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A B S T R A C T   

The chemical, microstructural and mechanical characterization of novel lightweight composites produced by 
adding waste cork dust to a metakaolin-based geopolymeric matrix prepared by alkaline activation is presented. 
The alkaline activator solutions used for the reticulation of the 3D aluminosilicate network at room temperature 
are composed of NaOH and sodium silicate to maintain a low cost of the final composite. In this line, the research 
of the highest addition of waste, e.g. cork dust, is pursued starting from 1 and reaching a maximum content of 10 
wt% over metakaolin. The chemical stability is evaluated in water as well as in HNO3 or in H2SO4 0.5 and 2.5 N 
solutions. The addition of cork does not affect the reticulation of the geopolymeric binder used as matrix, as is 
demonstrated by FT-IR and XRD analyses. The modification of the dense geopolymeric microstructure with the 
introduction of cork dust weakens the hardened composites that become more permeable to water and acid 
solutions increasing the weight loss after immersion and decreasing the mechanical resistance to compression. 
The mechanical performance of the hardened composite with 10 wt% of cork dust still seems to be sufficient for 
application as self-supporting thermal insulation panels. (195/200).   

1. Introduction 

Sustainable cements and, more generally, sustainable building ma-
terials have the dual advantage of reducing the CO2 emissions compared 
to conventional cements while reusing a variety of inert inorganic ma-
terials, such as fly ash from power production plants or metallurgical 
slags [1]. A combination of different industrial by-products and resi-
dues/wastes is often proposed for lightweight construction elements or 
insulation panels. In the recent years, the thermal stability and flam-
mability of cork [2] have accompanied its known chemical stability, 
extending its application from stoppers [3] to building materials [4–6]. 

Typically, organic base polymers have been used as matrix materials 
for composite insulation panels with a number of options to modify the 
hydrophilic character of the cork surface to achieve the hydrophobic 
character of the matrix [7,8]. Inorganic binders have also been tested as 
matrices to increase sustainability by eliminating the need for cork 
surface treatments. In addition, industrial residues or by-products such 
as slag or ceramic waste can be used as inorganic matrix materials that 
are hardened by alkali activation, avoiding the use of clinker as in or-
dinary Portland cement [9]. Sustainability could be enhanced if the cork 

used as filler or lightweight aggregate is sourced from an industrial cork 
waste stream [10]. When residues, especially when codified as waste, 
are used in manufacturing facilities, the control of emission, dusting or 
leaching should be carefully considered to avoid additional discomfort 
effects known as “Sick Building Syndrome” (SBS) [11]. It has been found 
that the main causes are related to chemical contaminants from indoor 
sources such as building materials, inadequate ventilation, excessive use 
of heating, ventilation and air conditioning (HVAC), and volatile organic 
compounds (VOCs) [12]. Insulating building materials when consoli-
dated by alkali activation of inorganic matrices, rather than catalysed by 
organic solvents, play a relevant role in the SBS reduction thanks to the 
limited emission of pollutants within a building environment combined 
with a reduced use of HVAC. 

In the literature it is possible to find several studies in which cork is 
used for the production of geopolymers or alkali-activated materials. 
There are studies that (i) evaluate the performance of geopolymers with 
cork additives at different granulations [13], (ii) study the influence of 
cork residues on metakaolin-zeolite-based geopolymers [14], (iii) 
consider the influence of cork additives in geopolymers on shielding 
properties enhanced by electromagnetic interference [15], (iv) evaluate 
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the thermal and acoustic insulation performance of geopolymers or 
alkali-activated materials containing cork [16–18]. In addition, there 
are studies that confirm the thermal insulation capacity of cork 
embedded in lightweight materials such as panels, resin composites, 
textiles, mortars, concrete and bio-composites [19–23]. 

