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Abstract

Geopolymers are amorphous aluminosilicate inorganic polymers synthesized by alkaline activation characterized by a lower
carbon footprint, greater durability, and excellent mechanical properties compared to traditional concrete, making them
promising building materials for sustainable construction. To develop sustainable lightweight geopolymer-based build-
ing materials useful as fire resistant thermal insulation materials, we added 5 and 10 wt% of discarded cork dust, a read-
ily available industrial by-product, to metakaolin before and after the alkaline activation with sodium hydroxide 8 M and
sodium silicate solutions. We followed the chemical, microstructural, antibacterial, and physical properties of the resulting
composites for up to 90 days in order to monitor their long-term durability. The presence of cork does not interfere with the
geopolymerization process and in fact reduces the density of the composites to values around 2.5 g/cm?, especially when
added after alkaline activation. The composites resulted in chemically stable matrices (less than 10 ppm of cations release)
and filler (no hazardous compounds released) with a bacterial viability of around 80%. This study provides valuable insights
into the tailoring of discarded cork-based composites obtained by geopolymerization with a porosity between 32 and 48%
and a mechanical resistance to compression from 15 to 5 MPa, respectively, suggesting their potential as durable interior
panels with low environmental impact and desirable performance.

Keywords Discarded cork - Cork-based composites - Geopolymerization - Durability - Chemical properties
Microstructural properties - Antibacterial properties - Physical properties

Introduction

Sustainable chemistry and engineering aim to the design of
products and processes that minimize or eliminate the use
and generation of hazardous substances, optimize the use of
matter and energy throughout their life cycle, exploit resi-
dues as secondary raw materials, minimize human exposure
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to potential hazards (including reducing toxicity), and reduce
pollution. Construction materials can be divided into two
macrofamilies: heavy ones, such as concrete and steel, and
light ones, such as aerated concrete, foam concrete, light-
weight aggregate concrete, and lightweight steel. The former
has significant limitations: they are usually heavy, energy-
intensive to produce, and cumbersome to transport. Con-
versely, lightweight materials can reduce the overall weight
of a structure and the associated material and transportation
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costs, increase energy efficiency, and minimize both car-
bon emissions during production and the demand for non-
renewable resources. Regarding cement, the most widely
used construction material in the world, the evolution of
the standards towards more sustainable materials has taken
into account two aspects: (i) the reduction of CO, emissions
and (ii) the increase in the use of recycled materials. Two
new European standards, already implemented in Italy, go
in this direction. EN 197-5: 2021 (EN 197-5: 2021) deals
with the first aspect. It standardizes new compositions of
ternary cements (i.e., containing two main constituents in
addition to Portland clinker) with a lower percentage of
clinker. Regarding the latter aspect, EN 197-6: 2023 (EN
197-6: 2023) specifies cement with recycled concrete fines
whose intended use is the production of concrete, mortar,
grout, etc., in order to support circularity. However, ordi-
nary concrete and cement have disadvantages, such as low
thermal and fire resistance, poor chemical resistance to acids
and salts, and significant global carbon dioxide emissions
(Bakhtyar et al. 2017); therefore, there is a strong impulse
to research more efficient and ecological building materials.
In this context, geopolymers appear to be promising candi-
dates, especially as a replacement for conventional Portland
cement (Davidovits and Davidovics 1988, 1998; Duxson
et al. 2007). Geopolymers are amorphous aluminosilicate
inorganic polymers with 3D frameworks consisting of tet-
rahedral silicate and aluminate units joined through their
shared oxygen atoms. The negative charges on the alumina
tetrahedra are compensated for by extra-framework mono-
valent alkali cations, usually Na* or K*.

