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Abstract

Over the years, several materials have been used for restoration purposes, with different types of dyes and colour hues.
Recently, some researchers have proposed geopolymers (GPs) or amorphous aluminosilicate polymers for these purposes. In
this work, an alcohol-based grape marc extract (GME, obtained via dark maceration assisted with ultrasound) was used as a
natural dyeing agent for metakaolin-based GPs. The geopolymerisation occurrence was assessed by Fourier-transform infra-
red (FT-IR) spectroscopy and X-ray diffraction analysis, while the colour of the resulting material was determined through
the colorimetric analysis in the L*a*b* colour space. Additionally, the thermal stability of GME and GPs was investigated
by thermogravimetry coupled with FT-IR spectroscopy. The microstructure, the reticulation stability, and the antimicrobial
activity of GPs were examined through the scanning electron microscopy, the pH and ionic conductivity measurements,
integrity, and mass loss tests. Overall, a coloured geopolymer with suitable thermal, antimicrobial, and mechanical properties
was obtained, justifying its potential use in restoration or, more generally, in the construction field.
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Introduction

Over the past decades, the importance of by-products and
waste valorisation has become of great interest because of
the possibility of recovering many active compounds with
added value. Indeed, from the harvesting of agricultural
raw materials to the development of food products, there
is a considerable production of both waste and by-products
that, from a Circular Economy and Sustainability perspec-
tive, represent huge sources to extract bioactive molecules
(antioxidants, antimicrobials, anti-inflammatories), as well
as natural dyes (e.g. carotenoids, chlorophylls, and antho-
cyanins) [1-4].

Italy is one of the countries with a strong agricultural
tradition, and the wine sector is one of the most important
productions. According to ISTAT data, wine production
was 54.0 million hectolitres in 2022 [5]. Moreover, it has
been estimated that the wine industry produces overall
about 5 tonnes of waste per hectare of land that must be
disposed of [6].

In the wine-making process, many by-products, such
as stems, seeds, and grape marc (GM), can be valorised to
produce value-added bioactive compounds. GM is partly
sent to distilleries to make grappa and partly used as fer-
tiliser to produce wine in subsequent vintages. Moreo-
ver, the presence of phenols, polyphenols, and flavonoids
imparts to both grape skin and GM their distinctive violet
colour hues. For this reason, the grapes and their derivates
could be an excellent source of natural colourants, with
a suitable application in the colouration of geopolymers
(GPs) useful for the restoration of mosaics and indoor
design objects. GPs (or inorganic amorphous aluminosil-
icate-based materials) are “ceramic-like” materials also
known to be the main competitor of Portland Cement
[7]. One of their main features is the possibility to tailor
the molar ratio between SiO, and Al,O5, which allows to
obtain materials for different applications [8].

Recently, the possibility of entrapping an organic dye
into the GP matrix, giving colour to the material, was pro-
posed. This approach is still novel and not fully explored,
because the dye needs to be added during the geopoly-
merisation reaction, thus the conditions need to be care-
fully optimised. Just a few cases of GPs coloured with the
pigment Maya blue [9] or the synthetic acridine orange
[10] bromothymol blue, cresol red, phenolphthalein, and
methyl orange [11] have been reported to date.

The main objective of this research is to study the fea-
sibility of entrapping a natural dye extracted from GM
in a metakaolin-based geopolymer, and the evaluation of
its properties in view of future applications. Among the
others, the study of the thermal properties of materials
assumes great importance in assessing their applicability.
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For example, the determination of thermal stability, the
mechanism of thermal degradation, and the assessment of
the emission of toxic compounds are important informa-
tion needed for the characterisation of composites [12, 13],
biomasses [14, 15], polymers [16, 17], new reaction media
[18], construction materials [19] (in particular geopoly-
mers [14, 20-22]), etc., on a laboratory and an industrial
scale.

More in detail, GM underwent acid—alcoholic macera-
tion (in the dark to prevent dye decomposition), assisted
by ultrasound. The extract was directly used to colour the
fresh geopolymer paste before being poured into the moulds.
FT-IR, XRD, and SEM analyses proved that the geopoly-
merisation reactions occurred properly even in the presence
of the natural dye, with no changes in its microstructure,
producing a coloured material. The main properties of the
latter were subsequently studied by a combined approach of
thermal analysis techniques, mechanical properties, stability
(through pH, ionic conductivity measurements, mass loss,
and integrity tests), and antimicrobial tests. The totality of
the results obtained makes this coloured material attractive
for future applications.

