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Effects of the 
addition of graphene on 
the compressive strength of 
geopolymeric mortar developed 
from k-feldspar mining waste 
Abstract

Contemporary organizations are showing a growing interest in the reuse 
of solid waste from industrial processes with the intention of reducing environ-
mental impacts and reducing costs. The mining activity is one of the main waste 
generators in Brazil. In parallel, geopolymeric materials have been gaining promi-
nence in studies that make it a possible substitute for ordinary Portland cement, 
due to its environmental advantages. Therefore, the present research proposes to 
study the feasibility of using K-feldspar mining waste as a possible raw material 
for the manufacture of geopolymer cements. In addition, in line with the latest 
technological trends, the addition of multi-layered graphene was evaluated as a 
structural reinforcement for geopolymeric mortar. Graphene was added in three 
percentages: 0.1 wt.%, 0.3 wt.% and 0.5 wt.%. Specimens were produced in or-
der to evaluate the compressive strength of these materials. As a complementary 
characterization, the analysis of EDX, laser diffraction particle size and XRD 
of the waste were performed, as well as SEM and TEM analysis of the graphene 
used. The results showed that the geopolimerization was effective and that the 
0.5% graphene content promoted a significant increase of 65% in the compressive 
strength. It is concluded, therefore, that with the achieved mechanical strength 
values, the studied waste can be applied as mortar in auxiliary structures using 
the geopolymerization technique and that graphene can be used to promote in-
creases in the mechanical strength of the material produced.
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Social responsibility and sustainabil-
ity have become constant concerns in the 
current world geopolitical scenario. Thus, 
organizations are developing measures to 
evaluate environmental performance and 
investing in sustainable practices in order 
to increase medium to long term gains 
(Gomes, 2017).

The mining industry plays a promi-
nent role in this scenario, and according to 
Araújo et. al (2012), it is an indispensable 
sector for the country's economy, being 

the foundation of the production chain, 
since the products generated by mining 
operations are present in the daily life of 
society in a significant and substantial 
way. However, with the exception of its 
relevance, mining has the ability to provide 
numerous negative environmental impacts.

The waste generated by mining pro-
cesses has been responsible for numerous 
environmental impacts, making it a target 
for studies aiming to reuse this material 
(Gomes, 2017). From 1996 to 2005, min-

ing waste generation increased from 202 
million tons to 290 million tons in 2005, 
an increase of 1.4 times.

Meanwhile, the need to reduce en-
ergy consumption and CO2 emissions is 
a constant requirement for the Portland 
Cement industry, forcing the improvement 
of manufacturing process efficiency as well 
as the reusing of waste and by-products 
from other industries (Yun-Ming et al., 
2016). Geopolymer cements appear as a 
new class of high-performance materials 

1. Introduction
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2. Materials and methods

Initially, the chemical analysis of 
the K-feldspar extraction tailings was 
performed in a Shimadzu EDX-720® in 
order to identify and quantify the present 
oxides. The tests were performed with 
powder samples, after drying, arranged 
in a sample holder and covered with 
TF-250 Polypropylene Film. A vacuum 
atmosphere was used. The purpose of this 
test was to identify the oxides present and 
their concentrations.

The laser diffraction particle size test 
using the CILAS 1190® was performed to 
measure the particle size distribution of 
the waste and X-ray diffraction was done 
in the Shimadzu XRD6000® to determine 
the present phases. Measurements were 
made in an aqueous medium with an 
obscurity value of approximately 15%, 
using 60 seconds of ultrasound and using 
the Fraunhofer model.

X-ray diffraction tests were per-
formed to detect the phases present in the 
K-feldspar waste and compare with the 
phases identified in the samples after geo-
polimerization, in particular the samples 
with 0 wt.%; 0.1 wt.%; 0.3 wt.% and 0.5 
wt.% graphene. The scan angle used was 
5º <2θ <80º, with a scan speed of 2º / min 
and a copper target was used.

