspectives, all phases of the
chain of production and their impacts are assessed, including processes
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for extraction and processing of raw materials, transport and distribu-
tion, use and/or re-use of waste and by-products, storage, and end ma-
terial management [9].

1.2. State-of-the-art

Numerous studies have been carried out over the last three decades
on the re-use of waste and by-products as a successful resource in the
production of new bricks, such as those tested by incorporating organic
materials [10-17], or those addressed to the addition of inorganic waste
derived for instance from natural stone processing [15,18-24], and in-
dustrial sludges [25-27]. Nevertheless, although results achieved were
often very promising, the implementation of commercial bricks with
recycled waste materials in the industrial sector is still limited (Table 1).

Concerning the use of organic-type additive (such as plants, grass,
rise, wood-ash, shells, born or hair) into the clay paste is attested since
the prehistoric time [28-32] and it is frequently used also as
pore-forming agent in previous literature for new mix designs [10-12,
33,34].
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Table 1

State-of-the-art (SoA), gaps and how these gaps can be addressed.

Area SoA Gap How to address the
gap
Sporadic Active
partnerships collaborations
between academic between academic
research and and industrial
industry in this worlds
technological area
Absence of Applying standard
standard procedures in order
procedures to define guideline
. fulfillin, to quantify the
Industrial Very R & . d Y .
. . .. requirements for impact on economic
implementation promising ) .
. the evaluation of and environmental
of commercial results from .
. . . processes and issues
bricks with previous . .
finished products
recycled waste researches
Widespread public Allowing conscious
skepticism due to eco-labelling and
poor public adequate public
education on the education about the
possible high potential of
sustainable these materials, also
frontiers recovering

awareness in
ancient habit of
reuse from the past
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1.3. The main scope of the study

In this work, discards from wine production (grape stalks) were used
as secondary resource to produce a new highly-porous brick type.

The large quantity of residual grapes from the wine activity is pro-
cessed to obtain ashes or commonly dumped in landfills for animal feed
[35,36]. This procedure leads to higher cost and may damage the soil,
contributing to air pollution for methane and carbon dioxide emissions
released by decomposition and anaerobic degradation of organic ma-
terial, which can be potential source for the greenhouse gases (GHG).
Although grape stalks are not intrinsically hazardous, the fact that
production is concentrated in a period of the year poses potential
pollution issues and implications for global warming and climate
change. In addition, space limitations of the disposal in landfills can also
give other problematic circumstances, due to smells and noises. For all
these reasons wine producers are really interested to find new solutions
for these discards/wastes, especially in terms of their re-use in a sus-
tainable way.

On the basis to these needs, the present study addresses the following
specific objectives: i) to assess the pore system and micro-structures
providing hints for the optimization of brick quality; ii) to verify the
final physical properties (e.g. water behaviour and thermal insulation);
iii) to evaluate the durability in presence of ice and salts growth in
relation to the pore structure before and after ageing tests.

This research supports the development of the circular economy

Table 2

Description of the analysed samples.

according to the LCA principles, thus, using local resources and pro-
ducing lightweight bricks, saving energy and costs in transport.

2. Materials and methods

In this work two brick types (samples B1 and B2, Table 2) were ob-

tained using a clay material (Rosso Casaglia Forte, the complete chemical
and mineralogical characterization of which is reported in Coletti et al.,

2018 [19]) chemically rich in SiO4 (57.77 wt %) and Al,03 (14.14 wt %)
as it was (Brick B1) and adding to it (Brick B2) 10 % (vol.) of dry grapes

Sample Additive type vol. % of additive Firing Temperature (°C)
Bl - - 950 °C
B2 grape stalks 10 (vol %)

Table 3

milled up to 2 mm-size. Both samples were obtained by means of a
soft-mud moulding process and fired 950 °C.

Analytical approach. Scope and type of analyses performed and instrumental conditions or procedures adopted.

Scope Analysis Conditions/Parameters used

Mineralogy X-Ray Powder Diffraction (XRPD) PANalytical X'Pert PRO diffractometer, operating in Bragg-Brentano reflection geometry with
CoKa radiation, 40 kV of voltage and 40 mA of filament current, equipped with an X’Celerator
detector. Semi-quantitative analysis was obtained by applying the Rietveld method (Topas v4.1
software) [37] adding 10 wt % of the internal standard zincite (J.T. Baker).

