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ARTICLE INFO ABSTRACT
Keywords: Geopolymers are inorganic crosslinked polymers with much less carbon footprint than ordinary
Carbon nanofiber Portland cement. Geopolymers and geopolymer-based materials have superior mechanical and
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durability properties with extreme thermal and chemical resistance. Carbon nano- or microfibers-
reinforced geopolymers show potential properties such as electric conductivity, enhanced me-
chanical and thermal stability, and multi-functionality. This study evaluated the effect of incor-
porating carbon nanofibers in natural zeolite-based geopolymers and their impact on the
mechanical, thermal, and electric conductivity of yielded geopolymer composites. Additionally, a
life cycle assessment for 1 m® geopolymer and its carbon fiber reinforced geopolymers’ produc-
tion has been conducted to evaluate the environmental impact of the processes.

1. Introduction

There are several challenges that the cement industry is facing, such as the environmental burden from carbon emissions or the
limited reserves of limestones [1]. The cement industry is one of the highest contributors to global warming [2]. For this reason, several
actions have been considered to address the high volumes of CO, emitted each year [3]. One alternative is to develop materials that can
significantly decrease the release of gases that contribute to global warming and still maintain mechanical properties similar to or
better than OPC. Geopolymer concrete provides a sustainable solution that may reduce up to 80% of the total carbon emissions [4].
Geopolymers are inorganic polymers made of aluminosilicates and have amorphous structures with excellent mechanical properties
that are potential alternative replacement materials for OPC [75].

Geopolymers can be prepared via a reaction between an aluminosilicate feedstock and different ratios of alkali hydroxides (NaOH
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or KOH) and an alkali silicate [5], which produces an aluminosilicate gel that acts as a binder [6]. Different concentrations of hy-
droxide and silicate have been studied for different aluminosilicate sources like zeolite, fly ash, and metakaolin [7-10]. Geopolymers
require temperature curing to facilitate the reaction [11,12]. The tetrahedral network formed between silicon and aluminum through
oxygen bridges during the reaction [13] gives strength to the geopolymer. Geopolymerization of fly ash and metakaolin has been
studied for their potential use as substitutes for Portland cement [14-16], since the geopolymer cement production lowers the
quantities of CO5 gas emissions, thus becoming a green cement [17].

There is a growing interest in reinforced geopolymers to enhance their properties [18,19]. One reinforcement material currently
being researched is Multiwalled Carbon nanotubes (MCNTs) which are shaped by the rolling of graphene sheets into a cylindrical,
hollowed structure. CNTs have reinforced composite matrices [20], which are being employed in the aerospace and automotive in-
dustries [21]. On the other hand, carbon nanofibers (CNFs) regularly show a truncated cone-shaped, with numerous stacked layers
adjusted along the fiber pivot, including receptive chemical borders on both the interior and exterior of the fiber’s surfaces [22]. These
materials are convenient as additives since they can improve thermal conductivity [23], reduce bulk resistivity [24], and act as
reinforcement in composites like polymers [22,25,26]. CNFs have also been studied as cement reinforcement revealing positive effects
on mechanical properties that are ideal for reducing carbon footprint [27]. However, only a few studies have evaluated the effect of
CNTs [11,28,29] or CNFs [30,31] in geopolymers. Mechanical properties of geopolymeric materials have been enhanced by the
incorporation of CNTs and CNFs inside their matrix. For instance, tensile, compressive, and flexural strengths of the CNF or
CNT-reinforced geopolymer samples showed an improvement by 80%, 5-35%, and 9-35%, respectively [10,31-33]. The introduction
of CNFs/CNTs can enhance the geopolymer material’s mechanical properties and durability while maintaining the geopolymer
composites’ environmental profile. This can provide a longer-lasting, more sustainable option for industries and applications that rely
on these materials. Since geopolymer matrices have amorphous structures with tetrahedral silicate and aluminate units [34], incor-
porating conductive fillers, such as carbon-based fillers, can offer a new research path to developing innovative building materials with
electrochemical sensing, self-sensing concrete, and energy storage applications [35], opening the door for this material to possibly
revolutionize energy storage in buildings, roadways, and urban infrastructure [34].

