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Abstract: Nowadays, effective and eco-friendly ways of using waste materials that could replace
natural resources (for example, sand) in the production of concrete composites are highly sought.
The article presents the results of research on geopolymer composites produced from two types of
waste materials—hemp and fine fractions recovered from recycled cement concrete, which were both
used as a replacement for standard sand. A total of two research experiments were conducted. In the
first experiment, geopolymer mortars were made using the standard sand, which was substituted
with recycled fines, from 0% to 30% by weight. In the second study, geopolymers containing organic
filler were designed, where the variables were (i) the amount of hemp and the percent of sand by
volume (0%, 2.5%, and 5%) and(ii) the amount of hydrated lime and the percent of fly ash (by weight)
(0%, 2%, and 4%) that were prepared. In both cases, the basic properties of the prepared composites
were determined, including their flexural strength, compressive strength, volume density in a
dry and saturated state, and water absorption by weight. Observations of the microstructure of the
geopolymers using an electron and optical microscope were also conducted. The test results show that
both materials (hemp and recycled fines) and the appropriate selection of the proportions of mortar
components and can produce composites with better physical and mechanical properties compared
to mortars made of only natural sand. The detailed results show that recycled fines (RF) can be a
valuable substitute for natural sand. The presence of 30% recycled fines (by weight) as a replacement
for natural sand in the alkali-activated mortar increased its compressive strength by 26% and its
flexural strength by 9% compared to control composites (compared to composites made entirely
of sand without its alternatives). The good dispersion of both materials in the geopolymer matrix
probably contributed to filling of the pores and reducing the water absorption of the composites. The
use of hemp as a sand substitute generally caused a decrease in the strength properties of geopolymer
mortar, but satisfactory results were achieved with the substitution of 2.5% hemp (by volume) as a
replacement for standard sand (40 MPa for compressive strength, and 6.3MPa for flexural strength).
Both of these waste materials could be used as a substitute for natural sand and are examples of an
eco-friendly and sustainable substitution to save natural, non-renewable resources.

Keywords: recycled fines; hemp filler; alkali-activator; eco-friendly fillers; CO2 emissions; circular
economy

1. Introduction

During the cement production process, large amounts of carbon dioxide are emitted.
The cement industry alone accounts for approximately 4.1% of the EU’s and around 8 to
10% of world’s anthropogenic CO2 emissions [1]. Carbon dioxide in cement production is
emitted in two primary ways: the calcination of calcium carbonate and fuel combustion
in the cement kiln as well as in two indirect ways: electrical energy consumption for
running the process equipment in the cement plant and for the transportation of raw
materials and cement [2,3]. Over time, strategies to reduce the CO2 emissions have been

Materials 2021, 14, 4580. https://doi.org/10.3390/ma14164580 https://www.mdpi.com/journal/materials

https://www.mdpi.com/journal/materials
https://www.mdpi.com
https://orcid.org/0000-0002-8806-8637
https://orcid.org/0000-0003-1760-3943
https://orcid.org/0000-0003-4141-8238
https://doi.org/10.3390/ma14164580
https://doi.org/10.3390/ma14164580
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/ma14164580
https://www.mdpi.com/journal/materials
https://www.mdpi.com/article/10.3390/ma14164580?type=check_update&version=2


Materials 2021, 14, 4580 2 of 19

developed: improving production processes, modernizing equipment, replacing primary
fuels with alternative fuels created from waste, optimizing the cement composition, and
recovering heat energy from the production processes [4]. However, almost half of the CO2
is produced from the calcination process in the kiln where the conversion of raw materials
takes place. It has been estimated that on average for cement plants around the world, CO2
emissions from the calcination process amount to nearly 50%, while the emissions from
fuel combustion amount to about 40% of total emissions [3,5]. Therefore, it is beneficial for
the environment to replace part of the cement clinker with supplementary cementitious
materials, such as blast furnace slag [6], fly ash [7], and natural pozzolan [8], to significantly
reduce the CO2 emissions.

It is estimated that the synthesis of alkali-activated binders is a much less energy-
consuming process than that of the production of Portland cement and produces 4–8 times
less carbon dioxide [9]. Regarding the terminology and difference between “geopolymers”
and “alkali-activated binders”, Davidovits [10] mentions that alkali-activated materials
cannot be called geopolymers; however, in the literature, both the terms have been used in-
terchangeably. Therefore, in this article both “geopolymers” and “alkali-activated mortars”
have also been used interchangeably. One of the main drivers of geopolymer technology is
the possibility of creating a real alternative to cement concrete [10].

These materials can provide comparable performance to conventional concrete in a
range of applications but with the added advantage of significantly reducing greenhouse
(GHG) emissions [11]. For this reason, geopolymer is also called “green concrete”.

Research on the use of geopolymer composites in construction has been conducted
for many years [12–14]. Sun et al. produced a geopolymer from the alkaline activation of
ceramic waste using water glass and potassium hydroxide (KOH) as activators, and after
28 days, the specimens exhibited a compressive strength of 71 MPa [15]. However, it was
necessary to heat cure the material at a temperature of 60 ◦C. Reig et al. [16] evaluated the
influence of the alkaline activator concentration (NaOH and water glass) and the use of
Ca(OH)2 on mortars made from sanitary porcelain waste.

The produced specimens showed a compressive strength of 36 MPa when cured at
65 ◦C for up to 7 days. According to Zaharaki et al. [17], the strength of alkali-activated
specimens is affected by the molar concentration of the activating solution, i.e., NaOH. He
deduced that the optimum NaOH molarity of around 10 M for the alkali activation of slag
and C&D waste components.