Porosity Digital Imaging Analysis (DIA) from Scanning Electron SEM-BSE images (1280 x 1024 pixel) were acquired with a CamScan MX 2500 microscope,

Water behaviour

Thermal
conductivity

Durability (aging
tests)

Microscopy Backscattered electron (SEM-BSE) images

Hydric test (HT)

Capillarity

InfraRed (IR) Thermocamera

Thermal analyser

Freeze-thaw test

Salt crystallization test

equipped with a LaBg cathode, operating at 20 kV, working distance (WD). The analyses were
performed on a stitching of 900 images at 200 x magnification on thin sections of dimensions
3x2.5 cm? and of 1200 images at 50 x magnification 4.5 x 3 cm? All the images produced are
processed with the ImageJ® software [38]. Threshold limits: 2 pm for images acquired at 200x;
0.5 pm for those acquired at 50x.

Water Absorption was tested on cubic samples (50 mm edge) (three samples per type of brick)
[39]. Free and forced absorption (Al and Af), apparent and skeletal density (d, and d,), open
porosity (P) and degree of pore interconnection (Ax) were calculated.

Capillary coefficient (Ks) and rise (B) were studied on three prism-shaped samples

(25 x 25 x 120 mm) for each brick type [40].

Thermal diffusion was studied using an InfraRed-Thermocamera (FLIR) by heating cubic samples
(edge: 50 mm) to 50 °C (with a heating plate) for 20 min. IR-images were captured in time lapse
mode every 30 s [41]. The IR-images and the profiles of thermal diffusion were extrapolated after
6 min of heating.

Thermal conductivity of disk-shaped samples (thickness: 5 mm, diameter: 30 mm) was
determined with a steady-state hot-disk set-up [19,42,43]. Measurements were taken at three heat
source temperatures: 100, 200 and 300 °C.

Frost resistance was evaluated by the freeze-thaw test on three cubic samples (edge: 50 mm) for
each brick type through 30 cycles of 24 h [44]. Weight loss (AM/M) was calculated on samples
after each cycle.

Resistance to salt crystallization was determined on three cubic samples (edge: 50 mm) for each
brick type subjected to 10 cycles of 24 h each [45]. Weight loss (AM/M) was calculated on
samples after each cycle.
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Table 4

Mineralogical assemblages of the fired bricks (samples Bl and B2). Semi-
quantitative analysis (%) calculated by Rietveld method. Minerals abbrevia-
tion according to Warr (2021) [46]: Qz = quartz; Pl = plagioclase; Sa = sanidine;
Di = diopside; Hem = hematite; Gh = gehlenite. AM = amorphous phase.

Samples Qz Pl Sa Di Hem Gh AM
Bl 29.0 27.6 7.7 3.5 1.6 2.4 17.0
B2 27.6 26.5 6.7 3.1 2.2 1.2 22.0

The two bricks, the one obtained by the reference clay and the other
one being the new mix design, were compared, adopting a multidisci-
plinary approach at different scale (from micro- to macro-scale) to test
the brick features. For this purpose, mineralogy of samples (B1 and B2)
and their physical properties, such as porosity, water behaviour, thermal
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conductivity and durability, were measured (Table 3) and compared.

3. Results and discussion
3.1. Mineralogy

Samples B1 and B2 are very similar in mineralogical composition and
abundance (Table 4). Both bricks, indeed, display a major content of
quartz (29.0 % and 27.6 % for samples B1 and B2, respectively), fol-
lowed by plagioclase (27.6 and 26.5 %). New silicate phases derived by
the pyrometamorphic process (transformation related to the increase of
temperature during firing) are also present: diopside, gehlenite, and
hematite [47-49]. Sanidine (high-temperature polymorph of K-feld-
spar), observed in the diffraction patterns, around 7.0 % in both sam-
ples, can have a twofold origin, as relic minerals of clay [18], or as new

a Max T°C
A
950°C 4 o
o Interconnection bridges
%’ Minerals dehydroxilation > 900 °C
E] New silicates formation
©
‘g Carbonates decomposition 650-900°C
g 400°C Organic matter combustion 400-650°C
o
£
e - <> z
“ | @ Heating ~ Soaking = Cooling N\ water 100-200°c
1 1
1 1
é 1‘0 1‘5 2'0 2‘5 3‘0 3‘5 CLOSED
b time (h) open  PORES CHANNEL
PORES T PORES
- - - PORES DIMENSIONS - - - PRSRRRESISEASStss \ T
1nm 1pum 1 mm 1cm
micro pores meso pores macro pores