The primary objective of this study is to prepare a geopolymer composite with different CNF concentrations (0-32 wt%) and
evaluate its mechanical andelectrical conductivity properties and environmental impacts. In this sense, the paper first presents the
preparation process for the geopolymer composites, followed by a comprehensive examination of the mechanical properties and
chemical/physical characteristics of the composites, and performs a thorough LCA to evaluate the effect of adding CNFs to a geo-
polymer matrix [36,37].

2. Materials and methods
2.1. Materials

Natural zeolite was obtained from Zeonatec S.A with an average particle size of ~146 pm (see Fig. 1) and mineral composition of
15.8% quartz, 15% mordenite, 14.1% illite, 5.1 % anorthite, and 49.5% amorphous (See Fig. S1 in the Supplementary Information
File). The FTIR spectrum of the zeolite-rich tuff can also be seen in Fig. S2 (in the Supplementary Information File). Sodium hydroxide
NaOH (reagent grade, >98%, pellets, anhydrous) and sodium silicate (SiO/Naz0 = 3.4, Nay0 7.5-8.5%, and SiO, 25.5-28.5%, density
1.296-1.396 g/mL) were purchased from Merk. Another sodium silicate solution (SiO2/Nay0 = 2.4, Na0 13.27 %, and SiO; 31.85%,
density 1.53 g/mL) was obtained from Proquiandinos S.A. The CNFs used in this study are from Pyrograf-III from Pyrograf Products;
the FTIR spectrum of the CNF used in this study can be seen in Fig. S3 (in the Supplementary Information File). These CNFs have a
diameter between 100 nm and 150 nm and a length estimated at 100 pm. The CNFs used represent a homogenous mix of CNFs
produced by pyrolytically stripping (PR-19-XT-PS and PR-24-XT-PS) and heat-treating (PR-19-XT-LHT).
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Fig. 1. Particle size distribution for the natural zeolite.
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The geopolymer-CNFs reinforced composite was made by varying the sodium silicate. Eight different mixes were prepared with the
following codes GO, G1, G2, and G3 (SiO2/Nay0 ratios of 3.4), and GO*, G1*, G2*, and G3* (Si02/NayO ratios of 2.4). The quantities
used for the different geopolymer composite samples are detailed in Table 1.

Additionally, Fig. 1 presents the particle size distribution of the natural zeolite-rich ruffs used for the geopolymer preparation. As
seen in the figure, 90% of the particles have a size of less than 750 pm.

2.2. Geopolymer preparation

First, the sodium hydroxide pellets were weighed and added to ionized water to form the NaOH 10 M; since the process is
exothermic, the sodium hydroxide solution was cooled down to room temperature for 8 h. Then, the activator solution was made by
mixing the sodium silicate and the sodium hydroxide solutions.

CNFs were dispersed in the activator solution using an adaptation of the method proposed by Saafi et al. [11]. The activator so-
lution was added to the CNFs; then the mix was manually agitated for 5 min, and immediately, it was sonicated for 25 min at 4000J
approx. (56 Watts) with the ultrasonic processor GEX 130 PB (see Fig. S4 in the Supplementary Information File). Adding nano-
materials to the activator solution before mixing them into the paste helps prevent them from clumping together [38].

The zeolite was weighted for GO, G1, G2, and G3 geopolymers, and the CNFs-activator solution was added to the zeolite and mixed.
The wet geopolymer paste was poured into 50 x 50 x 50 mm cubic molds in a moist and closed environment [39]. After 24 h of casting,
the cubes were demolded and cured at room temperature until testing. Fig. 2 shows the systematic scheme for CNF-reinforced geo-
polymers’ composite preparation, and Table 1 shows the elements and quantities used for the design of the geopolymers.

The geopolymer samples were aged for an additional 83 days (see Fig. 3). The same treatment was followed for GO*, G1*, G2*, and
G3* geopolymers, the same treatment was followed, but the geopolymer paste was molded into 50 x 50 x 10 mm containers for 30
days. Bulk electrical resistivity testing was carried out for GO, G1, G2, G3, GO*, G1*, G2* and G3* samples.

2.3. Life cycle assessment (LCA)

The LCA in this study aims to evaluate the impacts of the production of zeolite-based and carbon nanofibers (CNFs) reinforced
geopolymer composite. The scope of the evaluation will fundamentally consider the life cycle stages included within the extraction and
production of the geopolymer CNF composite. The functional unit chosen for the system is 1 m® of geopolymer CNF composite. The
evaluation will envelop the natural impacts related to asset extraction, fabric handling, and fabricating of the life stages.