For the study of graphene, we 
used a scanning electron microscopy 
(SEM) technique in SEM TESCAN® 
Vega 3. A voltage of 30kV was used in 
Tungsten filament. The image was taken 
at magnification of 32,000 times with 

secondary electron detector, in order 
to assess the morphology and aspects 
of the graphene layers.

For further visualization of gra-
phene morphology, images were made in 
the Transmission Electron Microscope 
(TEM) JEOL®JEM 2100. Operated with 
LaB6 cathode at 200 kV. A drop of a pow-
der immersion in 2 propanol was placed 
on a holey carbon coated copper TEM 
grid (model S1474, supplied by Plano®), 
and dried in air before investigation.

The K-feldspar waste was sieved 
through a 5mm sieve and dried in a 
muffle oven at 120ºC for 3 hours before 
it could be subjected to the geopolymer-
ization reaction.

Mixtures were made by adding  
2 wt.% and 4 wt.% respectively of so-
dium hydroxide and sodium silicate as 
activating solutions. The Alkaline so-
dium silicate (type C-122, 14.8% Na2O) 
was supplied by Phosther Tecnologia de 
Aglomerações® and sodium hydroxide 
(50% aqueous solution) supplied by Sulfal 
Química Ltda®.

 Graphene was supplied as a powder, 
presenting 99.94% purity, by the company 
Phosther Tecnologia de Aglomerações®, 
which developed a multilayer graphene 
synthesis method that allows it to obtain 
lower production costs and allowing sell-
ing prices compatible with the cement 
market. The material presents a 99.94% 
purity, and a heterogeneous structure that 
varies from 30 to 50 layers. Mendonça 

(2020) presents a further characterization 
of this product.

 Graphene was added in three 
proportions: 0.1 wt.% (sample G0.1); 
0.3 wt.% (G0.3 sample) and 0.5 wt.% 
(G0.5 sample) and G0 sample as reference 
sample without graphene reinforcement.

After mixing, specimens were pre-
pared according to the ABNT NBR 
16697:2018 standard for Portland CP-II 
cement. As there is a shortage of standards 
for geopolymeric materials, a standard 
for Portland cement was used, which is, a 
priori, the material that geopolymers are 
intended to partially replace.

 The samples were pressed in a 
hydraulic press with a load of approxi-
mately 9 tons, generating specimens of 
10 cm height x 5 cm diameter. The ma-
terials were cured at 80ºC for 720 min-
utes (12 hours). Yun-Ming et al. (2016) 
states that the temperature used for 
curing geopolymers should be between 
20 ° C and 100 ° C in order to allow 
a correct geopolymerization reaction. 
Arioz, Arioz and Koçkar (2014) men-
tions that the increase in both curing 
temperature and curing time allows the 
obtaining of geopolymers with greater 
compressive strength, considering that 
for times longer than 15 hours, he did 
not obtain any strength improvement.

 The specimens were tested ac-
cording to the ABNT NBR 16697:2018 
standard to determine the maximum 
compressive strength value.

for structural applications being a min-
eral binder capable of totally or partially 
replacing Portland Cement (Turner and 
Collins, 2013; Mehta and Siddique, 2016).

Finally, graphene can be extracted 
from graphite through a process known 
as chemical exfoliation and is extremely 

light and resistant. When used as a filler 
in composites, it is possible to achieve 
higher strengths. It has excellent me-
chanical, chemical, electrical, thermal 
and optical properties. It is a great 
conductor of heat and electricity and 
chemically reacts well when mixed with 

other materials (Yan et al., 2015).
The main purpose of this study was to 

investigate a possibility of reusing the k-feld-
spar extraction waste for the manufacture 
of geopolymers and then adding graphene to 
the material produced in order to promote an 
increase in its mechanical strength.

3. Results

X - ray fluorescence analysis results of the waste can be seen in Table 1. The values are presented in wt.%.

Table 1 – Oxide concentration in waste sample.