Geopolymers are synthesized via alkaline activation of
aluminosilicate materials and present remarkable mechani-
cal (high strength), physical (permeability), thermal (tem-
perature resistance), and chemical (acid resistance) prop-
erties. The first three properties are related to one of the
most dominant characteristics of geopolymers, i.e., the
porous structure (Chen et al. 2019; Zhang et al. 2010; Ma
et al. 2013) which develops on different size scales and is
introduced into the material framework without the need for
costly structural directing agents. The porosity percentage
range (measured by mercury intrusion porosimetry) of the
traditional metakaolin-based geopolymer is 34—44 (Chen
et al. 2021), and it is higher than that of ordinary Portland
cement, for which a water/cement ratio larger than 0.6 is
required (Haga et al. 2005), which is not commonly used in
construction. In addition, the micro pores in geopolymers
are usually finer than in ordinary Portland cement (Provis
et al. 2011; Rovnanik 2010), and it causes a correlation with
the sorption and capillary condensation and also contributes
to the thermal insulation of geopolymers. Geopolymers are
ease to synthesize at room temperature starting from both
naturally occurring precursors and industrial wastes, and
offer the possibility of being functionalized thus tailored
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for a wide range of applications. Compared to traditional
cement, geopolymers have a lower carbon footprint, greater
durability (e.g., the performance of geopolymer made from
metakaolin (MK) alone is promising, especially in aggres-
sive situations such as sulphuric acid attack on sewer pipes
where Portland cement concretes are vulnerable), and excel-
lent mechanical properties, making them the ideal choice for
sustainable construction (Davidovits and Davidovics 1998;
Duxson et al. 2007; Chang et al. 2005). Progress has been
made in the use of geopolymers in the construction sec-
tor, both in the treatment and restoration of cultural herit-
age and in the field of building, architecture, and construc-
tion in general. For the first aspect, the ability of traditional
metakaolin-based geopolymer mortars to repair material by
filling cracks (Geraldes et al. 2016; Moutinho et al. 2020;
Clausi et al. 2016) and to consolidate old stone construc-
tions has been demonstrated (Baltazar et al. 2019). There is
literature on the use of silica fume to confer high strength
(Bajpai et al. 2020), ground granulated blast slag to refine
pores and improve resistance to alkali-silica and sulphate
reactions (Dimas et al. 2009; Hadjsadok et al. 2012), rice
husk ash for its important pozzolanic activity (Nair et al.
2008), red mud with high alkalinity and pH values of 10 to
13 (Ye et al. 2016), and glass powder together with other
precursors in the production of geopolymers (Dal Poggetto
et al. 2021a). In analogy with other classes of building mate-
rials, therefore, there is a strong research drive towards the
use of recycled materials as sources for the synthesis of
geopolymers (Zaid et al. 2022; Sudagar et al. 2018; Novais
et al. 2019), which can also functionalize the finished prod-
uct. Among the various properties, the incorporation of
lightweight waste materials, which facilitates the potential
applications of geopolymers as possible insulation materials,
has been little explored, as highlighted in existing research
(Zaid et al. 2022; Samuel et al. 2023). Among the waste
materials with lightweight properties, the waste from cork
stoppers processing stands out for its properties, and there
is little literature on its valorization as a lightweight filler or
aggregate. Sudagar et al. and Novais et al. (Sudagar et al.
2018; Novais et al. 2019) reported that the incorporation of
cork residue as a filler in a geopolymer matrix could reduce
water consumption during production and extend the setting
time, thereby prolonging the geopolymerization process. In
addition, the advantageous properties of cork, such as its
lightness, impermeability to liquids and gases, chemical
resistance, resistance to biological corrosion, thermal insu-
lation, acoustic and anti-vibration properties, incombustibil-
ity, elasticity, durability, health neutrality, and mechanical
strength, could be exploited.

With this experimental study, the authors aim to contrib-
ute to the implementation of the range of waste materials
used in the field of geopolymers, and using one that is well
suited to a geopolymer matrix due to its properties such as
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porosity, lightness, and fire resistance. In this paper, we
investigate the effect of adding 5 and 10 wt% of cork dust to
geopolymer paste before and after the alkaline activation.
We considered the sustainability of both the materials and
the process, i.e., by using cork powder, an industrial by-
product, as received, and by using Na-based reagents as acti-
vating solutions and room temperature curing of the result-
ing composites. We carried out chemical, microstructural,
antibacterial, and physical studies on samples aged for 28,
60, and 90 days in order to assess the long-term durability
of the discarded cork-based composites obtained.

Experimental methods
Materials

We used ARGICAL™ M1000 metakaolin (MK) supplied
by Imerys in France. According to the manufacturer’s spec-
ifications, this MK consists of SiO, (55 wt%), Al,O5 (40
wt%), Fe,05 (1.4 wt%), TiO, (1.5 wt%), Na,O0 +K,O (0.8
wt%), CaO +MgO (0.3 wt%), and LOI (1 wt%) (Dal Pog-
getto 2021a). At the same time, we used discarded cork (DC)
derived from the production of agglomerated cork bottle
caps by Italsughero, a local company in Montecchio Emilia
(RE), Italy. This dust is generated specifically during the
smoothing phase of agglomerated cork caps and is collected
by a cyclonic air filtration system. The particles in this cork
by-product range of diameter from 0.063 to 1 mm and may
contain polyurethane adhesive and paraffin, which are used
as binders and additives for cork particles, respectively. Fur-
ther details on the characterization of the discarded cork can
be found in a previous study by B. Malchiodi et al. (Malchi-
odi et al. 2022). For the preparation of the NaOH solution,
we used laboratory grade granules (96 wt%, Sigma-Aldrich,