Experimental section
Materials

GM was collected in Taurasi (41° 00’ 41.3” N 14°57' 56.7"”
E, 371 m a.s.l.), Avellino, Italy. Ethanol (EtOH 99, 9%,
Sigma-Aldrich) and formic acid (96%, Sigma-Aldrich) have
been used for the dye extraction. Commercial Metakaolin
(MK), purchased from IMCD Deutschland GmbH & Co.
(Koln, Germany) (d50=3.6 pm, surface area via B.E.T.
method 12 m? g~!), was used as a geopolymer precursor.
This MK contains 53% of SiO,, 40.5% of Al,05, and 5% of
TiO, (mass %), and it possesses an amorphous X-ray dif-
fraction spectrum with main crystalline phases related to
the quartz and titania [10]. A mixture of sodium hydroxide
(Sigma-Aldrich, Darmstadt, Germany) and sodium silicate
(purchased from Prochin Italia Prodotti Chimici Industri-
ali Srl, Marcianise, Italy), whose composition (mass %) is
27.1% of SiO,, 8.85% of Na,O, and 64.05% of H,0, was
used for the alkali activation.

GM extraction method

The dye extraction process was carried out with an ultra-
sound-assisted maceration (UAM, Branson UltrasonicsTM
BransonicTM M3800-E, Danbury, USA) in the dark fol-
lowing the slightly modified protocol reported in Piccolella
et al. 2019 [2]. Briefly, the grape marc, stored at —20 °C,
was removed from the freezer and finely ground by using
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a rotary knife homogeniser (Knife Mill PULVERISETTE
11, Buch & Holm, Herlev, Denmark). One hundred grams
of the organic matrix underwent a dark maceration process
with a solid-liquid ratio of 1/5 m/v, using a solution of
450 mL of EtOH and 50 mL of formic acid. After 24 h of
maceration, the sample was subjected to an ultrasonic cycle
for 30 min and then filtered under vacuum with 0.45 pm
Whatman paper to remove the non-soluble lignin—cellu-
losic fraction. The solid residue, i.e., the exhausted matrix,
was re-extracted using the same process described above.
The extraction process was repeated for a third time on the
exhausted matrix obtained from the second extraction pro-
cess, following the scheme summarised in Figure S1. All
the fractions were collected in a 2-L bottle and concentrated
under nitrogen flux until the obtainment of 500 mL of a
solution containing anthocyanins. No further purifications of
anthocyanins were performed. The final concentrated solu-
tion, called grape marc extract (GME, pH=2.8), was used
for the geopolymer synthesis.

Extract characterisation

GME was dried using a rotary evaporator and the obtained
powder was used for its characterisation. Firstly, FT-IR was
performed to characterise GME powder. The spectrum was
acquired in the range of 4000—400 cm™' (resolution 2 cm™!,
64 scans) employing the Prestige21 Shimadzu system (Shi-
madzu, Milan, Italy). For the analysis, 2 mg of sample pow-
der was mixed with 198 mg of dried KBr. The spectrum was
analysed with IR Solution software, whereas the plots were
done with Origin Pro 9.0.

Thermogravimetric analysis (TGA) was performed
with a thermobalance (TA Instrument, model Q5000IR)
coupled with an FT-IR Agilent Technologies spectropho-
tometer (Cary 640) for evolved gas analysis (EGA). The
platinum crucible was loaded with approximately 20 mg of
the sample and heated from 25 to 900 °C, at a heating rate
of 20 °C min~! under nitrogen flow (30 mL min~"). FT-IR
spectra of the gases evolved during the thermal scan were
acquired in a wavelength range of 4000-600 cm™! every 14 s
with a 4 cm™! width slit. The optical bench was purged with
nitrogen and a background spectrum was recorded before
each analysis. Mass and temperature calibrations of ther-
mobalance were performed using certified mass standards
supplied by TA Instruments. The curves were analysed with
the software TA Universal Analysis 2000 (version 4.5A) and
the FT-IR spectra with ResPro Evolution (version 5.2.0).
Data were plotted with Origin Pro 9.0.