The mixes analyzed were conventional GP binder (GO), GP binder with 0.07% CNF (G1), GP binder with 0.2% CNF (G2), and GP
binder with 0.32% CNF (G3). In addition, the source of nanocarbon fiber was analyzed to evaluate the best option for nanocarbon fiber
production. Three sources were assessed: acetonitrile, benzene, and toluene. The mixes considered the reagents, materials, and energy.
The LCA analysis was performed using SimaPro v9.3.0.3 [40] software under the ISO 14040 norm [41]. The system boundary for the
LCA can be seen in Fig. 4.

2.4. Life-cycle inventory

The data was assessed following the specification of each mix design presented in detail under the method section. The Ecoinvent
dataset v3.7.1 [42] was used to model materials and energy in the inventories. The zeolite in powder form, sodium silicate (without
water in 37% concentration), sodium hydroxide (without water in 50% solution), and steam in the factory. The electricity requirement
for the process was based on the data for the matrix of Ecuador in the year 2018 [43].

The nanocarbon fibers production and their environmental impact are based on literature for the different evaluated sources and
preparation approaches. Literature shows various options and processes for producing nanocarbon fibers, nanotubes, etc. For this
analysis, the carbon vapor deposition process was selected using three different sources following the inventory data from Temizel-
Sekeryan et al. [44] which is related to single and multi-wall carbon nanotubes (MWCNT). This inventory can also be used for
simpler fibers because the main separators between the fibers and tubes are quality parameters such as diameters and dimensional
structure.

Table 1

Mixing design for geopolymer preparation.
Specification Unit GO GO* Gl G1* G2 G2* G3 G3*
Na,0/Si0, %/% 3.4 2.4 3.4 2.4 3.4 2.4 3.4 2.4
Na,0-Si0,/NaOH sol. ratio v/vV 3 3 3 3 3 3 3 3
CNF/Zeolite ratio (g/8) 0 0 0.001 0.001 0.003 0.003 0.005 0.005
CNF wt.% 0 0 0.07 0.07 0.20 0.20 0.32 0.32
Activator/zeolite ratio (mL/g) 0.4 0.4 0.4 0.4 0.42 0.4 0.44 0.4
Zeolite ® 600 600 600 600 600 600 600 600
Activator (mL) 240 240 240 240 250 240 260 240
NaOH 10M (mL) 60 60 60 60 60 60 60 60
Na,0-SiO, (mL) 180 180 180 180 180 180 180 180
CNF ® 0 0 0.6 0.6 1.8 1.8 3 3




A. Alvarado et al. Heliyon 10 (2024) €28079

; i Add the CNFs- Mix it with an immersion
Dls‘g{ﬁ:‘zn of Gf:p:gﬁn;ir ——» activator solution ———>» mixer for 15 minutes at
prep to the zeolite 500 rpm.
CNFs in the activator Pour it in hermetically Unmold and cure at room
solution for 25 minutes at molds, cure it for 24 hours —>» temperature for 6 days
4000J aprox. at 60°C more

Fig. 2. General diagram for geopolymer and its CNF composites’ preparation.
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Fig. 3. Photographs of the geopolymer sample cubes prepared with and without CNFs.
2.5. Impact assessment method

The method used to convert data from the inventory to the impact indicator was ReCiPe Midpoint H [45,46] for the geopolymer
cement mixes. This impact indicator is characteristic of providing 18 different impact indicators. However, the study will focus on
climate change, particulate matter formation, ozone formation, and terrestrial acidification indicators as the priority group to evaluate
based on the work of Feng et al. [47] that demonstrated how to prioritize the indicators in an LCA system into two categories for
assessing construction materials sustainability. In addition, for the CNFs/CNTs production, the ecotoxicity and human toxicity in-
dicators were evaluated due to the potential impact that some of the raw materials can have on the environment and the human health.

2.6. Characterization methods

Simultaneous thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) with a heating rate of 10 °C/min,
Fourier transformed-infrared spectrophotometry, and X-ray diffraction analyses were conducted according to Ulloa et al. [8] to
characterize the various properties of zeolite-based geopolymers and their CNF-reinforced composites.