Table 1 Geopolymer formulations expressed in grams per each raw
material and in main oxides (wt%). L/S =liquid to solid ratio, where
liquid is the sum of Na-silicate and NaOH solutions and solid is the

Italy) dissolved in distilled water to obtain a concentration
of 8 M. In addition, our formulations included a sodium sili-
cate solution supplied by Ingessil, Verona, Italy. This sodium
silicate solution had a SiO,/Na,O molar ratio of 3.00, a SiO,
content of 26.50 wt%, a Na,O content of 8.70 wt%, and a
pH of 11.7. The solution had a bulk density of 1.34 at 20 °C.

Preparation of geopolymer specimens

To formulate the geopolymeric binder to be used as a refer-
ence, designated as GP0, we adopted an optimized formula-
tion (Dal Poggetto et al. 2021a) (Table 1), which combines
a specific amount of dry metakaolin powder with an alka-
line solution containing 8 M NaOH and soluble Na-silicate,
using continuous mechanical stirring. We then incorporated
two amounts (5% and 10% by weight) of discarded cork
dust both before and after the alkali activation. This process
resulted in different geopolymer composites named as GP-
5DC and GP-10DC (before alkali activation), and 95GPO-
5DC and 90GPO-10DC (after alkali activation), as detailed
in Table 1. In order to obtain a good metakaolin reticulation/
geopolymerization, we kept the proportion of oxides con-
stant for all the formulations, with a very low variability of
the water content.

The preparation of the fresh paste involved careful mix-
ing of powders and liquids using a planetary mixer (Aucma
1400W, Aucma CO., LTD., Shandong, China). The freshly
prepared pastes, which were of similar workability, were
carefully poured into cubic molds with dimensions of
30x30x 30 mm3. After ensuring that any trapped air bub-
bles were removed using a vibrating table, the molds were
meticulously sealed. The geopolymers were allowed to cure
at room temperature in an environment of 100% relative
humidity. After 1 day of curing, the molds were opened,

sum of MK and DC. H,O (wt%) is the sum of the water present in the
two alkaline solutions

Sample MK (g) Na-silicate sol. (g)
GPO 100 40

GP-5DC 95 38

GP-10DC 90 36

95GP0-5DC 53 21

90GPO-10DC 51 20

wt% SiOZ without cork/with cork A1203 without cork/with cork
GPO 37 22

GP-5DC 37/36 22/22

GP-10DC 37/35 23/21

95GP0-5DC 37/35 23/21
90GP0-10DC  37/33 23/20

NaOH sol. (g) Discarded cork (g) L/S (wt/wt)

38 0 0.78

36.5 5 0.75

34 10 0.70

20 5 0.71

19 10 0.64

N 320 without cork/with cork Other oxides HZO without cork/with cork
without cork/with cork

6 2 32/32

6/6 272 32/31

6/6 272 32/30

6/6 22 31/30

6/5 22 31/28
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and the cured geopolymers were exposed to the laboratory
atmosphere until characterization. A minimum of 12 sam-
ples were produced per each formulation, and full charac-
terization was carried out on all samples after 28, 60, and
90 days of ageing. The flowchart of the methodology is
reported Fig. 1.

Leaching test

The assessment of the leaching potential of AI** and Si**
ions due to incomplete reticulation, as well as the release of
heavy metals from discarded cork powder, was carried out
on all geopolymer formulations in accordance with the EN
12457-2:2004. After crushing and sieving the geopolymer
to particles smaller than 3 mm, they were immersed in mil-
liQ water at a solid-to-water weight ratio of 1:10 and left
for 24 h. The leachate solutions, filtered to remove parti-
cles smaller than 0.45 um, were then collected. These fil-
tered solutions were then acidified to pH=2 using HNO,
(69%) solution. Following the guidelines outlined in EN
ISO 11885:20009, titled "Water Quality-Determination of
selected elements by inductively coupled plasma optical
emission spectrometry (ICP-OES)”, the concentrations of
ionic heavy metals were determined using ICP-OES equip-
ment from Agilent, Santa Clara, CA, USA. All ionic metals
concentrations are expressed in parts per million (ppm). The

Discarded Cork
Charcaterization
Leaching test
NMR
GC-MS
Antibacterial Properties

|

Preparation Geopolymer samples

limit of quantitation (LOQ) for Al, B, Ba, Fe, Mn, Sb, and
Zn was set at 5 parts per billion (ppb). Meanwhile, the limit
of detection (LOD) for Be, Cd, Co, Cr, Cu, Mo, Ni, Pb, Se,
Sn, and V was set at 2 ppb. In addition, the LOQ for Si and
Ca has been maintained at 500 ppb.

