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Abstract 

Natural fibers have been commonly utilized by researchers as an alternative to steel fibers 

or synthetic fibers in composite materials. The use of plant-based natural fibers and 

vegetable waste has garnered global attention due to their affordability, abundance, and 

environmental friendliness. Among the analyzed natural fibers are coconut, sisal, jute, 

hemp, and curaua; due to their wide availability, especially in tropical countries, these fibers 

are cost-effective and possess the significant advantage of being renewable. 

Abaca fiber is derived from the pseudostems of Musa textilis and is commonly known as 

Manila hemp. In tropical countries like the Philippines, abaca plants are abundantly found, 

making the country the largest global exporter, followed by Ecuador, which accounts for 

15% of production. Abaca fiber is the first natural fiber to meet the quality requirements for 

composites used in vehicle exteriors. Since abaca is produced in Ecuador, this fiber was 

employed to determine its influence on the properties of cement composites in both short-

term and long-term assessments. This research focused on analyzing the addition of abaca 

fiber in mortars used for masonry (coating). 

The research is divided into three parts: 

The first part involved determining the optimal size, dosage, and treatment available for 

incorporating abaca fiber into cement mortar. It was established that the mortar to be 

analyzed would be the typical mixture used in Ecuador, characterized by a cement-to-sand 

ratio of 1:3. In this phase, three types of fiber treatments were applied: a sodium hydroxide 

solution at a concentration of 3%, silica fume combined with natural latex, and heat 

treatment, utilizing fiber sizes of 20, 25, 30, and 35 mm, and dosages of 0.2%, 0.3%, and 

0.4%. Thermogravimetric analysis, X-ray diffraction (XRD), scanning electron microscopy 

(SEM), Fourier-transform infrared spectroscopy (FT-IR), and tensile testing were 

performed on the fiber to determine the optimal performance. For the mortar, the sodium 

hydroxide treatment enhanced the fiber behavior and was incorporated into the study 

mortar, assessing its flexural strength and setting time. 

The second part of the investigation focused on determining the short-term and long-term 

mechanical behavior through accelerated aging processes of the mortar reinforced with 

sodium hydroxide-treated abaca fiber, at a concentration of 3%, with a size of 30 mm and a 

dosage of 0.2% by total solids weight. After 28 days, the following properties were analyzed: 

dry bulk density, flexural strength, compressive strength, tensile strength, and shrinkage. 

The samples underwent two types of accelerated aging through wet/dry cycles, and the 

same mechanical properties were assessed, in addition to SEM and FT-IR analyses of the 

treated abaca fiber post-aging. 

The third part of the investigation entailed the characterization and life cycle assessment of 

sodium hydroxide-treated abaca fiber, reusing the treatment solution. This segment was 

developed due to the significance of sustainability and the assessment of whether the 

treated plant fiber is environmentally friendly. A study was conducted on the effects of 

reusing this solution analyzing abaca fibers through SEM, TGA, and tensile testing, 

enhancing the inventory database and determining the carbon footprint of the treated abaca 
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fiber in comparison with polypropylene fiber. The results indicate that reusing the treated 

water is effective up to the eighth cycle, with a 25% reduction in carbon footprint, thereby 

contributing to the assessment of the treatment's effectiveness and its incorporation in 

masonry mortars. 
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Resumen 

Las fibras naturales han sido comúnmente usadas por los investigadores como una 

alternativa a las fibras de acero o fibras sintéticas en materiales compuestos. El uso de las 

fibras naturales de plantas y desperdicios vegetales ha atraído la atención global debido a 

su asequibilidad, abundancia y la amigabilidad con el medio ambiente. Entre las fibras 

naturales que han sido analizadas se encuentran las de coco, sisal, yute, cáñamo, curaua; 

debido a su amplia disponibilidad, especialmente en los países tropicales, estas fibras tienen 

un costo bajo y presentan la gran ventaja de ser renovables. 

La fibra de abacá se obtiene del seudo tallo de la musa textiles y se conoce comúnmente 

como cáñamo de Manila. En países tropicales como Filipinas, las plantas de abacá se 

encuentran en abundancia siendo el mayor exportador mundial, seguido de Ecuador con el 

15% de la producción. La fibra de abacá es la primera fibra natural en cumplir con los 

requerimientos de calidad para compuestos usados en los exteriores de vehículos. Debido 

a que el abacá se produce en Ecuador, se utilizó esta fibra para determinar la influencia que 

tendría su adición en las características de aglomerados de cemento a corto y largo plazo. 