However, at a high activator concentration, the workability of the geopolymer mixture
is especially reduced in the presence of porous C&D waste. Allahverdi and Kani [18]
developed a cement using the waste from a brick production plant and waste concrete that
was activated with NaOH in the proportion of 8% Na2O content concerning the binder.
Results obtained for 28-day compressive strength validated that waste brick was more
suitable than waste concrete for geopolymerization. The maximum 28-day compressive
strength achieved was 40 MPa for a system comprising only waste brick and containing 8%
Na2O by weight with respect to the dry binder. The strength increased with the increase in
Na2O percent. Research on geopolymer mortars containing NaOH/NaSi2O3 in the ratio
of 2.5 was conducted by Abdullah et al. [19]. This is a non-ecological solution due to the
higher content of harmful sodium hydroxide; hence, its use in the geopolymer should
be limited.

A less optimistic approach to the issues of geopolymer production was presented by
Habert et al. [20]. The authors agree that the production of such a binder has a slightly
lower impact on global warming than conventional concrete, whilst having a higher
environmental impact related to categories other than GHG gases. This is due to the
energy consumption in the production of sodium silicate. Geopolymer concrete made from
fly ash or granulated blast furnace slag requires less sodium silicate for activation than
geopolymer concrete produced from pure metakaolin. However, when the production
of fly ash and granulated blast furnace slag is taken into account during the life cycle
assessment, it appears that geopolymer concrete has a similar impact on global warming as
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conventional concrete. As such, future research and development in the field of geopolymer
concrete should focus on two potential solutions. First, the use of industrial waste that is
not recyclable within other industries, and second, the production of geopolymer concrete
should use a mix of blast furnace slag and activated clays. In addition, the production of
geopolymer concrete should aim to minimize the amount of sodium silicate solution that
is used. Furthermore, geopolymer composite production would gain from using waste
material with a suitable Si/Al molar ratio in order to minimize the amount of sodium
silicate solution used.

The aim of this research was to indicate that the geopolymer mortar produced from
recycled fines and hemp has comparable properties to cement mortar and is a more
ecological and environmentally friendly material. The second aspect was the possibility of
managing, on the one hand, waste material in the form of a recycled fine fraction, and on the
other, hemp as substitutes for natural sand in the mortar. The recycled fine is a by-product
resulting from the production of high-quality recycled aggregate (according to the authors’
patented method [21,22]). As a result of the thermo-mechanical treatment of concrete rubble,
up to 60% of the fine fraction (0–4 mm) is obtainable and can be used effectively with some
additional care. Previously, the use of recycled fines in concrete was not recommended due
to its unfavorable effects on the properties of fresh mix and the hardened composite [23].
However, during the last decade, the use of fine recycled aggregate has become more
important in concrete production because of economic implications related to the shortage
of natural sands commonly used in concrete production.

However, in the presence of fine recycled aggregate, worse concrete properties or those
that were comparable to the control were obtained [24–26]. During the thermal-mechanical
treatment of concrete rubble at the proposed temperature of 650 ◦C, all of the impurities
present in the rubble are burnt, thermally activating the recycled fines, and the material
partially regains its binding properties.

Hemp is one of the fastest growing plants on Earth and can be grown repeatedly. So
far, hemp or chips have mainly been used for lightweight concretes as organic fillers to
improve the insulation parameters of composites [27–29]. In the presented research, a new
use for hemp was found as a replacement for sand in alkaline-activated mortars. The use
of granulated blast furnace slag eliminates the need to heat-cure the geopolymer mortar,
which is usually necessary to stimulate the hardening process. This study may contribute
to the reduction of the consumption of non-renewable natural raw materials such as sand
and the management of waste such as recycled fines resulting from the processing of
C&D waste. Such activities may contribute to the protection of the natural environment.
According to the authors, this can be a positive contribution to the future of the construction
industry.

2. Materials and Methods
2.1. Characteristics of the Raw Materials

The fly ash (FA) that was used met the requirements of the standard EN 450-1:2012
“Fly ash for concrete—Part 1: Definitions, specifications, and compliance criteria”. It was a
very fine-grained powder that was obtained from an electricity-producing plant in Poland.
The chemical composition of the FA is presented in Table 1. The ground granulated blast
furnace slag (GGBS) was obtained from a Polish steelwork; its chemical composition is also
shown in Table 1.

Hydrated lime was used to improve the setting time and the early strength of the
geopolymer mortar. The chemical composition of hydrated lime, ground granulated blast
furnace slag (GGBS), and recycled fines (RF) are presented in Table 1.
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Table 1. Chemical composition of fly ash, granulated blast furnace slag, hydrated lime, and recycled fines.

Composition CaO FexOy SiO2 Al2O3 MgO SO3 Na2O K2O LOI Other Oxides

FA 2.14 4.97 54.6 25.3 1.8 0.37 0.84 2.8 4.37 2.81
GGBS 42.28 1.32 39.04 7.07 6.35 0.73 0.49 0.36 - 2.36

Hyd.Lime 51.01 0.38 3.92 2.74 0.28 - - 0.04 41.56 0.07
RF 17.40 3.10 58.0 5.9 1.59 0.58 0.95 1.49 10.37 0.62

Standard sand with a 0–2 mm particle size was used to prepare the samples. Hemp
(organic materials) was used as a filler to prepare the geopolymer specimens. Hemp is
a perennial crop that grows rapidly. It is a member of the family “Cannabaceae” in the
order “Urticales” (which includes in the nettle family). In northern Europe, a hemp plant
may reach a height of 1.5–4 m, whereas it can reach up to 10 m in height further south. It
can be refined into a variety of commercial items, including paper, clothing, textiles, rope,
biodegradable plastics, paint, insulation, and animal feed. Hemp fibres have high tensile
strength and are therefore advantageous for use in concrete and geopolymer products [30].
The hemp used in this research is shown in Figure 1, and its main properties are presented
in Table 2.
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Figure 1. Hemp shives used in the preparation of geopolymer mortar.

Table 2. The main properties of the hemp.