The present paper reports an experimental investigation of some 
innovative formulations of an inorganic matrix, i.e. alkali activated 
metakaolin, added with a cork dust derived from an industrial process to 
produce a composite material with a view to a possible application in 
insulating panels. The cork dust is an industrial by-product, and it has 
been used as received. In addition, the entire activation process is kept as 
sustainable as possible by using Na-based reactants as activator solu-
tions and curing the resulting composites at room temperature. In this 
study, we focused on the chemical characterization of the cork residue 
used as filler and the overall chemical stability and durability of the final 
hardened composite, while in a previous paper we reported the thermo- 
mechanical properties of similar compositions [10]. In the present work, 
we present the chemical stability in water as well as in acid solutions of 
similar composites as an additional assessment of the optimal reticula-
tion of the geopolymeric matrix, previously investigated by FT-IR and 
XRD. Another reason for studying the durability of geopolymeric ma-
terials in acidic environments is the possibility of exposing the light-
weight insulation materials outdoors or inside buildings. Finally, the 
mechanical performance of the hardened composites before and after 
acid immersion was combined with microstructure characterization 
(density and SEM + EDS). 

2. Materials and methods 

2.1. Materials 

In this study, we used ARGICAL™ M1000 metakaolin (MK), sourced 
from Imerys in France. The chemical composition of this MK, as reported 
by the manufacturer, includes: SiO2 = 55; Al2O3 = 40, Fe2O3 = 1.4; TiO2 
= 1.5; Na2O + K2O = 0.8; CaO + MgO = 0.3; LOI = 1 (wt%). We also 
considered cork waste obtained from the production of agglomerated 
cork bottle closures by a local company (Italsughero dei F.lli Correggi S. 
r.l., Montecchio Emilia (RE), Italy). This cork waste, CW, is specifically 
generated during the smoothing phase of agglomerated cork caps and is 
collected directly through a cyclonic air filtration system. The cork dust 
consists of particles with a diameter distribution in the range 0.063 mm 
< diameter <1 mm. It contains polyurethane adhesive and paraffin, 
which are industrially used as binders and additives for cork particles, 
respectively. A more detailed characterization of this cork waste can be 
found in a previous work [24]. To prepare the NaOH solution, labora-
tory grade granules (96 wt%, Sigma Aldrich, Italy) were dissolved in 
deionized water to obtain a concentration of 8 M. In addition, a com-
mercial sodium silicate solution (Ingessil, Verona, Italy) with a SiO2/-
Na2O molar ratio of 3.00, SiO2 = 26.50 wt%, Na2O = 8.70 wt%, pH =
11.7, density = 1.34 g/cm3 at 20 ◦C, was used to formulate the 
geopolymers. 

Acid solutions of different concentrations were prepared using HNO3 
65 wt%, (Sigma Aldrich, Italy) and H2SO4 96 wt%, (Carlo Erba, Italy). 

2.2. Preparations of samples and acid solutions 

To prepare the reference geopolymer formulation, as already opti-
mized in previous works [10,25,26] and denoted as GP0, we mixed a 
given amount of dry metakaolin powder with an alkali solution (8 M 
NaOH and Na-silicate solution in a 1:1 ratio) under mechanical stirring. 
We then introduced increasing amounts of cork powder, specifically 2, 
5, 7 and 10 % by weight based on dry MK content, resulting in the 
geopolymer composites labeled as GP-2CW, GP-5CW, GP-7CW and 
GP-10CW, respectively (as shown in Table 1). Two additional geo-
polymer formulations were also prepared to test the effect of cork waste 
when it was introduced at different percentages (5 % and 10 % by 

weight) into the already prepared GP0 fresh (wet) paste already pre-
pared, labeled 95GP0-5CW and 90GP0-10CW (see Table 1). This second 
type of preparation resulted in a lower workability of the mixture 
compared to the first addition, so that also in this case it was not possible 
to increase the amount of cork dust above 10 wt%. 

All the fresh paste preparations were obtained by mechanically 
mixing the powders and the liquids using a planetary mixer (Aucma 
1400W, Acuma CO., LTD., Shandong, China). The freshly prepared paste 
was poured into cubic molds of 25 × 25 × 25 mm3. After eliminating any 
air bubbles with a vibrating table, the molds were carefully sealed, and 
the geopolymers were cured at room temperature under conditions of 
100 % relative humidity. The silicone molds were opened after one day 
of curing. We generated a minimum of 10 samples for each formulation 
to ensure the reproducibility of results in both mechanical and acid 
resistance tests. Characterization of all samples was performed after 28 
days of ageing, as indicated in the research plan (Fig. 1). 