Geopolymer synthesis

The comparative study of geopolymers with and with-
out the addition of GME was carried out by keeping all

the parameters constant, i.e., liquid/solid ratio, mixing
sequence, curing, and hardening procedure, as reported
in [10]. An AUCMA stand mixer SM-1815Z (AUCMA
Co., Ltd., Qingdao, China) was used to produce the geo-
polymers. The synthesis sequence can be divided into
two steps, the first one consists of mixing the MK powder
(50.0 g) with the activating solution (79.4 g of sodium
hydroxide/sodium silicate solution) at low speed for
10 min, followed by the mixing of the fresh geopolymer
paste with 4 mL of GME at high speed for 10 min. The
resulting sample was called GP-GME. The control GP was
synthesised following the same procedure, without the
addition of GME. After the mixing procedure, the fresh
geopolymer pastes were put into plastic moulds and cured
for 24 h at a constant temperature of 25 °C with a Binder
MB6 (Binder GmbH, Tuttlingen, Germany). After that, the
samples were taken out of the oven and aged for 7, 14, 28,
and 56 days at room temperature.

Geopolymers’ characterisation

Scanning electron microscopy (SEM) was performed with
Alfatest Phenoma XL G2 (Rome, Italy) to obtain information
GPs microstructure. The chemical stability of the geopoly-
mers was investigated as suggested in the literature [23]. The
samples were ground using a Retsch RM 100 Mortar Grinder
(Retsch GmbH, Haan, Germany) for three minutes at 90 rpm
with adjustable spring pressure. The powdered materials
were sieved at d < 125 pm before analysis. To measure both
pH and ionic conductivity, the GP and GP-GME powders
were soaked in deionised water (1/10 m/v). The ionic con-
ductivity and pH values were collected at different times
(from O min up to 72 h) for all aged samples. Ionic conduc-
tivity measurements were carried out with a Crison GLP31,
whereas the pH measurements were performed with a Crison
GLP21, both purchased by Hach Lange S.L.U., Barcelona,
Spain. Three independent measurements were performed to
measure the standard deviation.

Integrity tests were performed following this procedure:
GP and GP-GME at different ageing times were soaked in
Milli-Q water at room temperature (1/100 m/v) for 24 h. The
reticulation integrity was evaluated by measuring the pH
and the colour of the water, and by observing the eventual
presence of fractures in the material.

The mass loss tests were carried out according to the fol-
lowing procedure: at first, GPs were broken into large pieces,
soaked for 3 h in acetone, dried in an oven at 25 °C, weighed
(M;) and soaked in Milli-Q water (1:100 m:v) for 24 h; after
that, the pieces were removed from the water, soaked for 3 h
in acetone and then left in the oven at 25 °C for 3 h; finally,
the pieces were weighed (Mj), and the percentage of mass
loss (M ,%) was calculated following Eq. 1 [24]:
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M= Mo
L= i £ (1)

Measurements were performed in triplicate and values are
reported as average + standard deviation.

The compressive strength (6 max) tests on five cubic
(6 ecmXx5 cm x5 cm) specimens for each formulation were
carried out by using an Instron 5567 electromechanical test-
ing machine (maximum load 10 kN) at a constant displace-
ment rate of 5 mm/min on GP and GP-GME samples aged
at 28 days, according to European standard EN 826 [25].

The colour of the GP-GME was assessed by using a
colorimeter (Colorimeter PCE-CSM 6, PCE Holding
GmbH, Hamburg, Germany) in the UV—visible range of
300-800 nm. The instrument defines the colours in the
CIELab space (also referred to as L*a*b* colour space
defined by the International Commission on Illumination,
abbreviated CIE in 1976). Measurements led to the deter-
mination of the parameter AE to assess the colour difference
between two samples [26] (in this case the white control GP
and GP-GME). AE value was measured following the equa-
tions reported in [11].

FT-IR spectra of the GPs were acquired at different age-
ing times, whereas their thermogravimetric analyses (cou-
pled with FT-IR analysis on evolved gas) were performed
after 56 days of ageing, both following the procedures
reported in paragraph 2.3. Moreover, XRD power diffraction
patterns of MK precursor, and GP and GP-GME samples
after 56 days of ageing were collected at the Dipartimento
di Scienze della Terra of the Universita di Pisa, on a Bruker
D2 phaser diffractometer, equipped with a Lynxeye detector,
operating at 30 kV and 10 mA and using Cu Ka radiation
(1=1.54184 10%). Diffraction data were collected over the
6°—70° 26 range, with scan step 0.02° and a long counting
time (49, 2 s per step).