Properties Bulk Density in a
Loose State, g/cm3

Bulk Density in a
Compacted State,

g/cm3
Humidity, % Water Absorption, %

Hemp 1.17 1.30 1.60 401.94

The alkaline activator used to prepare the samples was an aqueous solution of sodium
silicate and sodium hydroxide of an 8 M concentration that was used in both experiments.
The mass ratio of sodium silicate (Na2SiO3) to sodium hydroxide (NaOH) was 1.0. NaOH
was selected based on studies by other researchers who showed that NaOH produced
higher compressive strength compared to KOH [31]. The activator was added to the
mixture in the amount of 60% of the binder weight to maintain the workability of the
fresh mortar.
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2.2. Research Methods

The bulk density of the hemp and the recycled fines were conducted according to
EN 1097-3: 2000. The skeletal density of the RF and the water absorption of hemp tests
were performed according to EN 1097-6: 2013. For the water absorption test, the hemp was
placed in nets and was weighed for immersion in water. The humidity was determined
from the different weights of the hemp in its natural state and when it was dried to a
constant weight.

The geopolymer mortar specimens (40 mm × 40 mm × 160 mm) were prepared in
accordance with EN 196-1: 2016 (Methods of testing cement. Determination of strength).
The flexural and compressive strength tests were performed according to EN 196-1: 2016.
The water absorbtion test was performed by determining the percentage increase in the
weight of the specimens when they saturated with water in relation to the weight of the
specimen in the dry state. After 28 days of curing, three samples from each series were
selected for water absorbtion tests. The samples were first weighed to determine their
initial mass, and they were then placed in an oven maintained at a temperature of 80 ◦C to
dry until a constant weight was achieved. The samples were then immersed in water until
a constant weight was obtained (Figure 2).
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Figure 2. Samples 40 mm × 40 mm × 160 mm during saturation.

The volume density in a dry state and in a saturated state were determined based on
EN 1015-10:1999 (Methods of test for mortar for masonry—Part 10: Determination of dry
bulk density of hardened mortar).

2.3. The Technology of Recycling Cement Mortar to Recycled Fines

To produce recycled fines for use in the experiment, debris from crushing 5-year-old
C35/C45 concrete road curbs were used, and the recycled fines were obtained based on
the thermo-mechanical treatment of concrete rubble according to the patent PAT.229887
Method [21]. First, the concrete elements were crushed to <4 cm dimensions in a laboratory
jaw crusher. The crushed material was then calcined at 650 ◦C for about 60 min in a chamber
furnace to weaken the bonding in the concrete mortar. After cooling, the heat-treated
material was machined in a Los Angeles drum containing 3 steel balls for 500 revolutions
(Figure 3a). The thermo-mechanical treatment method of the concrete rubble is described
in [22]. The material was then sieved through a 4 mm sieve to obtain fine fractions, which
were ground to a grain size of <0.125 mm and were used for further tests (Figure 3b).
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As it can be seen from Table 3, the bulk density of the recycled fines increased by 27%
as a result of compaction. Figure 4 shows the sieving curve of the tested recycled fines.

Table 3. The main properties of recycled fines (RF).

Properties Bulk Density in a
Loose State, g/cm3

Bulk Density in a
Compacted State,

g/cm3

Skeletal Density,
g/cm3

Recycled fines 1.05 1.33 2.67
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Figure 4. Sieve analysis curve for recycled fines; 0.125 mm size.

As shown by the test results in Figure 4, the content of the powder fraction (<0.063 mm)
in the tested recycled fines was approximately 64%. Figures 5 and 6 show the SEM
micrographs of the recycled fines calcined at a temperature of 650 ◦C and the electron-
dispersive spectroscopy (EDS) element analysis, respectively. EDS provides the possibility
of chemical composition analysis in very small and localized areas. The results of the
elemental composition analysis are presented in Table 4.
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Table 4. The results of the elemental composition analysis of recycled fines.

Element C O Al Si Ca

Weight (%) 7.6 41.7 0.7 6.9 43.2
Atomic (%) 13.7 56.9 0.5 5.3 23.5

Observations show that the recycled fines contain irregularly shaped particles with
a rough surface (Figure 5a). The visible particle damage (Figure 5b) is the result of the
thermal and mechanical treatment of the concrete rubble.

The analysis shows that the calcined recycled fines (RF) mainly consist of the CaO
resulting from the high-temperature dehydration of Ca(OH)2 (portlandite), which is avail-
able in the recycled mortars, and SiO2, which is the main component of the sand (used
in making concrete mortar) but that is also available in CSH gel. This is validated by the
chemical composition of the RF presented in Table 1.
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2.4. Experimental Design

There were two sets of experiments that were conducted. This first set of experiments
used the geopolymer mortar with a recycled fines, and the second set of experiments were
conducted using the geopolymer mortar with hemp.

2.4.1. Selection of Variables and Development of the Experimental Plan—With
Recycled Fines

An experiment based on one variable (X) was planned in order to investigate the
influence of the contents of the recycled fines on the selected properties of geopolymer
mortars. The percent variation of its contents is shown in Table 5.

Table 5. The percent content of recycled fines as sand replacement.

X
Contents of

recycled fines
0–0.125 mm

0% 10% 20% 30% replacement of
standard sand

Based on the above four percent contents (4 series), an experimental plan was estab-
lished. In the experiment, the compressive strength, flexural strength, dry and saturated
bulk density, and water absorption were tested. Table 6 shows the composition of the
geopolymer mortars depending on the percentage of the recycled fines. The initial amounts
of the components were assumed based on the composition of standard cement mortars.
The composition of the mixes was designed with a constant amount of fly ash, alkaline
activator, and activator/fly ash ratio. Standard sand was replaced with recycled fines in
amounts ranging from 0% to 30% by weight.

Table 6. The composition of the geopolymer mortars based on the content of recycled fines (on
3 samples 40 mm × 40 mm × 160 mm).

Component
Series

0 10% 20% 30%

Fly ash, g 450 450 450 450
Activator, g 270 270 270 270

Standard sand, g 1350 1215 1080 945
Activator/FA ratio 0.60 0.60 0.60 0.60
Recycled fines, g 0 135 270 405

After casting, the samples were placed in a laboratory oven for 24 h at 60 ◦C. The
samples were heat cured was to accelerate the mortar hardening process. After demolding,
the samples were cured in air-dry conditions. After 28 days, the samples were tested for
their physical and mechanical properties.