Fig. 1. a) Schematic representation of the main steps of mineralogical and textural evolution during firing of brick-types with organic materials (maximum tem-
perature reached 950 °C). b) Synthetic classification of pores for dimensions [19,52] and type.
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Fig. 2. Results form the DIA of SEM-BSE grey-scale images: a) SEM-BSE of sample B1 obtained stitching together 900 overlapping images taken at a magnification of
200x (total area of the stitched image ~ 5 cm?); b) binary image of sample B1 (pores in black) obtained from SEM-BSE image (a); ¢) Cumulative porosimetric curve
of sample B1 obtained by DIA (b); d) SEM-BSE of sample B2 obtained stitching together 900 overlapping images taken at a magnification of 200x (total area of the
stitched image ~ 5 cm?); e) binary image of sample B2 (pores in black) obtained from SEM-BSE image (d); f) Cumulative porosimetric curve of sample B2 obtained by

DIA (e).
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Table 5
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Physical properties of the fired bricks (samples B1 and B2). DIA 50 x: naso = Total porosity (%) by DIA at 50x of magnification; 5-100 = % of naso, detected in pore
range 5-100 pm by DIA; 200-500 = % of nas, detected in pore range 200-500 pm by DIA; >500 = % of nas, detected in pore range >500 pm by DIA; 1300-2800 = %
of nago, detected in pore range 1300-2800 pm by DIA. DIA 200x: nagoo = Total porosity (%) by DIA at 200x of magnification; >1000 = % of nasg, detected in pore
range >500 pm by DIA; MinFeret = maximum pore diameter measured at 200x. Water Absorption (HT) & Capillarity: P = total porosity (%) calculated by HT; Al = %
of free water absorbed; Af = % of forced water absorbed; Ax = pore interconnection; d, = apparent density (g/cm®); d, = rea density (g/cm®); Ks = coefficient of
capillarity; B = capillary rise. Thermal conductivity: A = thermal conductivity (W/(m-k)) measured at 100 °C, 200 °C and 300 °C.

DIA 50x Water Absorption (HT) & Capillarity

Sample nasg 5-100 200-500 >500 1300-2800 P Al Af Ax da d; Ks B

Bl 19.80 84.00 7.00 4.00 - 36.22 21.62 22.12 2.26 1.64 2.57 0.40 1.20
B2 26.20 59.70 7.40 29.30 24.30 58.63 39.42 47.64 17.26 1.23 3.00 1.50 3.10

DIA 200x Thermal conductivity

Sample naggo >1000 MinFeret 100 (°C) 200 (°C) 300 (°C)
Blx - - - 0.96 0.89 0.90
Blyz - - - 0.91 0.84 0.80
B2x 22.80 52.09 6500 0.64 0.60 0.60
B2y 26.10 61.97 9600 0.58 0.59 0.59
B2; 26.30 66.82 13900 0.55 0.57 0.58

formed mineral during firing (> 800 °C) [50,51]. The amorphous con-
tent (AM, Table 4) is the main difference evidenced by Rietveld
semi-quantitative analysis being estimated at 17.0 % for sample B1 and
at 22.0 % for sample B2. The highsintering in the sample B2 can be
explained by the enhance of temperature during organic combustion
(more or less at 600 °C) which occurs with a strong exothermic reaction,
increasing melting along grape stalk sites when pores developed (see
supplementary materials, Fig. 1S).

3.2. Physical properties

3.2.1. Porosity

DIA allowed to characterize the porosity of the samples and to
evaluate differences in terms of pore abundance, grain-size distribution
and shape.

Sample B1 (Fig. 2a and b) has a total porosity of 19.80 %, where most
of the pores (84 % of the total porosity) are comprised in the range
5-100 pm, 7 % between 200 and 500 pm, and just 4 % felt over 500 pm
with the largest pore around 800 pm (Table 5, Fig. 2¢). Sample B2
(Fig. 2d and e) displays a total porosity of 26.20 %, in which 59.70 % of

it is comprises between 5 and 100 pm, while meso-pores with di-
mensions above 500 pm are very abundant. Indeed, 29.30 % of pores (of
the total porosity) falls in this latter range, 24.30 % of which are macro-
pores with millimetric dimensions (1300-2800 pm) (Table 5, Fig. 2f).

Although both samples were fired at 950 °C, and new pores formed
after paste and absorbed water evaporation, minerals dihydroxylation,
and calcite decarbonation, sample B2 has a final porosity much higher
than that estimated in sample B1 by the effect of the organic-additive
combustion occurring up to 600 °C (Fig. 1 and see videos in supple-
mentary materials, Fig. 1Sa,b). Indeed, the grape stalks waste acts as
pore-agent and its combustion left large pores, with dimensions up to
some millimetres (2800 pm; Table 5).