Finally, the antibacterial test was performed by using the
Kirby—Bauer method [27] on S. aureus (Gram-positive) and
E. coli (Gram-negative) microbial strains. The whole proto-
col can be divided into five steps, involving the agar-based
media preparation, the sample preparation and sterilisation,
the bacterial strain preparation and incubation, and the meas-
urements of inhibition halo diameters (IHD, cm) and bacte-
rial viability (BV, %) after the incubation time. The detailed
procedure can be found elsewhere in [10]. For this test, GP
and GP-GME were assayed after 56 days of ageing time.

Results and discussion
GME characterisation

The GME was characterised through FT-IR spectros-
copy. The obtained spectrum, reported in Fig. 1, is rich
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Fig. 1 FT-IR spectrum of GME

in absorption peaks, suggesting the complexity of the
extract. The absorption band at 3325 cm™! is related to
—OH stretching [28, 29], and together with the signal at
1066 cm™! (C—O- stretching), indicates the presence of
polysaccharides [29]. According to Farru et al. 2022, both
these signals are also related to N-H and C—N stretching of
aminosugars present in the extract [30]. The O-H absorp-
tion band at 3270 cm™! is related to the wagging vibration
of phenolic O-H [31], whereas the signals in the range of
2997-2850 cm™! are assigned to C-H vibrations [29]. The
absorption bands at 1738 and 1716 cm™! are assigned to
C=0 stretching [29, 31]. The band at 1650 cmlis assigned
to H-O-H bending [28], while according to [32], the sig-
nal at 1605 cm™! is assigned to the C=C-O deformation
of heterocyclic C-ring of flavonoid moiety. This absorp-
tion band is also related to the CH, and CH; vibration
of flavonoid rings [31]. Moreover, the C—C stretching at
1338 cm™! is assigned to the aromatic ring [29, 30]. In the
extract, there are also absorption bands coming from the
presence of tannin compounds, such as the absorption band
at 1263 cm™" that is typical of flavonoid-based tannins [31],
or the C-O weak stretch and C—C—OH signals at 1117 cm™"
and 843 cm™! [32]. This latter is also related to the flavanol
heterocyclic ring [32]. The absorption bands at 1136 cm™!
and 1032 cm™! (here as a shoulder) are assigned to C—O—-C
and C—O—-H of phenolic sugars [31]. Finally, the absorption
band at 904 cm™', and 574-485 cm™! are related to C-H,
C-C, and C-O bending of the heterocyclic C ring [29-31].

The thermal degradation of GME under a nitrogen
atmosphere was studied by TGA and TGA coupled with
an FT-IR spectrometer to analyse the gases released dur-
ing degradation. The thermal profile (reported in Fig. 2a)
shows that the degradation occurs in four main regions of
mass loss: the first region below 100 °C (5% mass loss),
the second in the range 100-250 °C (25% mass loss), the
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third in the range 250-500 °C (44% mass loss). An addi-
tional 7% of mass loss occurs in between 700 and 900 °C.
After heating to 900 °C, 21% of the initial mass remains
as a carbonaceous organic residue.

The FT-IR spectra of evolved gases helped to identify
the main functional groups present in the decomposition
products. The initial mass loss, below 100 °C, is primarily
attributed to moisture evaporation confirmed by the pres-
ence of characteristic peaks in the spectrum (O—H stretch-
ing: 4000-3300 cm™!, H-O-H bending 1700-1500 cm™}).
The FT-IR spectrum recorded at 196 °C reveals the pres-
ence of several functional groups: O-H stretching and
H-O-H bending, indicating continuous water release and
dehydroxylation reactions; CO, stretching and bending
(at 2450-2250 and 730-580 cm™!, respectively), indicat-
ing the formation of carbon dioxide during degradation;
a weak doublet observed between 2000 and 2200 cm™!
indicating the presence of carbon monoxide. Furthermore,
broad signals in the range of 3000-2600 cm™'might be
attributed to the stretching of C—H bonds, while the signals
in the range of 1200-900 cm™! could be attributed to the
C-H bending and C-O stretching of volatile phenols. A
further increase in temperature (see spectrum at 341 °C)
caused a substantial increase in the intensity of the C-H
signals, and the appearance of a peak with two maxima, at
1732 and 1716 cm™!, respectively, related to the stretching
of the carbonylic group [33]. Furthermore, at 375 °C (see
Figure S2) the appearance of a peak with a maximum at
3015 cm~! was observed, due to the evolution of gaseous
CH, [34]. Overall, the observed peaks are consistent with
findings reported in studies on grape marc pyrolysis [29,
34, 35] considering the lack of non-soluble lignin, cellu-
lose, and hemicellulose fractions in our samples.