Esta investigación se enfocó en analizar la adición de la fibra de abacá en morteros usado 

para albañilería (revestimiento) 

La investigación está dividida en tres partes: 

La primera consistió en determinar el tamaño, dosificación y tratamiento óptimo disponible 

para incorporar la fibra de abacá en el mortero de cemento. Se determinó que el mortero a 

analizar sería el típico trabajado en Ecuador el cual tiene una relación 1:3 cemento: arena. 

En esta parte de la investigación se usaron 3 tipos de tratamientos a la fibra: solución de 

hidróxido de sodio en una concentración del 3%, humo de sílice + látex natural y 

hornificación, tamaños de fibra de 20-25-30 y 35mm y dosificación de 0.2-0.3 y 0.4%. 

Ensayos de Termogravimetría, X-RD, SEM, FT-IR y tensión fueron realizados a la fibra para 

determinar el mejor comportamiento. En cuanto al mortero, el tratamiento de hidróxido de 

sodio mejoró el comportamiento de la fibra y fue adicionado al mortero de estudio, 

analizando su flexotracción y tiempo de fraguado. 

La segunda parte de la investigación consistió en determinar el comportamiento mecánico 

a corto y largo plazo mediante procesos acelerados de envejecimiento de ese mortero 

reforzado con fibra de abacá tratada con hidróxido de sodio en una concentración del 3%, 

en un tamaño de 30mm y una dosificación del 0.2% del peso total de sólidos. A 28 días se 

analizó: dry bulk density, flexión, compresión, tracción y shrinkage. Se sometieron las 

muestras a dos tipos de envejecimiento acelerados por procesos de Wet/Dry a las mismas 

propiedades mecánicas y adicional se hicieron ensayos a la fibra de abacá tratada y luego 

de someterse a los procesos de envejecimiento de SEM y FT-IR. 

La tercera parte de la investigación consistió en la caracterización y evaluación del ciclo de 

vida de la fibra de abacá tratada con hidróxido de sodio, reusando dicha solución en el 

tratamiento de la fibra. Esta parte se desarrolló por la importancia que tiene el tema de 

sostenibilidad y si efectivamente la fibra vegetal tratada es amigable con el medio ambiente. 

Para lo cual se hizo un estudio del efecto de reusar esta solución, analizando las fibras de 
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abacá mediante SEM, TGA, tracción, se aumentó la base de dato de inventario y se determinó 

la huella de carbono de la fibra de abacá tratada comparándola con fibra de polipropileno. 

Los resultados muestran que reusar el agua tratada es efectiva hasta el octavo ciclo, en 

términos de huella de carbono se reduce a un 25%, con lo cual esta investigación aporta 

hasta el ciclo de efectividad del tratamiento y su incorporación en morteros de albañilería. 
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1.1. Introduction 

The use of natural plant fiber as reinforcing agents in composite materials has attracted 

widespread scientific and industrial interest over the past decade. This interest originates  

from the natural abundance an low cost of such fibers, as well as their properties (Cai et al., 

2016). Natural fibers, such as sisal, jute, cotton, flax, hemp, kenaf, have already been 

considered as potential alternatives to traditional fibers (steel fiber, polymer fibers, glass 

fiber) given their environmental friendliness and availability (Wei & Meyer, 2017). Natural 

fibers can considerably improve the tension performance, flexural properties, crack 

resistance, and fatigue behavior of such composites (Ganapathy et al., 2019; Stapper et al., 

2021; D. Zhu et al., 2023).  

Abaca fiber is obtained from the pseudo-stem of musa textile which is commonly used as 

Manila Hemp.  Philippines is the largest producer of abaca, followed by Ecuador with the 

15% of the worldwide production (Richter et al., 2013). Therefore, this natural fiber was 

considered among this research. Despite all these advantages, there are concerns that arises 

when mixed in cementitious mortar, the durability is one of the biggest concerns (Boulos et 

al., 2019). Hence, two strategies can be pursued for counteracting these concerns, the first 

one consists on modifying the matrix (X. Li et al., 2007) and the second focuses on  modifying 

the natural fiber itself through chemical, or physical modification in order to increase its 

stability in cementitious matrices (Z. Zhao et al., 2018). 

Considering these two strategies, the one focusing on modifying the fiber have been more 

used (Ferreira et al., 2015). Treatments consisting on dipping fiber into solution of sodium 

hydroxide corresponding to alkali treatment have been widely used (Ferreira et al., 2015; 

E. J. da Silva et al., 2017; Sood & Dwivedi, 2018), hornification (Cid et al., 2020; Ferreira et 

al., 2017), and others have been used as well (Boulos et al., 2017, 2019). 