2.7. Tests methods

The bulk density measurements of the geopolymer samples of GO, G1, G2, and G3 were conducted closely following the methods
and procedures by Jittabut et al. [48] at 83 days of curation. The compressive strength test was conducted according to ASTM
C109/C109 M-16a [39] norm. This property of all samples was determined using a UHF-500KNX model SHIMADZU Universal Testing
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Fig. 4. System Boundary for 1 m® of CNF-GP composite production.

Machine.

Bulk resistivity method [49] was used to calculate the electrical conductivity of GO, G1, G2, G3, GO*, G1*, G2*, and G3*. Two
copper electrodes were located on the two opposite faces of the plaque, and a humid sponge was placed between the geopolymer cube
and the electrode (Fig. S5 in the Supplementary Information File). The Megohmmeter/Insulation Tester Fluke 1550 B current travels
along the sample, closing the circuit and measuring the electric resistance.

3. Results
3.1. Bulk density

Table 2 presents the bulk density of the CNF-reinforced geopolymer composites. The bulk density rose concurrently with the in-
crease of CNF concentration with in the geopolymer matrix. The increase in bulk density can be attributed to the inclusion of the fibers
in the geopolymer matrix [31,50]. Voids or pores are natural structural components formed due to the evaporation of water or particle
size or raw materials in the geopolymer matrix that can restrict material density. CNFs can successfully permeate these voids due to
their tiny size and flexibility, which can lower pore volume. The three-dimensional geopolymer matrix is strengthened by a network
thanks to its high aspect ratio, making the matrix more compact. Furthermore, the robust interfacial contact between the geopolymer
matrix and the CNFs may help improve the stress distribution, improving the material’s overall density [33,51].

3.2. Compressive strength

The results of the compressive strength tests of the geopolymer samples aged for 83 days of the curation process can be seen in
Fig. 5. The strength for reference samples (GO) and all the CNF-reinforced composites can be associated with the three-dimensional
network structure formed in geopolymerization reaction [33,52,53].

The G2 sample, which contains 0.20 wt% of CNF, presented a better compressive strength, with an increase of about 29.5%
compared to the reference sample, GO. The geopolymer with 0.32 wt% CNF (G3) shows only a 10% increase in compressive strength
compared to GO. However, the data exhibits a high degree of variability from the mean. This may be caused, in contrast to what
happens with G2, by a poor dispersion of the CNFs [33]. At higher concentrations, CNFs have the tendency to agglomerate, which

Table 2
The density of geopolymer samples of each series.
Density (g/cm®) Average Standard Deviation Percentage Deviation (%)
Densit 3
Sample 1 Sample 2 Sample 3 ensity (g/cm™)
GO 1.83 1.81 1.75 1.80 0.0432 241
G1 1.92 1.94 1.97 1.94 0.0232 1.19
G2 2.05 1.98 1.90 1.98 0.0790 4.00
G3 2.02 2.15 1.98 2.05 0.0932 4.55
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Fig. 5. Compressive strength tests of GO, G1, G2, and G3 samples cured for 83 days. The orange line represents the median value. (For interpretation
of the references to color in this figure legend, the reader is referred to the Web version of this article.)

causes the formation of stress points where the forces can cause more damage instead of dispersing the applied force throughout the
composite. These clusters do not allow for proper dispersion of the fibers in the matrix. These weak points cause a decrease in the
overall compressive strength of the construction material. Some data exhibits higher compressive strength where the fibers in the
sample may have rearranged properly. This hypothesis agrees with what is observed in the G3 sample and it is consistent with the
existing literature, indicating a decline in resistance due to the agglomeration [12,33,48,54].

The addition of 0.07 and 0.2 wt% CNFs resulted in an enhanced compressive strength. This aligns with the phenomena explained by
Da Luz et al. [12], which suggested that a decrease in the number of macropores upon the addition of CNTs was achieved [38]. This
causes not only denser construction material, but an interaction between CNTs and the geopolymer matrix that successfully bridged
the microcracks, improving its bonding behavior and strength.

3.3. TGA

Table 3 demonstrates the thermal stability of the geopolymer samples. A significant weight loss documented across all geopolymer
samples is observed up to 200 °C. The weight loss resulted from the evaporation of the surface water (hydrates) and water within the
pores of the geopolymer [8,55]. The second step in weight loss is observed between 200 and 600 °C, which is attributed to the
dehydroxylation of Si—-OH or AlI-OH groups in the geopolymer structure. This variation exists since dehydroxylation is limited by some
aspects, such as the physical arrangement, the displacement of the hydroxyl groups, and their reactivity [56]. Finally, between 600 and
800 °C, all geopolymer samples exhibited a minimal weight change since, at that temperature, the decomposition of carbonate species
in geopolymers occurs [8,55].