Since the large size of pores, sample B2 was analysed (at 50x of
magnification) also on a larger area (thin sections 4.5 x 3 cmz), thus to
optimise the results in terms of representativeness [37]. That allowed to
also observed that, being most of pores formed by grape stalks com-
bustions, they have elongated shapes along the three orthogonal di-
rections. Indeed, sample B2 analysed by DIA on thin sections obtained
by the three orthogonal directions (B2x, B2y and B2z; Fig. 2¢, Table 5)
shows different arrangements and abundances of pores. Results

! %>1000 pm
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8000

10000 12000 14000
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Fig. 3. Porosimetric curves obtained by DIA along the three different orientations (B2x, B2y and B2;) of brick B2. Results obtained stitching together 1200 over-
lapping images at a magnification of 50x, total area of the stitched image ~8 cm? as reported on the top of the figure.
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Fig. 4. Thermal conducitivity: a) qualitative analysis
by means IR-images: comparison between images in
false colors of samples B1 and B2 after 6 min of
heating (at 50 °C); b) Graph reporting quantitative
results obtained by thermal analysis with the steady-
state hot-disk set-up measured at 100 °C (A = W/
(m-k); y axis) along three othogonal direction (X, Y
and Z) measured on sample B2 and the respective
porosity calculated (%) by DIA (nazyo = %; x axis).
The grey triangles in the left are the A correlated to
the total porosity by DIA (nasgg). On the right, in the
square, the same the A correlated to the porosity

calculated by DIA (at 200x) above 1000 pm (Table 5).
(For interpretation of the references to color in this

> 1000 um figure legend, the reader is referred to the Web
b ) B 2X version of this article.)
064 ] A m B2x
062 i
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demonstrated that: i) the side B2x displays 22.80 % of pores (52.09 % of
them > 1000 pm), with the maximum size at more than 6 mm (6500
pm); ii) the side B2y has a porosity of 26.10 % (61.97 % of them > 1000
pm) with the largest pore almost centimetric (the maximum MinFeret
was measured at 9600 pm); and iii) the side B2z has a total porosity of
26.30% (66.82 % of them > 1000 pm) with the largest pore measured at
13900 pm (Fig. 3). These results confirmed the high structural anisot-
ropy due to the brick manufacturing (forming for pressing in moulds)
that orients grape stalks perpendicular to the pressure direction (B2z)
and consequently the pores during combustion. Where grape stalks
collapse, pores formed on their original shape (Fig. 1Sb).

3.2.2. Water behaviour

Total porosity calculated by HT confirmed results obtained by DIA,
although with a higher pore abundance in both samples: 36.22 and
58.63 % for sample B1 and B2, respectively (Table 5). This discrepancy
can be attributed to different methods used. Indeed, DIA is useful for
extrapolating information about pore size and shape, totally disregarded
by HT, although it can have some instrumental limitations mainly due to
the threshold limit defined by SEM-BSE images resolution [37]. Ac-
cording to our operational conditions, all pores below the threshold
limit of 0.5 pm, for DIA reconstruction at 200 x of magnification, and of
5 pm, at 200x of magnification, are not observed.

Sample B2 showed higher water absorption compared to sample B1
(Al = 39.42, Af = 47.64 %), but is the sample with the worst pore
connection system (Ax = 17.26 for sample B2, against the Ax = 2.26 of
sample B1) (Table 5). It suggests that the latter is characterized by a
more complex pore system [49] with in which there are pores with small
access, which hinders water movement inside the brick.

As expected, apparent density is lower for sample B2 which has a
value of d, = 1.23 g/cm®, while sample B1 has a value of d, = 1.60 g/
cm®. The trend is different for the real densities. Indeed, bricks obtained
with the addition of grape stalks have a real density higher (3.00 g/cm®)
than that calculated for the sample B1 (2.57 g/crn3) (Table 5). This

increased intrinsic density confirms the more advanced sintering process
during firing due to the organic phase combustion, as noted in the
amorphous content by XRPD analysis (Table 4).

Sample B2 is the most susceptible to capillarity rise (Ks = 1.50),
whereas sample B1 has a lower Ks value (Ks = 0.40) (Table 5). Capil-
larity shows as for HT a higher aptitude to absorb water of sample B2.
Both the coefficient of capillarity and the capillary rise values (Ks and B,
respectively) are higher for this sample (Ks = 1.50; B = 3.10). Being this
behaviour related to the presence of capillarity pores (0.1-10 pm) [38,
53], it suggests a certain abundance of pores in this range, not detected
by DIA.

3.2.3. Thermal conductivity

Thermal conductivity was measured qualitatevely by IR acquisitions
and quantitatevely by a thermal analyser.