2.4.2. Selection of Variables and Development of the Experimental Plan—With Hemp

To better understand the relationship between factors such as hemp and lime and the
properties of geopolymer mortar, an experiment was conducted based on two variables:
X1-amount of hemp and X2-amount of lime. The detailed range of variability and the levels
of the analyzed factors are presented in Table 7.

Table 7. Variables in the experimental plan.

X1 Amount of hemp, % of sand by volume 0 2.5 5
X2 Amount of lime, % of FA 0 2 4

Table 8 shows the percentage distribution of the variable as per the series number. A
total of nine different series of samples were prepared.
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Table 8. Experimental plan.

Series No.
Variables

X1, % X2, %

1 0 0
2 0 2
3 0 4
4 2.5 0
5 2.5 2
6 2.5 4
7 5 0
8 5 2
9 5 4

The initial composition of the geopolymer concrete mixture was adopted in the
tests conducted in the laboratory and that were based on the literature. However, in
the initial research plan, the first series that comprised hemp was quite dry and had
minimal workability due to the hemp absorbing the moisture from the activator; hence,
the composite was modified by adding the activator to the hemp before adding it to the
mortar. Table 9 shows the composition of the geopolymer specimens by series.

Table 9. Composition of geopolymer mortar on 3 samples 40 mm × 40 mm × 160 mm.

Series Fly ash, g GGBS, g Activator 8
M, g Sand, g Hemp, g Activator for

Hemp, g Lime, g

1 300 150 270 1392.5 0 0 0
2 294 150 270 1392.5 0 0 6
3 288 150 270 1392.5 0 0 12
4 300 150 270 1357.6 17.1 25.0 0
5 294 150 270 1357.6 17.1 25.0 6
6 288 150 270 1357.6 17.1 25.0 12
7 300 150 270 1322.8 34.2 50.0 0
8 294 150 270 1322.8 34.2 50.0 6
9 288 150 270 1322.8 34.2 50.0 12

Sand and the remaining dry ingredients were added first. Finally, an 8 M alkaline
activator solution of NaOH was added to the mortar. Figure 7 depicts the geopolymer
mortar after mixing.
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The geopolymer mortar was compacted by vibrating it for 60 s in two layers. After
24 h, the samples were demolded and were placed in a closed container pending testing.
Due to the presence of GGBS, heat curing at elevated temperature was not necessary to
activate the hardening process, which represents a more ecological solution and reduces
the cost of implementation.

3. Results and Discussion
3.1. Test Results of Geopolymer Mortar with Recycled Fines

Figure 8 shows the average results of the properties of the geopolymer mortar con-
taining RF for the individual series of the experiment. The compressive strength, flexural
strength, volume density in a dry and saturated, and water absorption after 28 days of
curing have been plotted in Figure 8a–d.

Figure 8a shows a gradual increase in the compressive strength of the composites with
the increase in the content of the recycled fines as a replacement for standard sand. When
replacing 30% of the sand with RF, the strength increased by as much as 26% compared to
Series 1. A similar beneficial effect of the presence of RF in the geopolymer mortar was
noted in the case of flexural strength (Figures 8b and 9). By increasing the RF content to 10%,
20%, and 30% of the sand (by weight) as a sand replacement, a 4%, 8%, and 9% increase in
the flexural strength was obtained, respectively. In the fraction of recycled fine rich in CaO
and SiO2 (resulting from the dehydration of Ca (OH)2, CSH gel, and Ettringite), the CSH
gel and Ca(OH)2 can favor the formation of a new CSH gel in the geopolymer mortar.

The changes in volume density were insignificant, as they did not exceed 7% and 6%
in the dry and saturated state, respectively, when containing 30% RF (Figures 8c and 10).
Despite the density of the recycled fine being close to that of standard sand (Table 3), the RF
particles were characterized by sharp edges, which made it difficult to pack them tightly in
a geopolymer mortar. This is in line with the test results of other researchers, in which the
overall shape of the particles is the dominant parameter condition in packing, and spherical
beads have a display higher degree of packing than different tested sands compared to
particles with sharp edges. [32].
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The recycled fine was characterized by higher water absorption than sand because it
mainly consisted of somewhat porous cement paste. Therefore, when forming the samples,
a partial reduction in the workability of the fresh mortar in the presence of RF was observed.
This hindered the compaction of the mortar in the mold, thereby increasing its porosity.
This is consistent with other results where, as the packing density increased, its porosity
decreased, and the amount of water needed to fill the porosity was reduced, and more
water became available to keep the mortar flowing [33]. Therefore, with the increase in the
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amount of RF, a slight increase in the water absorption of the mortar was noted from 6.71%
(in the 1st series) to 7.50% (in the 4th series), as depicted in Figures 11 and 8d. In the opinion
of other researchers, the molarity of sodium hydroxide solution has an insignificant role
in concrete water absorption—only a concentration in the range of 12 M to 18 M results
in an improvement of this higher water absorption parameter [34]. In the experiment, a
relatively low concentration of NaOH (8 M) was used. (8 M). The above results show that
RF can be a valuable replacement for sand in alkaline-activated mortars, favorably affecting
enhancing its strength properties.
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3.2. Test Results of Geopolymer Mortar with Hemp
3.2.1. Compressive Strength of Mortars

The average test results of the compressive strength for each series after 7, 28, and
60 days of curing have been plotted in Figure 9.

Based on the data in Figure 9, it can be concluded that the average compressive
strength of the samples after 7 days of curing gradually declined with an increase in the
hemp. With an increase in the hemp content from 0 to 5% as sand replacement by volume, a
decrease in compressive strength was observed after 7 days of curing by 42% and 48% and
the lime content of 0% and 4%, respectively. Increasing the lime content in the composite to
4% of the FA (by mass) had a positive effect on the improvement of compressive strength,
showing an increase of 7% to 20% with the hemp content of 0% and 5%, respectively.