The CNFs barely influence the loss of water in the range of 200-600 °C. This can be explained since the addition of CNTs makes the
effect of pore-filling of the geopolymer matrix, including in the curation process, making the specimens more thermally stable, which
can resist more in the water evaporation processes [33,51].

The TGA-DTA curves for GO, G1, G2, and G3 can be seen in Fig. 6. The thermograms between the GO-G3 and GO*-G3* samples are
comparable (see Fig. S6 in the Supplementary Information File). The samples presented an endothermic process from room temper-
ature (RT) to 100 °C [8]. Although a less intense endothermic peak was observed for the reference geopolymer (GO), less energy
consumption and less matter were lost throughout the test. However, for G1, G2, and G3, the DSC curves increase, reach a peak, and
decrease (Fig. 6). This can be attributed to the absence of CNFs in the GO sample, making free water easier to evaporate. The second
endothermic process above 400 °C is probably contributed by the condensation of Si-OH or Al-OH groups of the geopolymer, which
agrees with several studies [8,57].

In conclusion, it can be affirmed that within the tested temperature range of 25-1000 °C, the TGA profiles exhibit a similar trend for
the SiO3/Na,O ratios of 2.4. Notably, convergence is observed, especially for GO*, G1*, and G2*, up to 750 °C. The profile for the G3*

Table 3
Thermogravimetric analysis of zeolite and its corresponding geopolymers.

Mass loss (%)

Temperature (°C) Zeolite GO G1 G2 G3 GO* G1* G2* G3*

RT-200 4.95 8.79 9.10 8.92 8.88 10.12 10.64 11.54 11.47
200-400 1.95 2.28 2.53 2.60 2.66 2.93 2.89 2.53 241
400-600 1.34 1.12 1.13 1.18 1.41 1.14 1.15 1.02 0.91
600-800 0.39 0.24 0.44 0.44 0.60 2.02 1.32 1.03 0.90
RT-800 8.63 12.48 13.2 13.14 13.55 16.21 16.00 16.12 15.69
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Fig. 6. Thermal phenomenon of GO, G1, G2, and G3 samples heated up to 1000 °C.

follows a very similar trend as the other, but it is of a lower magnitude for the entire tested temperature range. On the other hand, the
TGA profiles for the Si02/Nay0 ratios of 3.4 do not closely align, and fluctuations occur at the lower temperatures tested. A notable
divergence is observed around 700 °C, particularly for the GO sample when compared to G1, G2, and G3.

3.4. FTIR spectral analysis

FTIR spectra, GO (plain geopolymer), G1, G2, and G3 are shown in Fig. 7. Also, the spectra for GO*, G1*, G2*, and G3* are shown in
Fig. S7. The peaks around 3446 cm ™! and 1640 cm ™ for all the samples are attributed to the stretching vibrations of the O-H group
and the bending of free water absorbed [12,53]. Peaks between 1412 and 1424 cm ™ represent the stretching vibration of C-O of
carbonates [12,51]. At this point, the effect on the concentration of CNFs is shown since a shift to the left occured in comparison with
GO (Fig. 7 and Fig. S7). This shift can be explained due to the van der Waals forces on the CNFs [58-60]. Peaks between 1029 and 1040
cm ™! represent asymmetric stretching vibration of T-O-Si (T = Si or Al) [12,51]. Peaks between 800 and 797 cm ™! represent symmetric
stretching vibration of (Si-O) [61] attributed to quartz [51]. Peaks between 693 and 695 cm~ ! are related to the symmetric stretching
vibration of Si-O-Si [12,51]. The 580-588 cm ! peaks represent Si-O-AlVI, where aluminum is in octahedral coordination [33,51,62].
Peaks between 521 and 530 cm ! represent Si-O-Si bending vibrations [12].