To prepare solutions of HNO3 and H2SO4 at different concentrations, 
we first performed normality calculations due to the diprotic nature of 
the sulfuric acid. The HNO3 solutions at 0.5 N (0.5 M, 3 wt%) and 2.5 N 
(2.5 M, approximately 15 wt%) were prepared by using a 65 wt% HNO3 
solution and adjusting the volumes of the initial acid added to deionized 
water (Milli-Q treatments). Similarly, for the H2SO4 solutions at 0.5 N 
(0.25 M, 3 wt%) and 2.5 N (1.25 M, 14 wt%), we started with a 96 wt% 
H2SO4 solution. 

2.3. Characterization of the geopolymeric composites 

The steps of the experimental procedure are shown in Fig. 1. The 
hardened composites were tested after 28 days of ageing at room tem-
perature in contact with the laboratory atmosphere (relative humidity 
around 60–70 %). First, the reticulation of the geopolymer was char-
acterised (2.3.1 to 2.3.3); then the microstructure of the composites and 
their physical, chemical and mechanical properties were studied (2.3.4 
to 2.3.7). 

2.3.1. Chemical stability in water 
In order to evaluate the consolidation of the geopolymer paste in the 

presence of cork, its chemical stability in water after 28 days of ageing 
was studied using an integrity test reported in the literature [27]. 
Deionized water was added to the sample at a solid to water weight ratio 
ranging of 1:100, with a single dense sample varying between 2 and 3 g. 
After 24 h, the sample was removed from the water and its weight was 
measured after drying in acetone (3 h) and solvent evaporation at room 
temperature (with an additional 3 h). 

2.3.2. FT-IR characterisation 
With the aim to evaluate the geopolymerization, FT-IR analysis 

(Prestige21 Shimadzu spectrophotometer, Shimadzu Italia s.r.l., Milan, 
Italy equipped with a detector deuterated triglycine sulphate with 

Table 1 
Geopolymer formulations (a: L/S = liquid (Na-silicate + NaOH) to solid (MK +
CW) ratio; b: CW/matrix = cork waste dust to wet geopolymer paste (MK +
NaOH + Na-Silicate) ratio).  

Sample 
Label 

MK 
[g] 

NaOH 
[g] 

Na- 
Silicate 
[g] 

Cork 
Waste 
[g] 

L/S a 

[wt/ 
wt] 

CW/ 
matrixb 

[wt/wt] 

GP0 100 38 40 0 7.8 0 
GP-2CW 98 38 40 2 7.8 0.01 
GP-5CW 95 36.5 38 5 7.45 0.03 
GP-7CW 93 35.7 37.2 7 7.3 0.04 
GP- 

10CW 
90 34 36 10 7.0 0.06 

95GP0- 
5CW 

53 20 21 5 7.1 0.05 

90GP0- 
10CW 

51 19 20 10 6.4 0.11  
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potassium bromide windows) was performed on geopolymers with 10 
wt% of CW added before and after the alkali activation and cork waste 
powder. The FT-IR analysis covered a range of 400–4000 cm− 1 with a 
resolution of 2 cm− 1, and included 60 scans. For this analysis, we utilised 
KBr disks containing 2 mg of the sample and 198 mg of KBr. Subse-
quently, the FT-IR spectra were processed using IR-solution and Origin 9 
software. 

2.3.3. XRD characterisation 
X-ray diffraction (XRD) analysis (X’Pert PRO, PANAlytical, Malvern 

Panalytical Ltd., Malvern, UK) was used to characterise the crystalline 
phases present in both the geopolymer formulation with 10 % of Cork 
waste. The X-ray diffractometer operated at 40 kV and 40 mA using Cu- 
Kα radiation (with Ni filtration). We collected diffraction patterns using 
the X’Celerator detector in the 2θ range from 5 to 70◦, with a step size of 
0.02◦ and a counting time of 3 s, and a slit width of 10. To identify 
mineral phases, we compared the experimental peaks with reference 
patterns using DIFFRAC plus EVA software (2005 PDF2, Bruker, Bill-
erica, MA, USA). To ensure accurate results and to avoid preferential 
orientation, we applied a side loading to the powdered sample. Side 
loading of geopolymer powders for XRD measurements is critical, as has 
been shown in other publications [28,29], where preferential orienta-
tion can distort peak intensities and positions in the diffraction pattern, 
especially in phyllosilicates or phyllosilicate-derived structures. 