The compressive strength results after 28 days of curing exhibited a similar trend to
that of 7 days of curing. However, there was a significant increase in the compressive
strength after 28 days. The highest results were obtained in Series 3 at 56.5 MPa, which were
observed with 4% lime content, which were 86% higher than the compressive strength of
Series 3 after 7 days. Ca+ ions played a key role in the geopolymer matrix. In fact, a higher
content helps for quicker geopolymerisation and the development of semi-crystalline Ca-
Al-Si gel [35]. The beneficial effect of the presence of lime in an amount of up to 10% by
weight of fly ash on the compressive strength of geopolymer mortars was also observed by
other researchers [36]. The lowest strength was noticed in Series 7 with 5% hemp content.
Mastali et al. [37] found that the addition of hemp fibres leads to a reduction of compressive
strength because the fibres increase the porosity. This finding was also validated by other
authors who studied the performance of composites containing hemp fibres [38].
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Generally, the highest, about 90%, increase in compressive strength after 28 days,
compared to 7 days strength, was observed in the series without hemp.

This finding is not comparable to the results presented by other authors, who observed
an over 90% increase in the strength of 28-day strength compared to the strength obtained
after 3–7 days [39,40]. In the presence of hemp, the increase in strength was about 50%.
There was a 9% and 28% increase in compressive strength after 28 days with an increase in
the amount of lime to 4% and 5% in the samples without hemp, respectively.

The samples without hemp (Series 1–3) only showed a slight increase in the compres-
sive strength after 60 days compared to 28 days of curing. On the other hand, for the series
with hemp (Series 4–9), an approximately 10% decrease (on average) was noticed after
60 days compared to 28 days of curing. The decrease in compressive strength after 60 days
may have resulted due to the lack of protection of the hemp by impregnation, as in the case
with cement composites [41,42]. The high absorbability of the hemp could have caused
moisture absorption from the mortar, resulting in an increase in its volume and visible
swelling of the samples over time. As research continues, it will be necessary to determine
the best way to protect hemp by chemically coating/impregnating it.

3.2.2. Flexural Strength of Mortars

The average results of the flexural strength tests for each series after 7, 28, and 60 days
of curing, respectively, are presented in Figure 10.

As it can be seen from Figure 10, the highest flexural strength after 7 days was obtained
for Series 3 (4.44 MPa) without hemp. A downward trend in flexural strength was observed
with increasing hemp content. At 2.5% of its content, the decrease was slight and amounted
to approximately 3–4%, while in the case of a 5% addition of hemp, the strength decreased
in the range of 11–21%, depending on the amount of lime that had been added. The
presence of lime in the geopolymer mortar did not cause any significant change in the
flexural strength after 7 days. With the increase in the amount of lime to 4%, an increase in
strength of 3% and 4% was observed in the samples without hemp and with 2.5% hemp,
respectively. In the presence of 5% hemp, the presence of even a slight amount of lime
reduced the flexural strength (by less than 2%), but this may be within the measurement
error. This is not comparable to the results of studies presented by other authors, where
the addition of lime of up to 10% or even 15% showed improved compressive as well as
flexural strength [36,43]. According to these researchers, the addition of more than 15%
lime shows a decreasing trend of workability, while in this study, the addition of a mere 5%
of lime deteriorated the workability of the mortar.

After 28 days, similar to after 7 days, there was a downward trend in the flexural
strength with the increase in the content in the geopolymer mortar. With 2.5% hemp
content, a decrease in strength by an average of 10% was observed, but with 5% hemp
content, there was a decrease of up to 30%. The unfavorable effect from the presence of
lime on the flexural strength (decrease of 14%) was observed in the series with the highest
hemp content. The greatest increase in flexural strength after 28 days, compared to 7 days,
was shown by the samples without hemp, which amounted to approximately 55%. This
tendency was similar to that of the compressive strength. In the presence of hemp, the
increase in flexural strength was over 40%.

After 60 days of curing, only the samples from hemp-free series showed a slight
increase in flexural strength of about 3.5%. The other series, similar to the compressive
strength, showed a decrease in the flexural strength of 2% and 6% with 2.5% and 5%
hemp content, respectively. The reason for the decrease in flexural strength after 60 days
is probably the same as that mentioned before and is likely due to the lack of the coat-
ing/impregnation of hemp.

3.2.3. Water Absorption of Mortars

The average results of the water absorption tests for each series after 28 days of curing
are shown in Figure 11.
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It was noticed that the water absorption of the geopolymer composite increased
almost linearly with the increase in the content of hemp and lime. This is confirmed by
the suitable fit of the regression equation to the results equal to 86%. The increase in
water absorption caused by the presence of lime was insignificant due to the particle size
distribution being similar to that of fly ash. The main reason for the increase in water
absorption from 6.2% to 10.2% was the presence of highly porous hemp, which absorbed
water intensively. The water absorption of the hemp was over 400%, while the moisture
content was only 1.6%. This means that the hemp was dry despite being stored under
laboratory conditions in closed bags. Generally, it can be stated that in our study, the water
absorption of the geopolymer mortar without hemp was lower compared to the test results
of other researchers [44].

3.2.4. Volume Density of Mortars in a Dry and Saturated State

The average results of the volume density tests for each series in a dry and saturated
state are shown in Figure 12.
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When analyzing the results of the volume density of geopolymer mortars (Figure 12),
an opposite water absorption trend was noticed. With the increase in the hemp content to
2.5% and 5%, the density of the composites decreased by 3% and 9%, respectively. This is
of course due to the much lower density of hemp compared to sand. The phenomenon
of lowering the density is advantageous due to the reduction of the weight of structural
elements. For this reason, lightweight aggregates are used in concretes. It can be assumed
that the composites with hemp should have better-insulating properties, but this will be
the subject of further research. The volume density of the samples in a dry state was about
90–94% of the density in a saturated state.