To elucidate the potential pathways involved in the
thermal degradation of GME, the variation of the area of
specific infrared bands during the degradation was evalu-
ated. Figure 2b, ¢ shows the temperature-resolved FT-IR
analysis. The presence of signals at 4000-3300 cm™" and
1700-1500 cm™! in the temperature range 25-500 °C,
suggests ongoing release of water molecules. This can be
attributed to the loss of moisture and adsorbed water, likely
occurring at lower temperatures, and to the dehydroxyla-
tion of polysaccharides and/or polyphenols involving the
removal of hydroxyl groups from these biomolecules. The
bands related to C—H and —(C=O0) stretching vibrations sug-
gest their thermal cracking forming volatile organic mol-
ecules. The cracking process starts at relatively low tem-
peratures, around 200 °C, but the most significant effect
occurs at around 400 °C. Another significant phenomenon
is the release of CO,, indicating the decarbonation of the
previously cited components. Besides, a possible contribu-
tion to CO, formation may be given by the decomposition
of residual carbonate minerals from grape marc present in

GME extract [34]. Finally, the presence of CH, may be given
by the decomposition of phenols at high temperatures [36].

Geopolymer stability

In order to assess the occurrence of the geopolymerisation,
FT-IR analysis was performed on MK, GPs, and GP-GME
samples obtained at different ageing times. In particular, the
shift of the DOSPM (density of state peak maximum) rela-
tive to the MK absorption band at 1090 cm™" was studied
[11, 37]. Indeed, it has been demonstrated that when the
geopolymerisation takes place, the band at 1090 cm™', asso-
ciated with the asymmetric stretching of Si-O-T (T =Si or
Al), shifts to a lower wavenumber, in this case, up to 1011
and 1013 cm™! after 56 days of ageing time (see Fig. 3a and
b) in the GP and GP-GME samples, respectively. This shift
has been attributed to the substitution of Si** by AI** atoms
in the 3D reticulation [37]. In MK and GP samples (Fig. 3a),
the bands at 820 and 880 cm™' were assigned to Al(IV)-OH
and Al(IV)-O~ vibrations, while the signals at 3465, 1660,
and 465 cm™! were identified as —OH stretching and bend-
ing vibrations, originating from both water and silanol mol-
ecules [38, 39]. Besides, by observing the spectra shown in
Fig. 3b for the GP-GME samples obtained at different ageing
times, a shift of DOSPM towards a lower wavelength can be
observed, thus suggesting that the dye extract does not have
a negative influence on the geopolymerisation reactions.

The occurrence of geopolymerisation reaction was con-
firmed also by the comparison of the XRD diffraction pat-
tern of MK, GP, and GP-GME (Figure S3). MK (Figure S3a)
reveals a main amorphous hump between 15 and 35° (26)
with sharp reflections due to TiO, crystalline phase impu-
rities. XRD diffraction patterns of GP and GP-GME after
56 days of ageing (Figure S3b) displayed a similar amor-
phous hump shifted to the right, to the range 20-40° (20),
typical for a “well-formed” geopolymers [10, 40—42], on
which a sharp reflection ascribed to the TiO, impurities is
present. Moreover, it can be observed that GP and GP-GME
present the same XRD patterns, meaning that the presence
of the organic extract did not change the mineralogical form
of the geopolymer, and thus it did not interfere with the
geopolymerisation process.

After getting evidence of the success of the geopolymeri-
sation reaction, the thermal stability of the blank (GP) and
coloured (GP-GME) geopolymer was assessed by TGA-FT-
IR analyses (Fig. 4) after 56 days of ageing. The thermal pro-
file of the geopolymer aligns with findings reported in recent
studies on similar materials [43]. The primary observation is
the loss of the water entrapped during the geopolymerisation
process, as confirmed by the FT-IR spectra (see Figure S4a,
b), which likely show characteristic peaks associated with
water molecules. The dehydration process is divided into
two steps (as highlighted by the presence of two maxima in
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the derivative curve, reported in blue): i) below 100 °C there
is the loss of water adsorbed on the external surface and ii)
between 100 and 150 °C the loss of water trapped within
the geopolymer's internal structure [44]. The presence of

@ Springer

Absorbance/A.U.