Chemical and NMR analyses on eluate

Proton nuclear magnetic resonance ('"H NMR) and gas
chromatography-mass spectrometry (GC-MS) were used
to identify possible low-molecular weight organic com-
pounds released from geopolymers in the leachate solu-
tions described above. For the NMR analysis, 5 mL of
each leachate solution was first extracted in ethyl acetate
(EtOAc, 3 x5 mL) and dichloromethane (DCM, 3 x5 mL),
the organic phases were evaporated under reduced pressure,
and the residues were dissolved in deuterated chloroform
(CDCl;, 0.75 mL). A volume of 5 mL of the leachate solu-
tions was then lyophilized and dissolved in esadeuterated
dimethyl sulfoxide (DMSO-d6). 'H spectra (32 scans)
were recorded at 298 K on Bruker FT-NMR Advance 400
(400.13 MHz) and Bruker FT-NMR Advance III HD 600
(600.13 MHz). Chemical shift values were recorded in ppm
relative to TMS and were determined by taking as reference
the isotopic impurity signals of CDCI; (7.26 ppm for 'H)
and DMSO-d6 (2.50 ppm for 'H). Data are given as follows:

Characterization
Leaching test
XRD
SEM
Density and Porosity
Compressive Strength
Antibacterial Properties
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Density and Porosity
Compressive Strength
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Fig. 1 Flowchart of the process
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chemical shift (8) in ppm, multiplicity, and coupling con-
stants (J) given in Hertz.

For the GC-MS analysis, a volume of 10 pL of each
extract was analyzed first, followed by 10 pL of the leachate
solutions. GC-MS data were acquired on an Agilent 7890B
system equipped with a J&W HP-5 ms GC column (30 m,
0.25 mm, 1.00 um) and coupled to an Agilent HP 5973 MSD
detector; mass was scanned in the range 35400 Da.

Mineralogical composition

A thorough analysis of the crystalline phases in the geopoly-
mer formulation containing 5% cork dust cured for 28 days
was carried out using the X-ray diffraction (XRD) technique.
The XRD analysis was performed on an X’Pert PRO instru-
ment from PANAlytical, Malvern Panalytical Ltd., Malvern,
UK. The X-ray diffractometer was operated at 40 kV and
40 mA, using Cu-Ka radiation with Ni filtration. Diffraction
patterns were collected in the 20 range from 5 to 70° using
the X’ Celerator detector, with a step size of 0.02°, a count-
ing time of 3 s, and a slit width of 10. To identify the mineral
phases present, we compared the experimental diffraction
peaks with reference patterns using the DIFFRAC plus EVA
software (2005 PDF2) from Bruker, Billerica, MA, USA. To
ensure the accuracy of our results and to avoid preferential
orientation, a side charge was applied to the powdered sam-
ple during the analysis. This meticulous approach provided
us a reliable insight into the composition and structure of the
geopolymer formulation containing cork waste.

Apparent density, real density, and porosity

Apparent density (pa) was calculated by dividing the meas-
ured mass of the cubic specimens by their predetermined
volume, providing a geometric determination of density.
To ensure accuracy, three independent measurements were
made for each solidified composite, and the average appar-
ent density was calculated from these values. On the other
hand, the real density (pr) was determined using a helium
pycnometer (Micrometrics Accupyc 1330, Micrometrics
Instruments, Norcross, GA 30093, USA). The total poros-
ity (P%) was calculated using the following formula from
the real and apparent density values obtained:

P% = (1 — pa/pr)- 100 (1)

Microstructural analysis

Environmental scanning electron microscopy (ESEM) using
an ESEM-Quanta200-FEI instrument was chosen to exam-
ine the microstructure of the samples cured for 28 days.
The primary objective of this analysis was to evaluate the

development of the geopolymeric amorphous phase and to
identify any unreacted MK particles within the samples.
Secondly, the fracture surface was observed to detect the
interface between the cork and the geopolymeric matrix and
possible toughening mechanisms, and to check the pore dis-
tribution. To prepare the specimens for SEM analysis, a thin
layer of gold was sputtered onto the freshly fractured surface
of each specimen.

Mechanical properties

After 28, 60, and 90 days of curing, the mechanical proper-
ties of the cubic specimens were evaluated by compression
tests. These tests were conducted using a Controls L1052
Testing Machine (Cernusco (MI), Italy). The compressive
strength values reported here are the average results from
eight tests, exhibiting a minor variation of up to 2%.