Oxides Weight (wt.%)

Al2O3 51.2

SiO2 36.6

K2O 7.8

MgO 3.1

Fe2O3 1.3
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X-ray diffraction test of the waste 
sample is shown in Fig.2. The fol-
lowing five phases were identified in 

the gray waste: muscovite, quartz, 
orthoclase, albite and kaolinite. The 
respective cards in the ICDD database 

are: 841305, 861628, 860439, 832215 
and 751593.

Table 2 – Particle size values of the K-Felspar waste.

Diameters Values (μm)

 D10 2.99

D50 8.60

D90 17.85

D-average 9.65

Figure 1 – Particle size distribution of the K-Feldspar waste.

Figure 2 – K-Feldspar waste diffractogram.

Fig. 3 presents a SEM image with 
32,000 times magnification of the gra-

phene used, obtained with secondary 
electron detector. Fig. 4 shows two 

TEM images obtained according to the 
methodology mentioned above.

Laser diffraction particle size 
analysis for the K-feldspar waste  
results can be seen in Table 2. D10, 
D50 and D90 correspond to the total 

of diameters at 10%, 50% and 90% 
of the sample. D-average corresponds 
to the average particle size of the ma-
terial. Fig. 1 presents the histogram 

obtained in the same laser diffraction 
particle size analysis, showing the par-
ticle size distribution of the sample.
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   Figure 5 – Compressive Strength as a function of graphene concentration.

Samples Compressive Strength (MPa)

Sample 0% 2.02 ± 0.32

Sample 0.1% 2.08 ± 0.40

Sample 0.3% 2.79 ± 0.29

Sample 0.5% 3.32 ± 0.68

Table 3 – Compressive strength values for samples without graphene and with addition of different graphene proportions.

After performing the compres-
sive strength test on samples without 

graphene and with different portions 
of graphene, the values obtained were 

as shown in Table 3 and Fig. 5 below.

Figure 4 – TEM images of graphene used.

Figure 3 – SEM image of graphene used.

(a) (b)
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The diffractograms of samples 
with 0 wt.%; 0.1 wt.%; 0.3 wt.% and 
0.5 wt.% graphene are shown below 

in Figures 6, 7, 8, 9, respectively. As 
can be seen in Fig.6, the following 
five phases were identified in the 0G 

sample: muscovite, quartz, albite, ka-
olinite and zeolite (hydrated aluminum 
and sodium silicate).

Notice in Figure 7, the follow-
ing four phases were identified in the 
sample with 0.1% graphene: mus-

covite, quartz, kaolinite and zeolite 
(hydrated aluminum and sodium 
silicate). The respective cards in the 

ICDD database are: 841302, 832466, 
750938 and 800700.

As shown in Fig.8, the following four 
phases were identified in the 0.3G sample: 

muscovite, quartz, kaolinite and zeolite 
(hydrated aluminum and sodium silicate). 

The respective cards in the ICDD database 
are: 841302, 832466, 750938 and 800700.

Figure 6 – Diffratogram of the sample with 0% graphene.

Figure 7 – Diffratogram of the sample with 0.1% graphene.

Figure 8 – Diffratogram of the sample with 0.3% graphene.
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As shown in Figure 9, the following 
four phases were identified in the 0.5G sam-

ple: muscovite, quartz, kaolinite and zeolite 
(hydrated aluminum and sodium silicate). 

The respective cards in the ICDD database 
are: 841302, 832466, 750938 and 800700.

4. Discussion

The EDX result of the K-feldspar 
waste show the remarkable presence of the 
oxides Al2O3 and SiO2, which, according 
to Yun-Ming et al. (2016), are primordial 
oxides in the manufacture of geopoly-
meric materials and both are in adequate 
proportions to justify the obtaining of 
cements with good mechanical properties.

Particle size measurement of the 
waste shows reasonably small particles. 
This, added to the fact that the material 
was sieved at 5mm and dried before being 
submitted to the other tests, corroborates 
to an efficient geopolymerization reaction 
and to uniform samples.