The treatments modify the fiber itself, it has been proved through TGA, SEM, XRD that the 

treated fiber shows a variation on its natural composition of pectin, cellulose, hemicellulose 

and lignin (Boulos et al., 2019), improving the bonding between the fiber and the 

cementitious matrix (Morton et al., 2010; Oushabi et al., 2017).  

Despite all these advantages, the most critical concern is the low durability of fibers, 

knowing that natural fiber durability depends on the durability of constituent exposed to 

stress. Hence, deterioration of natural fibers in a cementitious matrix has emerged as the 

major problem to be solved in order to produce durable natural fiber reinforced cement 

composites (Arshad et al., 2020). Therefore, methods such as accelerated process of 

wet/dry could be used as well for estimating the degradation of the material, this remarks 

an important decision whether to use or not natural fibers in the composite and analyze if 

after some time, it still contributes to the mechanical properties of the mortar.  

As Poletanovic et al., (2021) described in her hemp study subjected to alkali treatment 

where 10 cycles of w/d alternatively used showed an increase of 20% approximately  of 

compressive and flexural strength compared to reference mortar. Processes of w/d 

described by Neves Junior, Ferreira, et al., (2019) and Wei et al., (2016) have been used as 

well for determining the degradation of the material. These processes simulate severe and 

medium condition of affectation, the main reason to look for this type of process is the 
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natural condition of Ecuador where only two seasons exist: dry and rainy, hence this 

process results in the most severe exposition for mortars. 

The composites are analyzed at 28 days through dry bulk density, flexural strength, 

compressive strength, dry shrinkage and tensile strength. Then samples are subjected to 

processes of w/d through the same mechanical properties in order to compare the behavior 

and results of the composite. 

After determining the characteristics of the bio-composite it is important to analyze as well 

the use of NaOH and whether it contributes positively to the environment. Knowing that 

NaOH is one of the most widely used chemical treatments for natural fibers (Maiti et al., 

2022) where fibers are washed with water to remove any residual alkaline content and then 

neutralized to prevent further degradation, after this fibers are dried at room temperature 

or in ovens (Iucolano et al., 2015). However, this procedure can lead to a significant 

consumption of NaOH, which not only affects production costs but also raises environ- 

mental concerns. The quantity of NaOH required per kilogram of natural fiber depends on 

the solution concentration and fiber type. For example, low-concentration NaOH solutions 

(1 %) consume 0.15–0.20 kg of NaOH per kg of natural fiber. At common concentrations (3–

5 %), NaOH consumption ranges between 0.44 and 1.90 kg of NaOH per kg of natural fiber, 

while at high concentrations of NaOH (10–50 %), up to 6.67 kg of NaOH per kg of natural 

fiber may be required. 

Reusing NaOH solutions in different applications has proven to be effective in enhancing 

material properties and offering some environ- mental benefits. In one approach, sisal fibers 

treated with 10 % NaOH and incorporated into alkali-activated slag-based composites 

demonstrated improved flexural and compressive strengths with reduced electrical 

conductivity and density using the residual NaOH solution as an activator (X. Zhao et al., 

2024). Another method involves residual bagasse fibers for use in the production of fiber-

reinforced bio-composite pellets, where a NaOH recovery process allows for the recycling 

of up to 61 % of the NaOH used, although the reduction in carbon footprint is 1 % (Ita-Nagy 

et al., 2020) . For these reasons, circularity measures, such as reducing chemical 

consumption and wastewater generation, can be implemented to mitigate the 

environmental impacts associated with the production of treated natural fibers. Several 

researchers have proposed the use of life cycle assessments (LCA) to assess the 

effectiveness of cleaner production methods and circular economy alternatives (Yaseen et 

al., 2024). 

All these concerns justify the need of investigating the incorporation of treated abaca fibers 

in cementitious mortar, its mechanical properties in short and long term, the appropriated 

dosage, length, size of abaca fiber, and whether it is a green solution and if quantitatively it 

represents a better option over polypropylene which is one of the most used fibers in 

construction. 

1.2. Objectives 

The main objective of this thesis is to analyze the influence of the addition of abaca fiber on 

the characteristics of cement agglomerates and their long-term behavior. 