GME increases the total amount of water adsorbed by the
geopolymeric matrix (from 18 to 26% mass loss). Moreover,
the maximum of the first peak in the derivative curve shifts
from 90 to 105 °C. This suggests that water in the GP-GME
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«Fig.2 a Thermogravimetric profile (TG, in green) and its deriva-
tive (DTG, in blue) of GME obtained by TGA, and FT-IR analyses
of the gases evolved during thermal degradation. The FT-IR spectra
were recorded in the range 4000-600 cm™" at, respectively, 76, 196,
and 341 °C (from left to right); b Evolution profiles of the main func-
tional groups detected in GME thermal degradation, obtained by
plotting the variation in the area of the corresponding signals over
temperature scan (stretching at 4000-3300 cm™! for H,O; stretching
at 2450-2250 cm™! for H,0; stretching at 3000-2600 cm™! for the
—CH substituents, stretching at 1800-1600 cm™! for ~(C=0)); ¢ tri-
dimensional view of the FT-IR spectra (in the range 600—4000 cm™)
evolved during GME thermal degradation. The graph shows the tem-
perature range from 120 to 520 °C, highlighting the evolution trend of
the main functional groups

composite is bound more strongly compared to GP, likely
due to the presence of sugars in the GME extract which can
form hydrogen bonds with water molecules, leading to a
tighter interaction and higher water retention capacity. It is
worth noticing that the FT-IR spectra of the gases evolved
during the thermal degradation of GP-GME do not show
the presence of residue ethanol (confirming the complete
removal of the solvent used during the preparation), nor of
CO,. The latter is often present in many geopolymers formed
in an alkaline environment with sodium ions, due to efflo-
rescence phenomena that can occur on the surface [45, 46].
CO, absence, therefore, indicates that geopolymerisation has
occurred through a stable formulation in which there is a
balance of charges due to sodium and aluminium ions [47].
The thermal profiles of the samples show an additional small
mass loss (around 2-3% mass loss) between 250 and 900 °C.
Even if the identification of the gas evolved in this region
by FT-IR spectroscopy was not possible due to the small
quantity of gases evolved with respect to the absolute sample
mass (a flat FT-IR spectrum was recorded), it is possible to
assume, in accordance with the literature, that it was mainly
due to the dehydroxylation of the free hydroxyl groups in the
aluminosilicate network of the geopolymer, [44] and in case
of GP-GME sample, the colourant degradation.

Except for the small differences cited above on the quan-
tity of water entrapped, it can be concluded that the pres-
ence of the extract did not alter the thermal stability of the
geopolymer.

The geopolymer reticulation stability over time was
assessed. Figure 5a shows macroscopic images of the GP
and GP-GME samples after 7 and 56 days of ageing times.
The picture reveals that the differences between the coloured
and non-coloured geopolymers are not fully visible from the
outside. However, when split in half, it can be seen that GP
is white and has a compact, bubble-free structure, whereas
GP-GME is slightly violet/brownish and has some bubbles
in the inner part. This colouration seems to remain even after
56 days of ageing. The loss of the strong red colouration of
GME, due to the prevalence of the flavilium cation structure
of anthocyanins (present at pH below 3, Figure S4), can

be attributed to the alkaline environment used for the geo-
polymerisation reaction. Indeed, GP-GME exhibits a light
violet/brownish colouration related to the presence of the
quinonoidal and anionic quinonoidal bases of anthocyanins’
structures (present at pH 67, Figure S5), which can turn to
the light-yellow chalcone structure in alkaline environment
(above pH 8, Figure S4). This is also in accordance with the
CIELab colour space analysis of GP-GME, in which a AE
value of 4.1 (with respect to GP) was recorded. This value
indicates that there is a difference in colour between the two
samples, but it is slightly perceptible to the human eye as the
value is above 3 and under 5. From a macroscopic point of
view, both GP and GP-GME have smooth and homogeneous
surfaces, with well-hardened structures. This is also con-
firmed from a microscopic point of view, since SEM images
of GP and GP-GME after 56 days of ageing time (Fig. 5b
and c) showed no morphological differences.

Overall, even without the use of purified anthocyanins,
the colouration of geopolymers occurred successfully. Nev-
ertheless, it is worth noticing that the use of a synthetic
colourant (for example acridine orange) with the same GP
formulation induced a better colouration and homogeneous
structure (see details in [10]).