2.3.4. Apparent density, real density and porosity 
Apparent density, denoted as ρa, was determined geometrically by 

dividing the measured mass by the known volume of the cubic samples. 
To determine the average apparent density for each solidified compos-
ite, we computed the mean value from three separate measurements. 
Meanwhile, the real density, expressed as ρr, was determined using a 
helium pycnometer (Micromeritics Accupyc 1330, Micromeritics In-
struments, Norcross, GA 30093, USA). 

Using the real and apparent density values, the following equation 
was used to obtain the total porosity P% value:  

P% = (1-ρa/ρr)*1                                                                             (1)  

2.3.5. Chemical stability in acids 
The study investigated the performance geopolymer in various acids 

by examining changes in appearance, mass, and compressive strength 
after 10 days according to modified ASTM C267 procedures. Geo-
polymer cubes were immersed in HNO3 and H2SO4 solutions at con-
centrations of 0.5 N and 2.5 N. The cubes were exposed to the acid 

solutions while maintaining a constant of 8 between acid volume (in mL) 
and sample surface area (in cm2) as described by Chang et al. [30]. After 
10 days, the weight loss was determined by weighing the cubes after 
immersion. The samples were then washed with tap water, dried, and 
reweighed to calculate the percentage of weight loss. To measure the 
depth of acid infiltration into the geopolymers, a post-cracking test was 
conducted. A 1 % phenolphthalein solution was delicately sprayed on 
the specimens. Areas that retained their original white colour indicated 
acid infiltration, while purple areas retained geopolymeric alkalinity 
corresponding to the absence of an acid reaction. This colouration was 
instrumental in correctly sampling the portions of the bulky specimens 
to be examined in the SEM. 

2.3.6. SEM observation 
A SEM (ESEM-Quanta200-FEI) equipped with EDS (energy disper-

sive spectroscopy) was used to examine the microstructure of hardened 
samples after 28 days of curing. The purpose of this analysis was to 
evaluate the evolution of the geopolymeric amorphous phase and the 
presence of unreacted cork and aluminosilicate particles. To prepare for 
SEM analysis, a thin layer of gold was sputtered onto the freshly frac-
tured surface of each specimen, which was accurately sampled after the 
acid attack using the phenolphthalein staining test. 

2.3.7. Mechanical properties 
After 28 days of curing, the mechanical properties of the cubic 

specimens were evaluated by compression testing using an Instron 5567 
Universal Testing Machine. The load, limited to 30 kN, was applied 
incrementally at a displacement rate of 1 mm/min. The compressive 
strength values reported represent the average of eight tests with a 
variation of up to 2 %. 

3. Results and discussion 

3.1. Chemical stability in water 

After ageing the geopolymers for 28 days, all samples were immersed 
in deionized H2O for 24 h to observe the stability in water. It can be seen 
that the weight loss increases linearly with the percentage of cork waste 
when added together with MK before alkaline activation along (Fig. 2). 
The addition of CW seems to disrupt the reticulation of the geopolymer 
matrix. This could be due to the partial absorption of the activator so-
lution by part of the cork dust, depriving the MK of its required pro-
portion of reactant. 

The linear trend is also similar when CW is added after alkali acti-
vation (95GP0-5CW and 90GP0-10CW), but the values at the same 
percentages differ from GP0 (Fig. 2). The addition of CW to the fresh 

Fig. 1. Research plan on timeline.  
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geopolymer paste, rather than to the dry MK, seems to less affect the 
weight loss in water and to produce a more stable composite in water, at 
least for 24 h of immersion. Consistent to what was assumed in the 
previous series of composites, in this case the cork dust was added to the 
already mixed geopolymeric paste, thus minimising the sequestration of 
alkaline activator from part of the cork dust. 

Fig. 3 provides a comprehensive representation of the ionic con-
ductivity values of the eluate after immersion in water of the composite 
samples, offering a comparative analysis against GP0. This data visual-
isation allows us to gain valuable insight into the impact of the presence 
of cork within the geopolymer matrix on the overall ionic conductivity 
of the eluate. The experimental results show a remarkable trend. When 
the waste cork (CW) is introduced into the metakaolin (MK) prior to the 
addition of the activator solution, the ionic conductivity values exhibit a 
distinct pattern. Specifically, as the proportion of cork in the mixture 
increases, there is a corresponding increment in ionic leaching with a 
corresponding increase in the measured ionic conductivity. This obser-
vation suggests that the incorporation of cork into the dry powders 
hinders the reticulation of the geopolymeric matrix and its release of 
ions into solution is high [31]. Conversely, when CW is incorporated into 
the sample as a filler with the primary purpose of reducing density or 
increasing lightness, the ionic conductivity values remain relatively low 
and close to that of the matrix (GP0). This consistency implies that the 
presence of cork does not significantly disrupt or alter the cross-linking 
and structure of the geopolymeric matrix, confirming the results of 
Fig. 2. Consequently, it can be concluded that the preparation process 
adopted for the samples 95GP0-5CW and 90GP0-10CW, where CW is 