3.2.5. Optical Microscopy and Scanning Electron Microscopy (SEM) of Geopolymer Mortar
with Hemp

The cut through cross section of the sample after observing the flexural strength test
using optical and scanning electron microscope was investigated. The micrographs are
presented in Figures 13–16.
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Observations of the geopolymer mortar surface with an optical microscope (Figure 13a,b)
indicated that the structure of the composite was quite compact with few visible pores. The
hemp shives were tightly embedded in the mortar, which created a dense ITZ zone. No
visible microcracks were observed.

In Figure 14a, unreacted fly ash was observed in the geopolymer binder. Ouda and
Gharieb [45] indicated that these unreacted particles reduced the compressive strength of
the geopolymer structure. Additionally, microcracks were observed, which were probably
caused by the flexural strength testing of the sample (Figure 14b). Numerous pores were
also noticed in the geopolymer mortar, which resulted in a relatively high absorbability
of the composite. Figure 15a,b show the interphase transition zone (ITZ) between the
geopolymer binder and the hemp. This zone has a very important influence on the
mechanical properties of geopolymer concrete. This ITZ is quite tight considering the
presence of organic material, while the geopolymer mortar partially penetrates the structure
of the hemp. However, grains of unreacted FA accumulate in this zone. This is probably
due to the fact that hemp a with very high water absorption sucks the water contained
in the alkali-activator solution, inhibiting the polymerization process. SEM observations
reveal the very porous structure of hemp shives consisting of numerous hollow tubes
connected to each other. Their diameter is irregular (Figure 16a,b). Such structure explains
both its low bulk density and its high water absorption.

4. Conclusions

The paper presents the results of research on the possibility of replacing natural
sand in geopolymer mortar with recycled fine and hemp. For this purpose, two research
experiments were conducted. Based on the research results, it was found that:

• The recycled fine that is generated as waste in the production of high-quality recycled
concrete aggregate, and its amount may constitute up to 60% of the final product. The
fines have proved to be a valuable material with high binding properties;

• It can be a valuable substitute for natural sand, which is a non-renewable material.
The substitution of 30% by mass of RF as a replacement for natural sand in the
alkali-activated mortar increased its flexural and compressive strength by 9% and
26%, respectively;

• RF, as a result of heat treatment, is rich in CaO and SiO2 (resulting from the dehydra-
tion mainly of Ettringite, Ca(OH)2, CSH gel, and Ettringite and Ca(OH)2) can favor
the formation of new CSH gel in the geopolymer mortar;

• A slight decrease in the absorbability of the mortar was due to the formation of new
CSH gel, which produced a compact micro-structure with lower porosity;

• Hemp is a fast-growing renewable material. Its inclusion as a sand substitute caused
a decline in the strength properties of geopolymer mortar but with 2.5% substitution
(by volume) as a sand replacement. The 40 MPa of compressive strength and 6.3 MPa
of flexural strength was obtained;
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• Contrastingly, an increase in the water absorption of the geopolymer composite was
observed to be up to 10.2% due to the hemp, which due to its structure, has very high
absorbability. This means that the hemp must be chemically coated/impregnated
prior to being used in the composite to prevent it from moisture suction.

Test results open up the possibility for further research involving the use of recycled
fines and hemp as a replacement for part of the natural sand in geopolymer mortars.
It seems to be an ecological solution, and geopolymers mortars produced from RF and
hemp may prove to be an alternative to cement composites in the future. In addition, the
presence of hemp fiber in geopolymer mortars reduces its carbon footprint, which has been
confirmed by other researchers [37].

Author Contributions: Conceptualization, E.P. and K.K.-W.; methodology, E.P.; software, E.P. and
K.K.-W.; validation, E.P. and K.K.-W.; formal analysis, E.P.; investigation, E.P. and M.S.; resources,
M.S., E.P., and K.K.-W.; data curation, E.P. and M.S.; writing—original draft preparation, E.P.; writing—
review and editing, E.P., K.K.-W. and M.S.; visualization, E.P. and K.K.-W.; supervision, M.S; project
administration, E.P. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Acknowledgments: The study was performed under the research project number WZ-WB-IIL/3/2020
and was funded by the Polish Ministry of Education and Science.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Poudyal, L.; Adhikari, K. Environmental sustainability in cement industry: An integrated approach for green and economical

cement production. Resour. Environ. Sustain. 2021, 4, 100024.
2. Ali, M.; Saidur, R.; Hossain, M. A review on emission analysis in cement industries. Renew. Sustain. Energy Rev. 2011, 15,

2252–2261. [CrossRef]
3. Deja, J.; Uliasz-Bochenczyk, A.; Mokrzycki, E. CO2 emissions from Polish cement industry. Int. J. Greenh. Gas Control 2010, 4,

583–588. [CrossRef]
4. Aranda Usón, A.; López-Sabirón, A.M.; Ferreira, G.; Llera Sastresa, E. Uses of alternative fuels and raw materials in the cement

industry as sustainable waste management options. Renew. Sustain. Energy Rev. 2013, 23, 242–260. [CrossRef]
5. Ighalo, J.O.; Adeniyi, A.G. A perspective on environmental sustainability in the cement industry. Waste Dispos. Sustain. Energy

2020, 2, 161–164. [CrossRef]
6. Parron-Rubio, M.; Perez-Garcia, F.; Gonzalez-Herrera, A.; Oliveira, M.; Rubio-Cintas, M. Slag Substitution as a Cementing

Material in Concrete: Mechanical, Physical and Environmental Properties. Materials 2019, 12, 2845. [CrossRef] [PubMed]
7. Fort, J.; Sal, J.; Zak, J.; Cerny, R. Assessment of Wood-Based Fly Ash as Alternative Cement Replacement. Sustainability

2020, 12, 9580. [CrossRef]
8. K Al-Chaar, G.; Alkadi, M.; Asteris, P.G. Natural Pozzolan as a Partial Substitute for Cement in Concrete. Open Constr. Build.