In order to fulfill the main objective, the following secondary objectives were performed: 
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I. To analyze the effect of three different treatments on abaca fibers used in 

cementitious mortars, and how the size and dosage of abaca fibers influence the 

behavior of the cementitious composite. 

II. To compare the mechanical behavior of a mortar with no fiber vs. an alkali treated 

fiber reinforced mortar applied to masonry in construction industry as well as the 

mechanical properties of these mortars when subjected to accelerated aging 

process of w/d 

III. To study the effect of recirculation and reuse of NaOH solution for the treatment of 

natural fibers generating life cycle inventories for the treatment process of natural 

fibers with NaOH solution as well as quantifying and evaluation the carbon footprint 

on natural and treated abaca fiber besides synthetic fiber.
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2.1. Methodology 

The methodology employed in this study is summarized in Figure 2.1. The first phase 

involved a comprehensive literature review focusing on natural fibers, including their 

characterization, various treatments, dosages, and lengths utilized in cementitious 

matrices. Additionally, the review covered the properties of bio-composites, natural and 

accelerated aging processes of natural fibers, life cycle assessments, and strategies for 

reusing solutions to reduce carbon footprints. Insights from this literature review informed 

the experimental design and analysis. 

To characterize treated and untreated abaca fibers, a selection of treatment methods was 

determined based on the literature review and the availability of materials in Ecuador. The 

treatments applied included hornification, sodium hydroxide (NaOH) at a 3% 

concentration, and a combination of latex and silica fume. These treatments were evaluated 

through X-ray diffraction (XRD), Fourier-transform infrared spectroscopy (FT-IR), scanning 

electron microscopy (SEM), thermogravimetric analysis (TGA), and tensile strength testing. 

Among the treatments, the sodium hydroxide method yielded the most favorable results. 

Following the identification of the optimal treatment for abaca fibers, a reference mortar 

composition was established based on traditional plaster mortar formulations commonly 

used in Ecuador, adhering to ASTM and NEC 2015 standards. Experimental mortar samples 

incorporating treated abaca fibers were prepared with varying fiber dosages (0.2%, 0.3%, 

0.4%) and fiber lengths (20 mm, 25 mm, 30 mm, 35 mm). These samples were subjected to 

flexural and compressive strength tests, which determined the optimal composition: mortar 

reinforced with sodium hydroxide-treated abaca fibers at a 0.2% dosage and a 30 mm fiber 

length. 

The resulting bio-composite was further characterized by comparing it with a reference 

mortar (without fiber addition). Comparative tests included evaluations of dry bulk density, 

flexural strength, compressive strength, tensile strength, and shrinkage. Durability emerged 

as a critical factor requiring further investigation. Due to time constraints, natural aging 

could not be pursued; instead, accelerated aging processes were employed to simulate 

Ecuadorian environmental conditions, including wetting and drying cycles representative 

of local soil, rainfall, and drying seasons. The aged samples underwent the same 

characterization tests, and the results were recorded. 

The sodium hydroxide-treated abaca fiber-reinforced mortar demonstrated potential as an 

environmentally friendly bio-composite. However, its performance was benchmarked 

against polypropylene fiber, a widely used synthetic alternative in construction. A life cycle 

assessment (LCA) was conducted to quantify the sustainability of the materials in terms of 

their carbon footprint. 

Finally, the study evaluated the reuse potential of the sodium hydroxide solution used in 

fiber treatment. Three types of abaca fiber samples were tested: untreated natural fiber, 

treated fiber with conventional sodium hydroxide treatment, and treated fiber using a 

reused NaOH solution. 

The reused solution was applied for up to 10 cycles, and its effectiveness was assessed using 

titration, TGA, SEM, and tensile strength analysis. These results, along with comparisons to 
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polypropylene fibers, informed the LCA in terms of carbon footprint, underscoring the 

environmental advantages of the proposed bio-composite. 

 
Figure 2.1. Methodology framework used in this study. 

To achieve the proposed objective, this doctoral thesis has structured through the following 

compilation of publications: 

1. The effect of different treatments on abaca fibers used in cementitious composites, 

published in Journal of Natural Fibers (Alcivar-Bastidas et al., 2023). 
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2. Effect of aging process on mechanical performance of reinforced mortar with NaOH 

abaca fibers, published in Case Studies in Construction Materials (Alcivar-Bastidas, 

Petroche, Cornejo, et al., 2024). 

3. Characterization and life cycle assessment of alkali treated abaca fibers: the effect 

of reusing sodium hydroxide (Alcivar-Bastidas, Petroche, Ramirez, et al., 2024). 