added as a filler has the least effect on the chemical stability of the 
composite in water for a short period of time (24 h) compared to the 
process where cork dust is added to MK. This result highlights its po-
tential utility in achieving lightweight geopolymer composites without 
compromising chemical properties. 

3.2. FT-IR characterization 

In the FT-IR spectrum of GP0 aged 28 days, the absorption bands 
appear very similar to those of composites containing cork dust. In 
particular, the samples with the highest cork content, 10 wt%, added 
before and after the alkali activation, show almost overlapping vibra-
tional spectra (Fig. 4). Apart from the bands at 3440 cm− 1 and 
1650–1640 cm− 1, which are assigned to the stretching and bending 
modes of the –OH groups in water and cork cellulose [25,26,32], the 
spectra are dominated by a characteristic feature of the geopolymer 
matrix is the Si–O-T (T = Si, Al) band at about 1030 cm− 1. This peak is 
very important because it is used to follow the formation of geopolymer 
network, in fact this peak in the metakaolin powders is usually at 1080 
cm− 1 and this band shifts to a lower wavenumber (1030 and 1015 cm− 1) 
suggesting the increase of Si–O–Al bonds [33–35], especially for sample 
90GP0-10CW. The introduction of Al into the Si–O–Si network brings a 
Na+ ion as a charge balance, thus reducing the amount of sodium 
leached during immersion in water (see Fig. 3). 

Not clearly visible, but very interesting, is the shoulder positioned at 
about 870 cm− 1, which is assigned to the Si–O- non-bridging oxygen 
(NBO) stretching mode with one NBO involved per SiO4 tetrahedron (Q3 

Fig. 2. Weight loss of all geopolymers after 24 h immersion in water (samples were aged for 28 days before test).  

Fig. 3. Ionic conductivity of the water after immersion of all samples compared with GP0 (The reproducibility of the test was calculated to be within an error of 5 %).  
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groups, requiring 3 bridging O and 1 NBO per SiO4 tetrahedron) [36]. 
The presence of NBO can result from protonation of the siloxane bridges 
in acidic media, but also the presence of silanol groups, SiOH, are 
compatible with Q3 groups [37]. The peak detected at 800 cm− 1, 
attributed to Si–O bending [37], indicates the presence of quartz [25], 
while the band at 560 cm− 1 is related to Al–O vibration in six-fold co-
ordination [38,39]. The band at 470 cm− 1 is assigned to the Si–OH 
bending mode [25]. In addition, the absorption band at 1420 cm− 1 is 
attributed to carbonate stretching [40], and the bands at 470–450 cm− 1 

are ascribed to the Si–O–Si and O–Si–O bending modes [25,26,32]. 
The medium broad band at 474 cm− 1 is attributed to Al–O vibra-

tions, while the peaks around 450 cm− 1 could be attributed to Fe–O 
vibrations [41]. Finally, Ti–O absorption broad bands are assigned 
around 430 cm− 1 [41]. 

The distinctive features of cork manifest as peaks at 3400 cm− 1 

(indicative of the –OH bond), 2920 cm− 1, and 2850 cm− 1 (representing 
stretching), along with a peak at 1737 cm− 1 (indicative of bending) 
[24]. Paraffin content is discernible at 1459 cm− 1 (reflecting bending) 
[42], while polyurethane glues can be identified by the peaks at 1235, 
1156, and 1094 cm− 1 (associated with bending), as well as at 721 cm− 1 

(indicative of bending-rocking) [24,43]. 
As can be seen (Fig. 4), the spectra are almost identical, allowing us 

to assert that the analysis of the vibrational spectra does not allow the 
definition of a significant distinction between the geopolymerization 
degree of the two different samples as fine as the ionic conductivity can 
do. At short range order, second or third coordination spheres around Si 

Fig. 4. FT-IR spectra of GP-10CW and 90GP0-10CW.  