Antibacterial properties

The hardened samples were evaluated for their potential
antibacterial activity against both Gram-negative (Escheri-
chia coli, ATCC® 25922™) and positive (Staphylococcus
aureus, ATCC® 25923™) microbial strains using the Kirby-
Bauer method (Hudzicki 2009). The detailed procedure for
preparation of bacterial media and strain dissolution can be
found elsewhere (D’Angelo et al. 2023; Righi et al. 2022).
Regarding sample preparation, all samples were carefully
ground using a mortar and pestle, compressed to obtain
discs of 1.30+0.05 cm and sterilized under UV light for 1 h
before their contact with the bacterial strains (as in accord-
ance with the procedure reported in Catauro et al. (Catauro
et al. 2023)). To perform the test, the E. coli and S. aureus
bacterial suspensions (10 CFU/mL) were plated on their
specific solid media (i.e., E. coli on TBX medium (Tryp-
tone Bile X-Gluc, Liofilchem, Italy) and S. aureus on Baird-
Parker agar (Liofilchem, Italy)), and incubated for 24 h with-
out (for the control) and with 100 mg of sample powders. In
particular, E. coli was incubated at 44 °C, and S. aureus was
incubated at 36 °C. At the end of the incubation period, the
diameter of the inhibition zone and the reduction in bacterial
viability (BV, %) were assessed. Three replicates were made
for each sample to determine the average absolute deviation
(AAD). The BV has been calculated in accordance with Cat-
auro et al. (Catauro et al. 2021).

Results and discussion

All samples containing cork were visually inspected for
the absence of efflorescence after 28 days. The high SiO,/
Na,O molar ratio and low Na,O content (Longhi et al.
2020) ensured the chemical stability of the cured product

@ Springer
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even though the cork dust added to the fresh paste partially
adsorbed the activator solution. Immersion tests in water
were carried out to better qualify and quantify the chemical
stability of the geopolymerized matrix and cork filler.

Leaching test

The data presented in Fig. 1 illustrate the amounts of the
most abundant metals released as ions, i.e., aluminum (Al),
calcium (Ca), iron (Fe), potassium (K), magnesium (Mg),
sodium (Na), and silicon (Si). The remaining heavy metals
measured (Ag, AS, B, Be, Cd, Co, Cr, Cu, Mo, Ni, Pb, Se,
Sn, Tl, V, and Zn) are not reported as their concentrations
were consistently below 0.01 parts per million (ppm). It
should be noted that the amount of soluble species released
is extremely low, less than 10 ppm for all the cations studied,
indicating an extremely stable geopolymeric structure for all
the formulations.

Figure 2 clearly shows that aluminum is mainly released
from the metakaolin-based geopolymer, while in the other
samples, the release of Al remains below 2 ppm. Similarly,
GPO shows the most significant silicon release. The reduc-
tion in silicon release is halved when moving from GPO to
the geopolymer composites, either the series of DC added
before or after the alkali activation. The formulations con-
taining cork dust show a higher reticulation of silicon,
since its release is lower with respect to GP0. For calcium
release, GPO shows the highest values, while for all the
other geopolymers the calcium release decreases. Potas-
sium release from the as-received cork dust is particularly
high, in agreement with the results of previous studies
(Malchiodi et al. 2022), but when the residue is incorpo-
rated into the geopolymer matrix, either before or after the
alkaline activation phase, the value decreases significantly.
Conversely, the presence of sodium remains relatively

12

ppm
H o (-}

N

M Discarded Cork ®WGPO mGP-5DC ®GP-10DC

Il . I|||| im0 Meemm 1
0
Al Ca Fe K

constant in the samples and in the reference sample GPO,
and the contribution of DC is almost absent. This behavior
is in agreement with that observed in the XRD spectra
(see the dedicated paragraph) and indicates an unaffected
geopolymerization reaction, since Na* is bound to similar
Al-O-Si- structures present in GP0. Looking more closely
at the data for the geopolymers (Fig. 2), it can be observed
that the variability in Na* release is similar to that of the
Si-bearing species. This trend can be attributed to the Na
coming from the initial alkali activator (8 M NaOH and
Na-silicate solution). Furthermore, although the presence
of iron (Fe) and magnesium (Mg) is extremely low (below
2 ppm), they are still detectable in the eluates. In the case
of Fe, it is absent in the DC. It is noteworthy that the
release of Fe is only evident in the geopolymer samples,
indicating that it originates from the original metakaolin.
Conversely, for Mg, the situation is reversed; it is evident
that the released Mg is absent in GPO but present in cork
and subsequent geopolymers, except for GP-5DC, prob-
ably due to the low percentage of DC introduced in the
metakaolin before alkaline activation.