The first article analyzes the effect of different treatments on abaca fibers considering 

dosages and fiber length. Three different treatments were applied: hornification, dipping in 

3% sodium hydroxide solution and water and natural latex+silica fume with different 

lengths (20-25-30-35mm) and dosages of 0.2%, 0.3% and 0.4%; in order to achieve the best 

treatment, length and dosage. 

Treated and untreated fibers were subjected to Thermogravimetric analysis (TGA), X-ray 

diffraction (XRD), Scanning electron microscopy (SEM), Fourier-transform infrared 

spectroscopy (FT-IR), tensile test. After analyzing all proposed treatments with dosages and 

length specified, conventional mortar for plastering used in Ecuador was designed with the 

following considerations 1:3 cement:sand.  

In terms of treatment best results were achieved when applying alkali treatment with the 

3% sodium hydroxide solution concentration. The conventional mortar was reinforced with 

this treated abaca fiber with different lengths and dosages subjected to flexural and 

compressive strength and best results were achieved with 30mm length and 0.2% dosage. 

In the second article considering one of the major concerns within bio composites, its 

durability a comparative analysis through mechanical properties in traditional mortar MSF 

and treated abaca fiber mortar MFTHS were performed, comparing its dry bulk density, 

flexural, compressive, dry shrinkage and tensile strength. Its durability was analyzed after 

subjecting both type of samples to accelerated aging process of wet/dry. Treated abaca 

fibers subjected to both process of w/d were analyzed through SEM and FT-IR, in order to 

compare the internal composition of the fiber. The same mechanical properties were 

performed to the bio composite after subjecting samples to accelerated process of w/d. 

This study resulted in the following conclusions: 

• Despite the application of w/d cycles, alkali treated abaca fiber preserves the same 

mechanical composition.  

• When correlating results from mechanical properties, bio composites with treated 

abaca fiber resulted in better outcomes. 

Following the research topic where length, treatment, dosage, mechanical properties at 28 

days and after applying accelerated aging process were defined; it was important to 

evaluate the effects of implementing a circular economy approach through the recirculation 

of a NaOH solution on the treatments of abaca fibers. It is important to remark that the abaca 

treatment involves the usage of this solution and after completing the treatment the residue 

is discarded. This waste water could be used “n” times until it loses its effectiveness. This 

study analyzed ten reused solutions until efficiency was lost, also polypropylene fiber was 

used as one of the main synthetic fibers used in construction. In order to measure the 

effectiveness of the treatment samples were subjected to SEM, TGA, tensile test and the 
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titration method for measuring NaOH solution concentration. After determining the “n” 

effective treatment, life cycle assessment was performed to natural, treated abaca fiber and 

synthetic polypropylene fiber measuring the generated carbon footprint. In general terms 

carbon footprint results show the environmental advantages of abaca fiber over 

polypropylene, with notable reduction in carbon footprint and higher tensile strength. 
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Chapter 3.  
The effect of different treatments on 

abaca fibers used in cementitious 
composites1 

 

                                                             
1 The result presented in this chapter were published in Alcivar-Bastidas, S., Petroche, D. M., & 
Martinez-Echevarria, M. J. (2023). The effect of different treatments on abaca fibers used in 
cementitious composites. Journal of Natural Fibers, 20(1). 
https://doi.org/10.1080/15440478.2023.2177235 
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3.1. Introduction 

During last years, natural fibers (such as flax, jute, sisal coir and bamboo fibers) have been 

extensively used as suitable reinforcement in cement-based composites (Benaimeche et al., 

2018). Using fibers from natural plants has attracted greater global attention because of its 

affordability, abundance and eco-friendliness (Jiang et al., 2018). The advantages of using 

natural fibers in industrial applications relate to their light weight, low cost, nontoxicity, 

biodegradability and high specific stiffness (Cai et al., 2015). 

Abaca fiber is obtained from the pseudo-stem of Musa textile. Which is commonly known as 

Manila hemp. This plant has little non-edible fruits full of seeds, its pseudo-stem can grow 

up to 6.5 m. In tropical countries like Philippines, abaca plants are available in abundance 

(Kumar Sinha et al., 2017). Worldwide, the demand of abaca is mainly fed by the Philippines 

with an 85% and Ecuador with a 15% (Richter et al., 2013). Certain authors have compared 

mechanical properties of natural fibers with promising results in terms of tensile strength 

abaca 400 MPa (Onuaguluchi & Banthia, 2016). 