Technol. J. 2013, 7, 33–42. [CrossRef]
9. Pacheco-Torgal, F.; Moura, D.; Ding, Y.; Jalali, S. Composition, strength and workability of alkali-activated metakaolin based

mortars. Constr. Build. Mater. 2011, 25, 3732–3745. [CrossRef]
10. Singh, N.; Middendorf, B. Geopolymers as an alternative to Portland cement: An overview. Constr. Build. Mater. 2020, 237, 117455.

[CrossRef]
11. Gartner, E. Industrially interesting approaches to “low-CO2” cements. Cem. Concr. Res. 2004, 34, 1489–1498. [CrossRef]
12. Mehta, A.; Siddique, R. Properties of low-calcium fly ash based geopolymer concrete incorporating OPC as partial replacement of

fly ash. Constr. Build. Mater. 2017, 150, 792–807. [CrossRef]
13. Dao, D.; Ly, H.; Trinh, S.; Le, T.; Pham, B. Artificial Intelligence Approaches for Prediction of Compressive Strength of Geopolymer

Concrete. Materials 2019, 12, 983. [CrossRef] [PubMed]
14. Ma, C.; Awang, A.; Omar, W. Structural and material performance of geopolymer concrete: A review. Constr. Build. Mater. 2018,

186, 90–102. [CrossRef]
15. Sun, Z.; Cui, H.; An, H.; Tao, D.; Xu, Y.; Zhai, J.; Li, Q. Synthesis and thermal behavior of geopolymer-type material from waste

ceramic. Constr. Build. Mater. 2013, 49, 281–287. [CrossRef]
16. Reig, L.; Soriano, L.; Borrachero, M.; Monzo, J.; Paya, J. Influence of the activator concentration and calcium hydroxide addition

on the properties of alkali-activated porcelain stoneware. Constr. Build. Mater. 2014, 63, 214–222. [CrossRef]

http://doi.org/10.1016/j.rser.2011.02.014
http://doi.org/10.1016/j.ijggc.2010.02.002
http://doi.org/10.1016/j.rser.2013.02.024
http://doi.org/10.1007/s42768-020-00043-y
http://doi.org/10.3390/ma12182845
http://www.ncbi.nlm.nih.gov/pubmed/31487805
http://doi.org/10.3390/su12229580
http://doi.org/10.2174/1874836801307010033
http://doi.org/10.1016/j.conbuildmat.2011.04.017
http://doi.org/10.1016/j.conbuildmat.2019.117455
http://doi.org/10.1016/j.cemconres.2004.01.021
http://doi.org/10.1016/j.conbuildmat.2017.06.067
http://doi.org/10.3390/ma12060983
http://www.ncbi.nlm.nih.gov/pubmed/30934566
http://doi.org/10.1016/j.conbuildmat.2018.07.111
http://doi.org/10.1016/j.conbuildmat.2013.08.063
http://doi.org/10.1016/j.conbuildmat.2014.04.023


Materials 2021, 14, 4580 19 of 19

17. Zaharaki, D.; Galetakis, M.; Komnitsas, K. Valorization of construction and demolition (C&D) and industrial wastes through
alkali activation. Constr. Build. Mater. 2016, 121, 686–693. [CrossRef]

18. Allahverdi, A.; Kani, E. Construction Wastes as Raw Materials for Geopolymer Binders. Int. J. Civ. Eng. 2009, 7, 154–160.
19. Abdullah, A.; Abdullah, M.; Hussin, K.; Junaidi, S.; Tahir, M.; Ramli, M.; Hong, V.; Isa, S.; Ismail, N.; WeiWen, L.; et al. Effect of

Fly Ash/Alkaline Activator Ratio on Fly Ash Geopolymer Artificial Aggregate. In Proceedings of the 4th Electronic and Green
Materials International Conference 2018 (EGM 2018), Bandung, Indonesia, 27–28 July 2018; Volume 2045. [CrossRef]

20. Habert, G.; de Lacaillerie, J.; Roussel, N. An environmental evaluation of geopolymer based concrete production: Reviewing
current research trends. J. Clean. Prod. 2011, 19, 1229–1238. [CrossRef]

21. Bołtryk, M.; Kalinowska-Wichrowska, K.; Pawluczuk, E. Method for separation of set cement mortar from coarse aggregate and
for crushing that mortar, and the device for the application of this method. 2018.

22. Kalinowska-Wichrowska, K.; Pawluczuk, E.; Boltryk, M. Waste-free technology for recycling concrete rubble. Constr. Build. Mater.
2020, 234, 117407. [CrossRef]

23. Hansen, T.C. Recycled aggregates and recycled aggregate concrete second state-of-the-art report developments 1945–1985. Mater.
Struct. 1986, 19, 201–246. [CrossRef]

24. Evangelista, L.; de Brito, J. Mechanical behaviour of concrete made with fine recycled concrete aggregates. Cem. Concr. Compos.
2007, 29, 397–401. [CrossRef]

25. Zega, C.; Di Maio, A. Use of recycled fine aggregate in concretes with durable requirements. Waste Manag. 2011, 31, 2336–2340.
[CrossRef]

26. Kirthika, S.; Singh, S. Durability studies on recycled fine aggregate concrete. Constr. Build. Mater. 2020, 250, 118850. [CrossRef]
27. Piatkiewicz, W.; Narloch, P.; Pietruszka, B. Influence of hemp-lime composite composition on its mechanical and physical

properties. Arch. Civil Eng. 2020, 66, 485–503. [CrossRef]
28. Niyigena, C.; Amziane, S.; Chateauneuf, A. Multicriteria analysis demonstrating the impact of shiv on the properties of hemp

concrete. Constr. Build. Mater. 2018, 160, 211–222. [CrossRef]
29. Jami, T.; Karade, S.; Singh, L. A review of the properties of hemp concrete for green building applications. J. Clean. Prod. 2019,

239, 117852. [CrossRef]
30. Varghese, A.M.; Mittal, V.; Shimpi, N.G. 5—Surface modification of natural fibers. In Woodhead Publishing Series in Composites

Science and Engineering; Woodhead Publishing: Cambridge, UK, 2018; pp. 115–155.
31. Okoye, F.; Durgaprasad, J.; Singh, N. Mechanical properties of alkali activated flyash/Kaolin based geopolymer concrete. Constr.