Fig. 5. XRD spectra of: A) GP-10CW and 90GP0-10CW compared with MK powder and MK-based geopolymer GP0; B) Enlargement of spectra A at the same intensity 
in the range 15–40◦ in 2 theta. 
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or Al, we can assess that the CW does not affect the geopolymerization. 

3.3. XRD characterisation 

Mineralogical analysis was performed on all samples (Fig. 5). Inter-
estingly, the spectra of the remaining samples (GP-2CW, GP-5CW, GP- 
7CW, and 95GP0-5CW) mirrored those of the two spectra shown in 
Fig. 5a. The comparison focused exclusively on these two spectra due to 
their notably high cork content, indicating the likelihood of significant 
changes being evident in these specific samples. 

In the diffraction pattern of GP0 (Fig. 5a), a diffuse reflection is 
clearly visible, indicating the typical broad band of the amorphous 
aluminosilicate structure. In addition, there are distinct sharper peaks 
identified as anatase and alpha-quartz. The diffraction patterns of all 
samples are similar and show these characteristic features. All three 
geopolymers exhibit diffuse reflections typical of an amorphous alumi-
nosilicate network at about 26–28◦ in 2θ, with a slight shift toward 
higher values with respect to the position of the pristine metakaolin 
(Fig. 5b) [26,44]. In Fig. 5b, it can be seen that the characteristic peak of 
geopolymers between 20 and 35◦ remains unaffected, with no discern-
ible shift attributed to the cork dust, whether added before or after alkali 
activation. 

The XRD analysis can be considered as a qualitative approach to 
define the 3D aluminosilicate network of the geopolymer, which in this 
case shows three spectra that are almost identical, demonstrating that 
we cannot estimate any obvious change in the chemistry of the geo-
polymer by part of the cork. 

3.4. Apparent density, real density and porosity 

Fig. 6 shows the variation of apparent density, real density, and 
porosity as a function of cork percentage. Apparent density decreases as 
cork percentage increases for both series of cork-containing composites 
aged 28 days. Cork is a lightweight and inherently porous material that 
is very sensitive to moisture, causing the composite to become lighter 
[45]. 

A single wine cork stopper contains approximately 700 million cells, 
a result of the intricate cellular composition of the inner bark of the cork 
oak, which consists of independent tetra-decahedron cells. Even after 
processing, this cellular arrangement is maintained in cork stoppers 
[46]. 

The real density decreases as the percentage of cork increases over 

the 28 days, in accordance with the change in bulk density. 
The evolution of total porosity (Fig. 6) mirrors the observations in 

Fig. 2, reflecting the corresponding water loss values; in addition, it is 
possible to see the evolution of the porosity over the 28 days of ageing. 
In particular, the sample with the highest addition of cork waste before 
alkali activation has an exceptionally high porosity value, around 35 %. 
When cork is added after alkaline activation, the porosity reaches up to 
42 % for both compositions. It is crucial to note that metakaolin-based 
geopolymers inherently possess nano porosity in the range of 35–40 
%, characterised by nano pores within the mesoporous scale (2–50 nm) 
[47]. The challenge arises from the complicated evaporation of 
condensation water through these ultrafine pores, which is exacerbated 
by the introduction of cork powder, accompanied by the formation of 
voids around it due to the difficult workability of the material in its fresh 
geopolymer paste state. The difficult workability may have affected the 
homogeneity of the samples and biased the porosity value in the sample 
containing 7 wt% cork, as the value is lower than in the 2 and 5 wt% 
additions. 

The results obtained are in agreement with literature data [19], as 
the percentage of cork increases, the density of the composite decreases, 
resulting in a light and very porous material. Probably, the high porosity 
value allows obtaining a good insulator, as demonstrated by the authors 
in a previous work [10]. 

3.5. Chemical stability in acid 

After preparing solutions of HNO3 and H2SO4 at the two concen-
trations, 0.5 and 2.5 N, the samples were immersed for 10 days. Initially, 
the samples were immersed in the least concentrated solutions. As 
shown in Fig. 7 and detailed in the graph of the mechanical properties 
(see details in Fig. 13), the samples exhibited strong resistance to acid 
attack after 10 days. Subsequently, we immersed the samples in more 
concentrated acidic solutions, which produced significantly different 
results. The percentage loss increased dramatically as the CW addition 
increased, consistent with the porosity results. 