As a general comment, we can state that the low amount
of ions released in water indicates a very efficient reticula-
tion/geopolymerization of the hardened samples, in agree-
ment with published data (Adhikary et al. 2024; D’Angelo
et al. 2022; Boldrini et al. 2021). As a reference for the
reticulation of the geopolymeric matrix of the composite,
we propose the GPO formulation optimized in a previous
study (Dal Poggetto et al. 2021a). The release mechanism
in GPO and in the cork-based composite geopolymer results
in the expulsion from the pores of those of elements trapped
in the pores that did not react during the activation reaction.
In addition, a dissolution process of soluble species in an
alkaline environment such as that of the geopolymers can
also be taken into account. The introduction of cork dust

Na Si

95GP0-5DC  m 90GPO-10DC

Mg

Heavy Metals

Fig.2 Results of the leaching test of the discarded cork and the geopolymers samples
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reduces or leaves unchanged the release of almost all ions.
A possible explanation for this phenomenon is that the cel-
lular structure of cork inhibits the diffusion of ions from the
geopolymer pores to the eluate solution.

Chemical and NMR analyses on eluate

NMR and GC-MS analyses are frequently employed tech-
niques to detect organic molecules extracted from cork mate-
rials (Ferreira et al. 2012; Pinto et al. 2019). However, even
after repeated runs, both the NMR and the GC-MS analysis
(see Fig. 3) failed to record any identifiable signal attribut-
able to molecular species present in the leachate solutions,
suggesting a negligible release of low molecular weight
organic compounds from the geopolymers. All detectable

peaks in the GC-MS spectra were attributed to silane com-
pounds released from the column with the use of Agilent’s
MassHunter Software. At trace levels, weak signals compat-
ible with long-chain aliphatic compounds were observed by
NMR between 1.5 and 0.5 ppm. This can derive from the
depolymerization of suberin, one of the main components of
cork, which can be slightly hydrolysed in the alkaline envi-
ronment necessary for the geopolymer formation (Mission
and Cocero 2022) with higher probability in cork not treated
for food processing (Weiwei et al. 2019).

Mineralogical analysis

Using the XRD technique, the role of waste cork was
investigated to understand whether or not it had altered the

Fig.3 A GC-MS: direct injec- 20000/ +198
tion of 10 pL of solution spectra A
of leachate solutions and B 1000 6.151
'"HNMR: lyophilized sample 20.363 26.837
from 5 mL of solution spectra ISR O S VR v Ibesdecs bt b P
ofleachatesoluﬁons T e e e A s B s e B s S B
5 7 9 11 13 15 17 19 21 23 25 27 29 31 33
Retention time (min)
12.85
72.90Q 340.80
40
%9.800 147.000 206.900 341.70
ol | |
40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 34l
m/z (Da)
31.54
1+4-000 206.900
400 72.900
1 147.100 220.800 280.800 355.1
all | | | | h

40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340

m/z (Da)

16 15 14 13

12 11 10 9 8 7 6 5 4 3 2 1 0 -1 -2 -3
f1 (ppm)
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reticulation degree of the geopolymer. The geopolymer net-
work is an aluminosilicate network with no long-range order,
showing a characteristic amorphous peak slightly shifted
towards higher 20 values with respect to the metakaolin dif-
fuse reflection (around 22-24°), as seen in Fig. 4, enlarged
spectra. This peak is also seen in geopolymers with cork
added both before and after alkaline activation. In particular,
all geopolymers show diffuse reflections typical of an amor-
phous aluminosilicate network, appearing at about 26-28°
in 20 (Temuujin et al. 2009; Dal Poggetto et al. 2022; Dal
Poggetto et al. 2021a).

Figure 4 also shows discernible sharper peaks corre-
sponding to anatase and alpha-quartz, which are virtually
identical for all compositions, indicating a remarkable sim-
ilarity among the samples. This observation convincingly
demonstrates that the discarded cork used in this study does
not significantly disturb or disrupt the geopolymeric network
(Dal Poggetto et al. 2021a).