A subtle difference in the FTIR spectrum of the reference geopolymer, GO, concerning the CNF-geopolymers is shown in peaks
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Fig. 7. FTIR spectra for GO, G1, G2, and G3 correspond to 0.000%, 0.07%, 0.12%, and 0.32% of CNF in geopolymer by weight.
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between 467 and 461 cm ™" representing O-Si-O bending vibrations [12]. The reference geopolymer presents the peak at 467 cm™;

meanwhile, the CNF-geopolymers are present at 461 cm ™ at a lower frequency. Since an FTIR band results from a non-zero dipole
moment, a weaker band would suggest a near-perfect molecular geometry and crystallinity of the material components present in the
sample [63]. This phenomenon is explained by Bi et al. [64] as due to the interfacial or van der Waals interactions, a cohesive
interaction.

3.5. X-ray diffraction analysis

The XRD diffractogram of GO, G1, G2, and G3 are shown in Fig. 8 (crystalline phases: Mor: mordenite (Zeolite), and Qz: Quartz).
The geopolymers comprise 12.3-18.4% quartz, 11.8-16.8% mordenite, 4.5-10.4% anorthite, and 54.9-68.3% amorphous (see Fig. 8).
Similar behaviors are found across all the samples, with slightly more variation with samples Gi*(see Figs. S8 and S9 in the Supple-
mentary Information File) since the changing of the molar composition of alkali-activated precursor can produce amorphous geo-
polymers [63]. Higher amorphous content was found in the geopolymer samples when compared to the zeolite raw material, which is
related to a successful geopolymerization process, where the Si-O-Si of crystalline nature was open and reacted to form an amorphous
network [63]. Additionally, no significant difference was found in the XRD GO, G1, G2, and G3 patterns, indicating that the CNFs do
not contribute to the hydration, suggesting that no new strength-enhancing chemicals have been produced by CNFs in the geopolymer
[63]. This outcome agrees with the findings reported by Azeem, Junaid, and Saleem [63].

3.6. Scanning electron microscopy

The presence of CNFs in the G2 and G3 geopolymer composite samples can be easily observed in scanning electron microscope
images (see Fig. 9). The SEM image also shows a close-up view of a selected area of the G3 sample. Collected SEM images show
agglomeration of the fibers through the sample, which may cause an effect on the variability of evaluated properties. For instance,
better compressive strength and electrical conductivity can be seen in samples with good dispersion of the CNFs. Micropores and cracks
can be seen through all the samples. Nevertheless, the samples that contain higher dosages of CNFs have larger pore sizes and cracks in
the contact surface between the CNFs and geopolymer because of stress transferring between the matrix and filler [65]. However, it
was seen that CNFs filled the gap or pores in the geopolymers. The CNFs detected and analyzed on the SEM image of the G3 sample in
Fig. 9 show the dimensions and variability in the diameter from ~150 nm to 500 nm, which also affects compressive strength and
conductivity data.

3.7. Electrical conductivity analysis

It was possible to obtain the samples’ resistivity and conductivity (see Fig. 10) by measuring the electrical resistance. The resistivity
is higher for the geopolymer GO (183.77 kQecm), and GO* (112.6 kQecm) since they have a 0% of CNFs. From GO to G1, there are
almost 20 units of difference, and for GO* to approximately 12.5 units; this change is caused by the addition of CNFs as they can be
conductive of electricity [66,67]. The electrical resistivity change could be explained by three potential mechanisms according to Zhou
et al. [68]: the conductive percolation networks formed by embedded CNF, ions in the cement matrix’s pore solution determine
conductivity, and percolation due to the quantum tunneling effect.

The resistivity decreased for G2, however, G3 increases by almost seven resistivity units, obtaining 156.96 kQecm; this may be
caused by a poor dispersion of the fibers, as it is shown in Fig. 9. The latter could be explained by the fact that carbon nanomaterials
tend to remain agglomerated because of the extremely strong van der Waals attractive forces, which can affect the performance of
composites [60]. On the other hand, from G1* to G2*, the resistivity slightly increases and then decreases again for G3*, obtaining
111.87 kQecm as the final measure. Yet, apparently, the geopolymers do not surpass the percolation threshold since the resistivity was
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Fig. 8. XRD diffractogram for the GO, G1, G2, and G3.
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not reduced for several orders of magnitude [34]. For example, it was shown that cement-based composites may be employed as strain
sensors by adding 1 and 1.15% vol. CNT [69] and resulting in a resistance of approximately 100 kQecm, on the contrary, when adding
0.5% vol. CNT, the resistivity increased, hence 1% vol. could be the percolation threshold. Hence further investigation is needed to
obtain the percolation threshold of CNFs embed in geopolymer.