The stability of GP and GP-GME over 56 days of ageing
time was investigated by measuring the pH and ionic con-
ductivity of a solution of the sample powder in deionised
water, as well as by conducting mass loss and integrity tests
on samples’ pieces.

The measurements of pH and ionic conductivity were
recorded over a 72 h period. It is known that large changes
in pH and ionic conductivity values of the solution over
time are directly linked to an unstable structure. Specifi-
cally, they indicate a low degree of networking in the con-
solidated samples. Indeed, the pH is raised when unbound or
unreacted -OH™ groups leak out of the geopolymers, which
also contributes to the increase in the conductivity of the
leached. This latter is also raised over time when there is
an imbalance between positive charges of the Na* ions and
[AlO,]™ tetrahedrons in the aged GPs [23, 45, 48].

The trends in pH and ionic conductivity for GP and GP-
GME are shown in Figures S6 and S7, respectively. Figure
S6a shows that during the ageing time, GP samples have a
slight decrease in pH values, which reach a plateau at pH
11.7 at 56 days of ageing only after 6 h of measuring. The
absence of a strong increase in pH values over ageing time
suggested a stable structure as there was no increment in
—OH species released. The same pH trend was also present
in GP-GME samples, which reached a plateau at pH 12 for
all the ageing times without strong variation (Figure S6b).

The study of the network stabilisation followed by the
ionic conductivity (Figure S7a) revealed that for GP sam-
ples aged 7 days, there was an increase in ionic conductivity
with a plateau at 420 mS m~! after 72 h of measurements,
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Fig.3 FT-IR spectra of a GP and b GP-GME at different ageing
times (the letter d stands for days), compared to the MK spectrum

whereas, after 14 days of ageing, it reached an ionic con-
ductivity value of 350 mS m~!. The value of the plateau
stabilised at 320 mS m~! within 48 h after 28 and 56 days of
ageing. Both the information, the time after which the pla-
teau is reached, and the reduction in the conductivity values
indicate a decrease in ionic species released in water, thus
leading to a more stable structure because the ions are well
interconnected in the consolidated structure. In the case of
GP-GME (Figure S7b), there was an increase in ionic con-
ductivity plateau up to 14 days (550 mS m™" after 48 h). This
phenomenon can be due to the continuous assessment of the
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Fig.4 Curves obtained by TGA of GP and GP-GME. The analysis of
the gases evolved during thermal degradation by FT-IR spectroscopy
is reported in Fig. S4

3D network. As the ageing time increases, the conductiv-
ity decreases and reaches stable values at 450 mS m~! for
both 28 and 56 days, indicating the achievement of structural
stability of the ageing geopolymer composite. Furthermore,
the higher ionic conductivity values of GP-GME, compared
to GP, are probably related to the chalcone leachable in the
solution.

The integrity test evaluates the eventual release of sub-
stances from the produced geopolymers into the environ-
ment, simulating what happens if the material is exposed
to the weather [24]. For this purpose, pieces of GP and GP-
GME aged 7, 14, 28, and 56 days were soaked in water,
observing the integrity of the material in terms of their pos-
sible fractures, and the colour and the pH of the leachate
after 24 h of testing. The results revealed that the GP sample
overcame the integrity test after 28 days of ageing time (no
fractures or fragmentations of the sample were detected). On
the contrary, GP-GME samples succeeded in the test only
after 56 days of ageing time. Moreover, all the leachates
of GP-GME samples showed a light-yellow colour with a
pH above 9, reinforcing the idea of the partial leaching of
chalcone in water.

Regarding the mass loss tests, both samples had a
decrease in their mass loss over time (Fig. 6). These
decreases in M| values suggest the progression of geopoly-
merisation reactions. Indeed, the lower the mass loss, the
higher the structure is consolidated. At a molecular level, all
the charges are well balanced, and the substitution of silicon
atoms with aluminium atoms induces network formation and
stability.