Apparent density, real density, and porosity

Figure 5 shows the apparent and real densities associated
with the porosity of geopolymers containing 5% and 10% of
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Fig.4 XRD spectra of metakaolin (MK), GPO, GP-5DC, and 95GP0-5DC cured for 28 days
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cork dust (before and after alkaline activation) and after 28,
60, and 90 days of ageing. The role of cork dust, a material
known to be very light and porous, is evident. J. Ordovas
et al. (Ordovas et al. 1996) report that cork tissue is made
up of dead cells from 30 to 40 um in size, with no spaces
between them; this means that cork has an internal porosity
which is partially blocked. Due to this particular morphol-
ogy, we observed a decrease in density proportional to the
amount of cork added in both series of composites, regard-
less of when the alkaline activation takes place. However,

WD |Spot| HFW 200.0pm—

M
ETD|20.0 kV|600x/13.4 mm/| 5.0 |0.45 mm

Fig.6 Scanning electron microscopy images taken at low magnifica-
tion of GPO

Det HV WD |Spot| HFW

500.0pm:

SSD!20.0 kV 11.7mm| 45 |1.35 mm

for the same cork content, the decrease in density is more
pronounced when the cork is added after the alkaline activa-
tion, probably because in this case the polymerization reac-
tion is already somewhat advanced. By increasing the ageing
time from 28 to 60 days, both the apparent and real densities
decrease slightly, always proportionally to the amount of
cork dust added. At 90 days ageing time, especially for the
real density, we see a levelling of the values (except for GP-
5DC), as if the material had reached saturation. The sam-
ples after alkaline activation show a higher porosity com-
pared to the samples mixed before alkaline activation; both
before and after alkaline activation, the porosity increases as
more cork is added. In all cases, the porosity of the samples
decreases with increasing ageing time.

Microstructural analysis

Metakaolin-based geopolymers have been widely inves-
tigated (Duxson et al. 2007) due to the high reactivity of
MK in alkaline environments. Their microstructures vary
with the Si:Al molar ratio (Davidovits 2008; Temuujin et al.
2009), but have a very recognizable morphology as observed
by SEM in all the samples described in this paper (Figs. 6
and 7). The platy metakaolin particles were absent, indicat-
ing complete dissolution in the alkaline activator solutions.
In order to better study the microstructure, we compared
the structure of the geopolymer composites with discarded
cork to the reference material, GPO. Figure 6 shows an image
of GPO, where the dense, characteristic granular structure,
indicative of successful geopolymerization, can be seen in
the regions in the white circle (Dal Poggetto et al. 2021a;
Dal Poggetto et al. 2022; Dal Poggetto et al. 2021b). Yellow

Fig. 7 Scanning electron microscopy images taken at low magnification of GP-5DC (left) and 95GPO-5DC (right)
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arrows indicate unreacted alpha-quartz grains remaining
after the reaction of MK with the alkaline solution. Red
arrows point to crack deflection, frequently accompanied
by pull-outs (green areas), indicating zones where quartz
grains from the pristine MK did not react optimally. When
pulled out of the mold, these areas immediately form cracks
due to the fragility of the incompletely reacted structure.

In Fig. 7, the GP-5DC is displayed on the left, while the
95GP0-5DC is presented on the right. The primary distinc-
tion between these formulations, as previously explained,
lies in the introduction of cork before and after alkaline
activation. In both samples, the presence of cork remains
distinctly visible, confirming earlier observations that cork
does not interfere with the geopolymerization process. Nota-
bly, the 95GP0-5DC sample exhibits visible pores, which are
absent in the GP-5DC. Moreover, the 95GP0-5DC displays
more pronounced fractures compared to the GP-5DC, align-
ing with the fragility observed in the mechanical tests (refer
to the next section).

Mechanical properties

Compressive strength tests were performed on all the geo-
polymer samples after 28, 60, and 90 days of curing (Fig. 8).
The properties of GPO are consistent with the results of
previous studies (Davidovits and Davidovics 1988; Dux-
son et al. 2007). In contrast, the characteristics of the sam-
ples containing cork are interesting. After 28 days, these

= = N N w w
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Compressive Strength (MPa)

v

0
GP-5DC
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Fig.8 Compressive strength of all sample after 28, 60, and 90 days

Fig.9 Images of E. coli and control DC
S. aureus plates alone (for the
control) and in the presence of
the discarded cork (DC), GPO,
GP-5DC, GP-10DC, 95GPO-

5DC, and 90GP0-10DC
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GP-10DC

cork-containing samples exhibit significantly lower mechani-
cal properties than GPO, and this trend continues with higher
percentages of cork, whether added before or after alkaline
activation. At the 60-day and 90-day marks, it is notice-
able that the 90GP0-10DC does not give any measurable
results. This is not due to the integrity of the geopolymers
being compromised but rather the impossibility of testing
them. The excessive presence of unreacted cork has caused
the 90GP0-10DC to absorb a considerable amount of water,
making the sample malleable but resistant to breakage.
Regarding the other samples, there is a noticeable peak in
their properties at 60 days, followed by a decline at 90 days.
The addition of cork after alkaline activation can indeed give
the material light and ductile properties. However, if it is to
be used as a reinforcement, it must be incorporated with MK
before alkaline activation.