Generally, electrical conductivity exhibits a slight increase when the CNFs percentage rises in the GO, G1, G2, and G3 geopolymers
and the GO*, G1*, G2*, and G3*. The values between GO, G1, G2, and G3 geopolymers and the GO*, G1*, G2*, and G3* show a
considerable difference since the second group has more sodium cations in the geopolymer, as the ratio of SiO3/NayO = 2.4, mean-
while in the first group that ratio is 3.4.

In general, these results show congruency with the literature. For example, Hanjitsuwan et al. [70] evaluated the electric con-
ductivities of geopolymers reinforced with CNTs made of different fly ash ratios and activator solutions between 5x10~* and 107>
S/em. Also, Mizerova et al. [9] reported an electrical conductivity of 6.31x107>S/cm using graphite powder in geopolymers. The
results are slightly below the electrical conductivity shown in the literature, but this can be caused by the quantity of CNFs being very
small compared to the percentages of CNTs in geopolymer. Improving the geopolymer’s electrical conductivity is essential for
piezoelectric, corrosion-resistant components, or other multipurpose applications. Conductive fillers made of structured carbon can
help achieve this purpose [34].

3.8. Life cycle assessment

The life cycle assessment focused on the environmental impact of the production of carbon nanofibers, zeolite, and alkaline ac-
tivators that form the geopolymer-CNF composite. Global warming potential has been especially evaluated as it is one of the foremost
parameters to assess the performance of the composites because of the significant contribution of CO3 from ordinary Portland cement
(OPQ).
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Temizel-Sekeryan et al. [44] extensively reviewed different routes for multiwall CNT (MWCNTSs) production. Three raw materials
(Acetylene, benzene, or toluene) with their respective production schemes were compared based on reported routes. Fig. 11 shows the
normalized results for the three options analyzed: acetylene in blue, benzene in orange, and toluene in green color. Toluene hydro-
carbon gas and its production are the options that have a higher impact in the analyzed categories. In comparison, benzene shows the
best environmental performance for climate change, acidification, and eutrophication, among other categories. For this reason, the
source for CNFs was benzene because it would add less impact to our geopolymer composite. Studies show that benzene is the carbon
source for CNFs with less impact on global warming indicators, and it can be further reduced by the source of electricity used (i.e.,
wind, solar, hydro, etc.) [44]. Even though benzene is a known carcinogenic substance, its process has less impact on the human
carcinogenic category as it not only weights the use of the hydrocarbon source but other reagents used and energy consumed. For
instance, the toluene process consumes about 79 kg of HCl per kg of MWCNT, but the benzene process only consumes 19 kg of HySO4.

Table 4 shows the characterized impact results for the geopolymer cement mixes incorporating CNFs using benzene as a carbon
source. In the global warming category, there is a maximum difference of 43% between the conventional geopolymer (GO) and the
composite with a higher proportion of CNFs (G3) in terms of kilograms of CO; equivalent. In the same way, the acidification potential
or terrestrial acidification category has a difference of 46%. The differences between the geopolymer with no CNFs and the ones with
fibers in the other categories do not exceed 45%.

Normalizing these categories will allow for a more accurate comparison of the results between each mix. In this matter, the
evaluation of the environmental performance of the best alternative can be made with the notion of different parameters considered all
at once (all impact indicators). Fig. 12 demonstrates a tendency between the addition of CNFs and the increase of the impact score
across all impact categories assessed. The G1 mix, which comprises 0.07% fibers, gets the best environmental score among the three
alternatives that incorporate CNFs, according to the LCA methodology.

Studies have evaluated the effect of adding CNFs/CNTs to cement/concrete composites, resulting in a lower carbon footprint [27].
However, geopolymers are already an alternative with considerably lower CO5 emissions than OPC. For this reason, the effect of the
inclusion of CNFs in the composite should keep the binder climate change indicator as low as the reference geopolymer. In this sense,
the mechanical properties of the geopolymer can be enhanced while maintaining the sustainability of the alternative construction
materials. This is noticeable in Fig. 12, where the indicators, specifically global warming, showed no more than a 0.5 increase between
the reference geopolymer and the highest load of CNFs.