Sulfuric acid has a slightly higher disruptive effect compared to nitric 
acid, but the concentration of the two acids is the main player, sup-
porting the model of the depolymerization/degradation of aluminosili-
cate 3D network in acidic media reported in the literature [48–51]. In 
particular, the depolymerization process starts with the exchange of H+

for Na+, thus creating a number of new Al–O–H as well as Si–O–H bonds, 
which causes the loss of mass of part of the geopolymeric matrix. The 

Fig. 6. Real density, apparent density and porosity of all geopolymers aged 28 days.  
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cork is almost unaffected by the acidic environment, as reported in the 
literature [52]. 

For samples 95GP0-5CW and 90GP0-10CW, the weight loss is higher 
than for the other series of samples. This chemical instability in acid can 
be correlated with the evolution of the porosity of these two samples 
(95GP0-5CW and 90GP0-10CW), which resulted to higher than the two 
corresponding GP-5CW and GP-10CW, rather than the total amount of 
cork (see also Fig. 6). 

3.6. SEM observation 

Fig. 8 presents the Scanning Electron Microscopy (SEM) image of 
cork waste showing its typical irregular surface structure, characterised 
by a network of small voids, pores, and grooves. The distinctive porous 
composition of cork, essential for its insulating properties, is evident, 
with a multitude of pores and voids clearly visible within the structure. 

In Fig. 9, SEM images of geopolymers containing cork waste are re-
ported. In particular, the cork waste is visible within the geopolymer 

matrix (purple rectangle) without affecting the peculiar geopolymer gel 
morphology, as already seen by XRD and FT-IR analysis. Within the 
yellow rectangle, the characteristic microstructure of the geopolymer is 
evident. In addition, the presence of crack deflections (red rectangle) is 
attributed to exposure to air and excessive water penetration due to the 
presence of cork waste. Pores are also clearly visible, as indicated by the 
white arrow. 

In Fig. 10, the focus shifts to samples containing 10 wt% cork, added 
before and after the alkaline activation. In the GP-10CW sample, 
unreacted cork is observed (purple rectangle), accompanied by crack 
deflections (red rectangle) and pull-outs (green rectangle). Meanwhile, 
the 90GP0-10CW sample shows a notable abundance of unreacted cork 
sites (purple rectangle) and visible pores (white arrow). 

After treating the samples with acids, we performed SEM analysis to 
examine the effect on their microstructure. In order to identify specific 
areas for investigation, we used phenolphthalein 1 % solution to 
determine the extent and locations of acid penetration. In Fig. 11, it is 
evident that the pores (white rectangle) suffered damage upon exposure 
to the H2SO4 [53]. In addition, the H2SO4 caused structural degradation 
resulting in the formation of distinct grooves (black arrow). These 
grooves, resulting from sulfuric acid exposure, should not be confused 
with crack deflections (red rectangle). This distinction is clearly seen in 
Fig. 11c. Importantly, the cork material (purple rectangle) remained 
remarkably inert to this type of chemical attack. 

In the concluding phase, the infiltration of sulphur into the micro-
structure of the geopolymer matrix was investigated by EDS. Fig. 12 
shows the SEM image of the 90GP0-10CW sample, supplemented by EDS 
data from four distinct areas, spanning from the innermost to the 
outermost regions. Notably, the analysis shows a decrease in sulphur 
penetration as one approaches the core of the geopolymer. This obser-
vation suggests that the interior of the geopolymer has experienced a 
comparatively milder chemical attack, which would be expected to 
preserve its structural performance (see next paragraph). 

The Na profile (not reported here) is the opposite of the sulphur 
profile, demonstrating the ionic exchange with H+ as expected from 
previous studies and modeling [54]. 

3.7. Mechanical properties 

Compressive strength tests were performed on all the geopolymer 
samples after 28 days of ageing. Fig. 13 shows their compressive 
strength before the exposure to acid attack. The introduction of waste 
cork reduces the mechanical properties while making the material 
lighter. Geopolymers with cork added after alkali activation are 

Fig. 7. Weight loss (%) of the 28 aged samples after additional 10 days of immersion in HNO3 and H2SO4.  