Antibacterial properties

The images of all the geopolymer samples comparing the cork
dust and the reference GPO are shown in Fig. 9 after 24 h of
incubation with the bacteria. It can be observed that no inhi-
bition zones higher than the disc dimensions can be seen on
the S. aureus plates. On the other hand, two phenomena can
be observed on the plates incubated with E. coli. When the
discarded cork is mixed with the dry MK before the alkali
activation (as in the case of GP-5DC and GP-10DC), two types
of zones can be observed: one closer to the sample disc, where

90GP0-10DC

95GP0-5DC

W60 days M90days

GP-10DC
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no microbial growth is detected, and the larger one, where
the microbial growth seems to be reduced. These effects may
be due to the combination of the alkaline microenvironment
provided by the geopolymer discs and water uptake from the
bacterial media, as they are not seen in the DC plate alone.
The latter can interfere with the microbial uptake of nutrients
from the media, thereby slowing down the growth. When the
DC is added after alkali activation (as in the case of 95GP0-
5DC and 90GP0-10DC), only the zone of reduced microbial
growth can be observed. The latter is undoubtedly due to the
DC as it increases from 5 (GP-5DC; 95GP0-5DC) to 10 wt%
to (GP-10DC; 90GP0-10DC).

The data on the reduction in the bacterial viability (BV, %)
of the microbial strains compared to the controls (representing
the 100% of BV) are shown in Fig. 10. The results show that
there is a reduction in the BV from 100 to 78% as no microbial
growth was detected on any of the sample discs. Furthermore,
the samples with the greater reduction in the BV (72% and
67% for E. coli) were those in which the DC was added before
the alkaline activation, the case in which the cork comes into
contact and adsorbs the alkaline activator solutions. Although
the NMR and GC-MS results suggest that there is no release
of water-soluble lignin, cellulose, and hemicellulose fractions
with antimicrobial activity (Yun et al. 2021), the combination
of the unreacted alkaline activator retained in the cork with
the culture medium may extract some minor contaminants, as
evidenced by the yellowish halo (see Fig. 9) around the geo-
polymer discs for the four samples with cork dust (GP-5DC,
GP-10DC, 95GP0-5DC, and 90GP0-10DC).

Conclusions

The study provides a comprehensive overview of the inter-
play between material components, processing conditions,
and resulting properties in metakaolin-based geopolymers

Fig. 10 Bacterial viability, BV

(%), of the microbial strains

after incubation with DC, GPO,

GP-5DC, GP-10DC, 95GPO- 100
5GP, and 90GP0-10DC 90

BV (%)
= N W Hh U N
0O 0O OO0 O OO o o

with cork. The evaluation of metakaolin-based geopolymers
with and without cork powder reveals complex interactions
between components and their effects on various properties.

e Leaching test results show significant release of alu-
minum, calcium, silicon, sodium, and potassium. Pre-
dominantly aluminum is released from the metakaolin-
based geopolymer (10 ppm), while Na presence remains
constant between 5 and 7.5 ppm, indicating unaffected
geopolymerization.

e NMR and GC-MS analyses suggest negligible release
of low molecular weight organic compounds from cork
dust.

e XRD spectra consistently show characteristic features of
an almost amorphous aluminosilicate structure around
26°, indicating that cork does not significantly disrupt
the geopolymer network.

e Density and porosity analyses highlight the role of cork
in reducing density, particularly after alkaline activation,
with porosity increasing and density decreasing over
time, reaching saturation at 90 days.

¢ SEM microstructural observations confirm that cork does
not interfere with geopolymerization, and mechanical
properties show that cork provides a trade-off between
lightness and ductility, particularly after alkaline activa-
tion.

e Antibacterial observations suggest potential inhibitory
effects on microbial growth due to alkaline microenviron-
ment and DC presence which remove water from bacte-
rial media reducing nutritive substance intake, providing
insights for tailoring cork/geopolymer composites with
low environmental impact and favorable performance for
specific applications.

In general, the addition of cork dust after alkaline activa-
tion provides less benefit in terms of both mechanical and
Antimicrobial activity
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chemical structure than the addition of cork prior to alka-
line activation. Despite variations in porosity over time, the
samples remain crush resistant and may be suitable for the
construction of durable, moisture resistant interior panels.
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