IR-images clearly reveal the different behaviour of the two studied
samples in heat transmission (see videos in Supplementary Materials,
Fig. 2Sa and 2Sb). The most compact brick (sample B1) after 6 min from
the beginning of the test (Fig. 3a) shows an high white band (up to the
half of the cubic sample) which corresponds to the part of the sample in
which temperature reached 50 °C (the same temperaure of the heating
plate). Otherwise, at the same time (after 6 min) heat is trasmissed
slower in sample B2, which does not display the reaching temperature of
50 °C neither in the contact surface with the plate. The spot of measure
on the top of the samples (50 x 50 x 50 mm) points out a difference of a
2.4 °C according to the temperature reached by the two bricks: 33.0 °C
and 30.6 °C for brick B1 and B2, respectively (Fig. 4a).

The insulating behaviour of sample B2 was also verified by mea-
surements with the steady-state hot-disk set-up thermal analyser. Sam-
ple B1, measured on two perpendicalur directions (Blx and Bly,z), has A
values > 0.90 W/(m-k), while brick B2 always has A values < 0.70 W/
(m-Kk) in all the three direction measured (B2x, B2y and B2z) (Table 5).
These results are in agreement with the pores abundance of the two
samples (detected by DIA and HT, Table 5), as reported by Allegretta
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Fig. 5. Durability (ageing tests): a) weight variation (AM/M) during 30 freeze-thaw cycles on bricks; b) weight variation (AM/M) during 10 salt crystallization cycles

on bricks.

et al., 2017 [42] (Fig. 4b). If in brick B1 thermal conductivity shows a
slight difference along the X and the Y/Z axes (Blx, Bly,z), in the brick
B2 results stressed a strong thermal anisotropy along the three orien-
tations, in particular when the analyser heats samples at 100 °C
(Table 5). This agrees with the porosity estimated by DIA (Table 5, DIA
200x), as a consequence of the orientation of grape stalks in the brick
during its moulding.

Correlation between pores abundance and their capacity to reduce
the heat transmission is particularly closed if we consider the largest
pores. It is well explained by plotting the thermal conductivity (A
measured at 100 °C) along the three directions of the brick B2 and the
percentage of pores (% of total porosity, DIA 200x, > 1000, Table 5)
with dimensions above 1000 pm R? = 1; Fig. 4b).

3.3. Durability

Both brick types display a good durability during salt crystallization
and freeze-thaw cycles. Damage after the ageing tests was confined
mainly to the edges and vertices of the cubic samples, with poor loss of
material. Weight loss after freeze-thaw cycles, indeed, is recorded at 1
wt % for brick B2 and 0 wt % for sample B1, corresponding to 1.5 and 0
g, respectively. In the case of salt crystallization, the weight change after
testing is of 5 wt % for brick B1 (11.42 g) and 3 wt % for sample B2 (5.60
g). Considering the weight variation curves, after the immersion in the
solution during the freeze-thaw test, sample B2 shows an immediate
weight increase, due to its high-water absorption (Table 5), and no
relevant weight variation (Fig. 5a). A similar trend is displayed for
sample B1. Different behaviour during the test is recorder for samples
subjected to the salt crystallization test (Fig. 5b). In this case, sample B1
increases its weight during the ageing test due to the salts growth within
pores, which then release in solution during the last cycles. While,
sample B2 trapped less salts, probably due to its large pores.

4. Conclusions

This study investigated the possibility to introduce grape stalks for
minimizing environmental impact derived from the wine activity and
for generating new value-added brick.

Results demonstrated that grapes stalk combustion increases the
porosity of the final product both in terms of abundance (total porosity,
%) and of pore dimensions, enhancing durability and thermal insulation
properties. Large size of pores (up to 3-4 cm), indeed, favors a good
durability, reducing the pressure effects due to ice and salt crystalliza-
tion during freeze-thaw and salt solution cycles. The high abundance of
pores and their elongated shapes due to the grape stalks’ combustion
decreases the heat transmission of around 40 % with respect to the same
type of clay. These characteristics assess the possible implementation of
grapes stalk as pore agent in new mix designs. Due to the high porosity
(~ 58 % by HT), it cannot be used as building materials, since lacks an
adequate load capacity, but it can be implemented in the market for
insulting covering in houses both in indoor and outdoor conditions.

The development of the high-quality bricks with enhanced thermal
properties means saving energy for heating houses, and thus saving first
the environment and then the economic costs; moreover, the high
porosity of the final product (obtaining a lightweight brick) and the local
provision of the material has a twofold direct LCA impact during ma-
terial transport.
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