The G1 mix was assessed to evaluate the contributions from each component involved. Each reagent, material, or process can be
improved to reduce environmental impact. A maximum of 10% contribution from CNF production can be seen across all impact
categories (See Fig. 13). The mix’s two major/prime contributors are sodium silicate and zeolite. For instance, the main potential
contributors to global warming are zeolite, sodium silicate, and CNFs, with 45, 41, and 9%, respectively. Water, steam, and electricity
use contribute less than 1%, which is almost negligible in the graph. One study showed that using sodium silicate as the activator
contributes significantly [37] to environmental impacts, a range of 55-72%. For G1, the contribution of this sodium silicate has been
reduced to approximately 25%. Further optimization that aims for environmental impact reduction could include using waste ma-
terials like ash or silica prepared from rice [71,72] as raw materials with less burden for the process.

Studies have shown that OPC cement constitutes 90% of the allocated environmental impacts on concrete mixtures, especially for
the global warming category [73]. For this reason, most studies assess concretes instead of cementitious binders. The impact of the
concrete is lower than pure cement as the latter is only partially used while adding coarse and fine aggregates [73,74]. However,
geopolymer concrete, including coarse and fine aggregates, also results in lower global warming potential. For this reason, a geo-
polymer binder was evaluated in this study with the added carbon nanofibers to enhance thermomechanical properties such as thermal
conductivity and compressive strength.

4. Conclusions

The current study evaluated the effect of CNFs integrated into a geopolymer matrix using zeolite as a base material, analyzed
loading concentrations ranging from 0 to 0.32 wt%. The research assessed key properties such as compressive strength, electrical
conductivity, crystallinity, and environmental impact.

A crucial finding is that CNF concentration and the geopolymer’s density follow an inverse relationship. A less dense, more water
absorptive, and more electrically conductive geopolymer composite was obtained at higher CNFs loading. However, this correlation is
not mirrored in the compressive strength which showed a peak at an optimal CNF concentration before reducing its resistance to
compression. This indicates a critical threshold for CNF concentration in the composite since CNFs tend to be difficult to disperse,
which could be a source of error in our outcome. The clustering of CNTs is extremely unfavorable. All the samples presented similar
thermal behavior, showing thermal stability across the range of evaluation. This is particularly relevant for applications demanding
consistent performance under varying thermal conditions.

The life cycle assessment in this study highlights that CNFs produced from benzene have a more favorable environmental profile.
Nonetheless, the loading of CNFs increases the environmental impacts of the geopolymer. Thus, composites with lower carbon fiber
dosages offer sustainable alternatives. The findings showed the importance of considering a trade-off between sustainability and
mechanical/electrical properties. In addition, water glass and zeolite extraction are two main contributors that emerge as critical
exploration areas of research.

In advancing the understanding of CNF-reinforced natural zeolite-based geopolymer composites, this study sheds light on the
intricate balance between material properties and environmental considerations. Future research should optimize CNF concentration,
find the percolation threshold, and improve dispersion for maximal mechanical strength without compromising sustainability, explore
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Table 4

Characterized results for 1 m® of each of the geopolymer cement composites.
Impact Category Unit GO G1 G2 G3
Global warming kg CO, eq” 1,64E+03 1,80E+03 2,09E+03 2,36E+03
Terrestrial acidification kg SO eq” 7,67E+00 8,45E+00 9,87E+00 1,12E+01
Freshwater eutrophication kg P eq” 1,12E+00 1,23E+00 1,42E+00 1,61E+00
Marine ecotoxicity kg 1,4-DCB- 1,06E+02 1,16E+02 1,33E+02 1,49E+02
Human carcinogenic toxicity kg 1,4-DCB- 6,93E+01 7,62E+01 8,88E+01 1,01E+02
Human non-carcinogenic toxicity kg 1,4-DCB- 2,34E+03 2,54E+03 2,89E+03 3,23E+03
Water consumption m® 6,84E+01 7,20E+01 7,82E+01 8,41E+01

@ Eq: equivalent, »DCB: Dichlorobenzene.
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Fig. 12. Normalized results for the analyzed functional unit of the system.

alternative environmentally friendly CNF sources, and reduce the environmental impact of key components like water glass and
zeolite. Such investigations will pave the way for developing more sustainable, high-performance geopolymer composites tailored for

diverse applications.
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