Build. Mater. 2015, 98, 685–691. [CrossRef]
32. Hafid, H.; Ovarlez, G.; Toussaint, F.; Jezequel, P.; Roussel, N. Effect of particle morphological parameters on sand grains packing

properties and rheology of model mortars. Cem. Concr. Res. 2016, 80, 44–51. [CrossRef]
33. Oksri-Nelfia, L.; Mahieux, P.; Amiri, O.; Turcry, P.; Lux, J. Reuse of recycled crushed concrete fines as mineral addition in

cementitious materials. Mater. Struct. 2016, 49, 3239–3251. [CrossRef]
34. Aliabdo, A.; Abd Elmoaty, A.; Salem, H. Effect of water addition, plasticizer and alkaline solution constitution on fly ash based

geopolymer concrete performance. Constr. Build. Mater. 2016, 121, 694–703. [CrossRef]
35. Dutta, D.; Ghosh, S. Effect of Lime Stone Dust on Geopolymerisation and Geopolymeric Structure. Int. J. Emerg. Technol. Adv.

Eng. 2012, 2, 2250–2459.
36. Hake, S.; Damgir, R.; Patankar, S. Temperature Effect on Lime Powder-Added Geopolymer Concrete. Adv. Civ. Eng.

2018, 2018, 6519754. [CrossRef]
37. Mastali, M.; Abdollahnejad, Z.; Pacheco-Torgal, F. Carbon dioxide sequestration of fly ash alkaline-based mortars containing

recycled aggregates and reinforced by hemp fibres. Constr. Build. Mater. 2018, 160, 48–56. [CrossRef]
38. Li, Z.; Wang, X.; Wang, L. Properties of hemp fibre reinforced concrete composites. Compos. A Appl. Sci. Manuf. 2006, 37, 497–505.

[CrossRef]
39. Memon, F.A.; Nuruddin, M.F.; Khan, S.; Shafiq, N.; Ayub, T. Effect of sodium hydroxide concentration on fresh properties and

compressive strength of self-compacting geopolymer concrete. J. Eng. Sci. Technol. 2013, 8, 44–56.
40. Assi, L.; Deaver, E.; ElBatanouny, M.; Ziehld, P. Investigation of early compressive strength of fly ash-based geopolymer concrete.

Constr. Build. Mater. 2016, 112, 807–815. [CrossRef]
41. Balciunas, G.; Pundiene, I.; Lekunaite-Lukosiune, L.; Vejelis, S.; Korjakins, A. Impact of hemp shives aggregate mineralization on

physical-mechanical properties and structure of composite with cementitious binding material. Ind. Crops Prod. 2015, 77, 724–734.
[CrossRef]

42. Sawsen, C.; Fouzia, K.; Mohamed, B.; Moussa, G. Effect of flax fibers treatments on the rheological and the mechanical behavior
of a cement composite. Constr. Build. Mater. 2015, 79, 229–235. [CrossRef]

43. Nisha, N.J.; Hake, S.L.; Shirsath, M.N. Geopolymer Concrete with Lime Addition at Normal Room Temperature. JournalNX 2018,
2, 13–16.

44. Gorhan, G.; Kurklu, G. The influence of the NaOH solution on the properties of the fly ash-based geopolymer mortar cured at
different temperatures. Compos. B Eng. 2014, 58, 371–377. [CrossRef]

45. Ouda, A.; Gharieb, M. Development the properties of brick geopolymer pastes using concrete waste incorporating dolomite
aggregate. J. Build. Eng. 2020, 27, 100919. [CrossRef]

http://doi.org/10.1016/j.conbuildmat.2016.06.051
http://doi.org/10.1063/1.5080915
http://doi.org/10.1016/j.jclepro.2011.03.012
http://doi.org/10.1016/j.conbuildmat.2019.117407
http://doi.org/10.1007/BF02472036
http://doi.org/10.1016/j.cemconcomp.2006.12.004
http://doi.org/10.1016/j.wasman.2011.06.011
http://doi.org/10.1016/j.conbuildmat.2020.118850
http://doi.org/10.24425/ace.2020.134409
http://doi.org/10.1016/j.conbuildmat.2017.11.026
http://doi.org/10.1016/j.jclepro.2019.117852
http://doi.org/10.1016/j.conbuildmat.2015.08.009
http://doi.org/10.1016/j.cemconres.2015.11.002
http://doi.org/10.1617/s11527-015-0716-1
http://doi.org/10.1016/j.conbuildmat.2016.06.062
http://doi.org/10.1155/2018/6519754
http://doi.org/10.1016/j.conbuildmat.2017.11.044
http://doi.org/10.1016/j.compositesa.2005.01.032
http://doi.org/10.1016/j.conbuildmat.2016.03.008
http://doi.org/10.1016/j.indcrop.2015.09.011
http://doi.org/10.1016/j.conbuildmat.2014.12.091
http://doi.org/10.1016/j.compositesb.2013.10.082
http://doi.org/10.1016/j.jobe.2019.100919

	Introduction 
	Materials and Methods 
	Characteristics of the Raw Materials 
	Research Methods 
	The Technology of Recycling Cement Mortar to Recycled Fines 
	Experimental Design 
	Selection of Variables and Development of the Experimental Plan—With Recycled Fines 
	Selection of Variables and Development of the Experimental Plan—With Hemp 


	Results and Discussion 
	Test Results of Geopolymer Mortar with Recycled Fines 
	Test Results of Geopolymer Mortar with Hemp 
	Compressive Strength of Mortars 
	Flexural Strength of Mortars 
	Water Absorption of Mortars 
	Volume Density of Mortars in a Dry and Saturated State 
	Optical Microscopy and Scanning Electron Microscopy (SEM) of Geopolymer Mortar with Hemp 


	Conclusions 
	References