Differences in the hardened structures can be also noticed
by comparing the mechanical strengths of GP and GP-GME
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Macroscopic characteristics
GP56days GP-GME 7 days GP-GME 56 days
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F
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Fig.5 a Comparison of geopolymers after 7 and 56 days of ageing
time obtained with and without GME; SEM images of b GP and ¢
GP-GME

samples after 28 days of ageing time. Indeed, the former
showed a compressive strength (22.52 +0.22 MPa) higher
than the latter obtained in the presence of the grape marc
extract (8.46 +0.08 MPa). This result can be due to the com-
plexity of the dye extract which has affected the 3D net-
work of the consolidated GP-GME sample. Moreover, in

3.5

GP
GP-GME

7 14 28 56
Time/days

Fig.6 GP and GP-GME mass loss results at different ageing times

accordance with the literature findings, the higher the ionic
conductivity values, the lower the compressive strength [49].
Indeed, GP-GME has higher ionic conductivity values with
respect to GP, and this may have a negative impact on the
mechanical properties of the former. A suitable strategy to
enhance mechanical properties could be the addition of veg-
etal oil or plant fibres to the fresh geopolymer paste. The
former acts as porosity controlling agent and is very useful
to get a well-tailored structure thus influencing mechani-
cal strength [50], the latter can be useful to reduce cracks
in geopolymer microstructure getting stronger and better
mechanical properties [51].

Antimicrobial assessment

The antimicrobial activity of GP and GP-GME (aged at
56 days) against both gram-positive and negative bacteria
is reported in Fig. 7.

The images reveal that GM-GME samples have higher
antimicrobial activity against E. coli (IHD=1.66 cm
and 72.42% of BV) with respect to MK and GP (see also
Table S1 in supplementary materials). As regards S. aureus,
GP-GME showed the same trend as GP and MK. The results
are also in accordance with [52] which found that the phe-
nolic compounds from grape extracts possess an increased
activity against gram-negative bacteria and a lower effect
against gram-positive bacteria. Moreover, the same behav-
iour can also be observed when phenolic compounds are
trapped in inorganic SiO, matrices [53]. In contrast, when
a synthetic colourant (acridine orange) was used to colour
geopolymers, a higher antimicrobial activity was achieved
[10]. Nevertheless, it is worth noting that the synthetic col-
ourant can also bind well to human DNA and RNA [54];
therefore, it presents high human toxicity [55]. This problem
is instead absent in GP-GME material, which shows good
antimicrobial activity without being toxic to human health.
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Conclusions

Conventional dyeing processes often involve isolating and
purifying specific dyeing components, which can be expen-
sive and time-consuming. In this study, a dyeing extract,
based on grape marc from an oenological farm, was used as a
natural dye to colour a metakaolin-based geopolymer. After
its physicochemical characterisation, the extract was added
directly to the geopolymer fresh paste without purification
of anthocyanins, which simplifies the process and reduces
costs. The FT-IR spectroscopic investigation revealed that
the presence of GME did not affect the geopolymerisation
reactions. Indeed, the red shift of the DOSPM in GP and
GP-GME samples revealed the formation of Si-O—Al bonds,
thus indicating the effective building of the geopolymer 3D
network, as also confirmed by the shift of the main amor-
phous hump in the XRD pattern. GP-GME was coloured
(violet/brownish) with a AE of 4.1 with respect to GP, meas-
ured by CIElab colour space analysis. This colour comes out
from the presence of the quinonoidal and chalcone forms of
anthocyanins. Lately, the thermal, mechanical, morphologi-
cal, and antimicrobial properties of GP-GME were assessed

@ Springer

over 56 days of ageing and compared with the blank GP.
Thermal analysis showed that GP-GME has the same ther-
mal stability as the white GP control. Besides, the absence of
CO, gas evolved during thermal analysis in both the samples
is straightforward evidence that all the positive sodium ions
balanced perfectly with the negative charges coming from
aluminium atoms involved in network formation. Therefore,
no Na™ ions on geopolymer surfaces can interact with atmos-
pheric CO, causing efflorescence phenomenon. Concerning
the other properties studied, all the tests on the geopolymer
structure showed that GP-GME reached its structural stabil-
ity after 56 days of ageing time. Moreover, it possesses an
increased activity against E. coli but decreased mechanical
properties compared to the GP control.

Overall, the material proposed here showed competitive
properties with respect to those reported in the literature in
which a synthetic dye was used, taking also into account
that the GME is non-toxic, recovered by waste biomasses
without any further purification of anthocyanins for the sake
of sustainability.

The entirety of the properties showed by GP-GME sug-
gests its possible application for covering walls (e.g. hospi-
tal or furniture surfaces) or mosaics for restoration, taking
advantage of both the antimicrobial and colouration proper-
ties given by the presence of the natural dye.
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