Fig. 8. Scanning Electron Microscopy (SEM) image, backscattered detector, of 
the as-received cork waste dust. 
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exceptionally light and porous, resulting in significantly reduced me-
chanical strength. The low strength is primarily due to the presence of 
cork; when added after alkali activation, it assumes a disordered 
arrangement within the geopolymer network and absorbs excess water 
from the geopolymer paste. Remarkably, this does not interfere with the 
geopolymerization process, as previously observed. This phenomenon 
can be observed even with small amounts of cork, as in the case of 
95GP0-5CW. 

After testing the geopolymers before and after immersion in acids, 
the results were compared (Figs. 14 and 15). Mechanical properties 
remained fairly consistent when extracted from low concentration acid 
solutions. However, at higher concentrations, the results differed. 

In particular, Fig. 15 shows that the two composites containing cork 
after alkali activation, namely 95GP0-5CW and 90GP0-10CW, were 
omitted from the test. This omission was not due to their inability to 
withstand the acid attack, as the weight loss was not excessive. Rather, 
the cork had absorbed so much acid solution that it disintegrated under 
minimal pressure. In contrast, the other samples, GP-2CW, GP-5CW, GP- 
7CW, and GP-10CW, were tested and showed lower values. The differ-
ence in performance between these two series of formulations is pri-
marily due to the ability of the cork to absorb a significant amount of 
acid solution due to its high porosity and increased diffusivity within the 
bulk sample. 

As a final remark on the results of the mechanical resistance after the 

Fig. 9. Scanning Electron Microscopy images taken at low magnification of A) GP-2CW; B) GP-5CW C) GP-10CW; D) 90 GP-10CW, before acid attack.  

Fig. 10. Focus on sample GP-10CW (left) and 90 GP-10CW (right), before acid attack.  
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acid immersion of the samples, we can assess that the ionic exchange of 
H+ or H3O+ for Na+ is indeed the most aggressive process [55,56]. The 
two acids have the same normality, that is to say that they have the same 
concentration of H+ and produce the same reduction in mechanical 
performance, regardless the type of anion, either sulphate or nitrate. The 
permeation of the acid with the composite volume is also proportional to 
the porosity as well as the diffusivity, indicating that the microstructure 
plays a relevant role [57]. The presence of cork dust as a filler favours 
the penetration of the acid solution and accelerates the degradation of 
the composite. 

4. Conclusions 

With the aim of increasing the sustainability of building materials, a 
possible insulating composite material is formulated with a metakaolin- 
based geopolymer, as the matrix, to which the as-received cork dust by- 
product was added as filler or lightweight aggregate. The composite 
material can be prepared either by mixing the cork dust with the dry 
metakaolin or by adding the cork to the MK-based geopolymer paste 
already mixed with the alkaline activator solutions. The two mixing 
procedures result in two different types of composites, both hardened at 
room temperature, which differs mainly in the microstructure rather 

Fig. 11. Scanning Electron Microscopy images taken at low magnification after acid attack of A) GP-2CW; B) GP-5CW C) 90 GP-10CW inner part; D) 90 GP- 
10CW surface. 

Fig. 12. SEM and EDS analyses of sample 90GP0-10CW with an enlargement around the peak of sulphur 2.3 keV to evidence the penetration of sulphate ions, as 
visualised via the phenolphthalein test. 
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than in the degree of reticulation of the geopolymer matrix. The final 
performance of the composite was tested starting from its stability in 
water, acid, and under compression. In the acidic environment, it was 
shown that the degradation mechanism starts from the exchange of H+

for Na+, such sodium balancing the charges of the [AlO4] tetrahedra, 
when it is absent, makes the originally stable non-bridging oxygen active 
again, promoting hydrolytic reactions. Newly formed hydroxyls (silanol 
species) cause further swelling of the structure. The results indicate that 
a control of the microstructure, in terms of density and porosity, is 

necessary to achieve the adequate performance of the hardened com-
posite. The control on the microstructure can be obtained by the dosage 
of the cork dust and the correct mixing procedure. 
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Fig. 13. Compressive strength of all samples (28 days of ageing) before acid attack.  

Fig. 14. Compressive strength (MPa) of all the samples before and after acid attack at low concentration (0.5 N).  

Fig. 15. Compressive strength (MPa) of all the samples before and after acid attack at high concentration (2.5 N).  
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