The Xpowder® software was used 
to analyze the diffractograms generated in 
the XRD analysis. As can be seen in Fig. 
1, the following five phases were identified 
in the waste: muscovite, quartz, ortho-
clase, albite and kaolinite. The respective 
cards in the ICDD database are: 841305, 
861628, 860439, 832215 and 751593. The 
results show the typical phases present in 
aluminosilicates normally submitted to 
successful geopolymerization reactions, 
as will be explained below.

In the SEM image of graphene, it 
is possible to observe the multi-layered 
graphene layers overlapping. The mate-
rial consists of several overlapping thin 
layers. As there are very thin layers, it is 
noted that is possible to see the edge of the 
bottom layer through the center of the top 
layer. Therefore, the information that it 
is a multi-layered material is confirmed. 
TEM images reinforce what was observed 
in SEM images and allow a better visual-
ization of the appearance of the sample, 

showing multiple layers of graphene. It is 
possible to observe in the image Fig.4b 
that when focusing on edges, it is possible 
to observe in more detail the presence of 
overlapping layers.

The compressive strength results 
with 1 day of age after curing, shown in 
the graph of Fig. 5 helps us to visualize 
the variation of the compressive strength 
as the graphene is added. With the ad-
dition of only 0.1 wt.% graphene, there 
was practically no change in strength 
when compared to the reference sample. 
However, from this sample, there is a 
trend of linear growth, in which an in-
crease in strength of 0.3G in relation to 
0.1G and apparently of 0.5G in relation 
to 0.3G is observed. However, the 0.5G 
sample showed a high standard deviation. 
The maximum increase in compressive 
strength achieved was 65%.

When comparing the data two by 
two, it showed that the 0.3G and 0.5G 
samples are statistically equal and there 
was no real increase from one sample to 
another, due to the fact that the standard 
deviation of the two samples overlap. To 
confirm this, an analysis of variance test 
(ANOVA) was performed with the values 
obtained for samples 0.3G and 0.5G. 
Values of F = 2.5699 and p = 0.147576 
were obtained in the test. As p>0.01, it is 
concluded that, at a significance of 1%, 
there was no variation for the compres-
sive strengths of 0.3G and 0.5G. The 
same comparison was performed in pairs 
between the reference sample and 0.3G, 
and between samples 0.1G and 0.3G. The 
results presented values of F = 15.89544 

and p = 0.004023 for the first case and 
F = 12.86244 and p = 0.007121 for the 
second case, so that the result is significant 
at p <0.01 for both cases.

Therefore, it is confirmed that the 
graphene additions show a significant 
increase in the compressive strength of 
the samples with 0.3 wt% and 0.5 wt% 
of graphene. This is in accordance with 
the data presented by Muraleedharan and 
Nadir (2021), which show that the addi-
tion of nanostructured reinforcements in 
granite waste geopolymers contributes to 
higher compressive strengths, especially at 
early ages, as is the case in our study, in 
which a time of 1 day of age after curing 
was applied. Guo et al. (2020) obtained 
an increase around 2.9%–16.3% for com-
pressive strength in graphene reinforced 
geopolymers. The authors promoted the 
study in furnace slag and fly-ash based 
geopolymers.

The raw materials used had a D-
average particle size equivalent to 13.73 
and 9.68 respectively. Considering the 
waste used in this study, they presented 
a D-average of 9.65, and it is observed 
that the increases in compressive strength 
obtained were satisfactory.

Ranjbar et al. (2015) performed 
a study on fly-ash based geopolymers 
reinforced with graphene nanoplatelets. 
The highest compressive strength was im-
proved by 1.44 times with the 1 wt.% gra-
phene addition. As noted by the authors, 
it is possible to achieve higher increases 
in compressive strength with greater 
additions of graphene. However, in this 
situation, it is necessary to obtain a good 

Figure 9 – Diffratogram of the sample with 0.5% graphene.
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5. Conclusions
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