Despite all these advantages, many challenges arise concerning the use of natural fibers in 

cementitious applications, certain drawbacks could be mentioned as poor dispersion in 

cementitious matrix and probably the most critical, the low durability of fibers in 

cementitious matrix (Boulos et al., 2019). Therefore, in order to counteract these 

drawbacks, two strategies could be applied as a way of increasing the durability of the 

natural fibers in cement paste. The first strategy is to modify the composition of the 

cementitious matrix in a way that reduces its alkalinity in order to increase the durability 

of natural fibers in cement paste (X. Li et al., 2007). The second strategy focuses on the 

natural fiber itself and involves chemical or physical modification in order to increase its 

stability in cementitious matrices (Boulos et al., 2019; Jiang et al., 2018). This study focused 

on the second strategy by applying three different treatments on abaca fibers. 

This work aims to (1) analyze the effect of three different treatments on abaca fibers used 

in cementitious mortars, (2) study how the size and dosage of abaca fibers influence the 

behavior of the cementitious composite. The abaca fibers were subjected to three different 

treatments: a process of hornification, dipping in 3% NaOH solution and water, and finally 

a coating of silica fume with natural latex. Scanning electron microscopy (SEM), X-ray 

diffraction (XRD), Fourier transform-infrared spectroscopy (FT-IR), Thermo gravimetric 

analysis (TGA), tensile test and flexural strength were used to analyze structural and 

chemical changes in the fibers before and after applying the treatment.  
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3.2. Material and methods 

3.2.1. Materials 

The abaca fibers used in this research correspond to a second quality fiber. This 

classification is based on the color and diameter of the fiber (Simbaña et al., 2020). The 

cement used is a general use (GU) type, according to ASTM C1157 (ASTM International, 

2023b). The sand used in this study was collected from Rio Boliche (Figure 3.1) and its 

granulometric curve was set as the average between ASTM C144 maximum and minimum 

ranges (ASTM International, 2018). 

 
Figure 3.1. Granulometric curve of sand used in this research. 

3.2.2. Abaca treatments 

The length of the fibers were determined based on previous research and were cut into four 

different lengths: 20, 25, 30, 35 mm (Ferreira et al., 2018; Onuaguluchi & Banthia, 2016). 

The fibers were subjected to three different treatments: hornification, dipping in 3% NaOH 

solution and water, and a coating of silica fume with natural latex. 

3.2.2.1. Hornification 

The process was performed as described by Ferreira et al. (2017) with the main purpose of 

improving natural fiber properties: The abaca fibers were placed in a container with water 

(T = 22°C) during 3 hours. The drying process was carried out in a furnace at a temperature 

increasing temperature rate of 1°C/min to 80°C. Then this temperature was maintained for 

16 hours. After 16 hours of drying, the furnace was cooled down to of 22°C in order to avoid 

possible thermal shock to the fibers. This procedure was repeated 5 times because at this 

point other natural fibers accomplished better performance and it has been proven that 

through this method fiber-matrix bonding also improves frictional mechanism (Ferreira et 

al., 2015, 2017).  
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3.2.2.2. Dipping in 3% sodium hydroxide solution and water 

The process was performed by a procedure previously applied in leaf fibers according to 

Jiang et al., (2018). A solution of NaOH (3% mass percentage) and water was prepared, 

fibers were dipped into this solution for 4 hours and then in water for 10 hours. 

Impregnated abaca fibers were rinsed with water until extruded brown washing became 

transparent. Then, fibers were dried at 85±1℃ for 24 hours in a furnace, the use of 

temperature led to increase the fiber stiffness and decrease its moisture absorption 

(Pacheco-Torgal & Jalali, 2011). Fibers were cooled to room temperature and then stored 

in sealed plastic bags for posterior usage. 

3.2.2.3. Natural latex + Silica fume 

Firstly, each abaca fiber was immersed in an adherent solution of natural latex for 1 min, 

according to Silva et al. (2017). At this point, the adherent solution surrounds the abaca 

fiber generating bonding layers. The silica fume particles act as fillers within the 

cementitious matrix, reduce the porosity of the composite by filling voids, form more C-S-H, 

it is also useful for strength development (Júnior Carvalho Machado et al., 2020). 

3.2.3. Abaca fibers in cementitious mortars 

The cement based mortar matrix consists of a cement to sand ratio 1:3 which corresponds 

to a typical mortar used in Ecuador (INEN 2615:2012) (INEN, 2015). The ratio between 

water-cement is fixed after performing a workability test with the flow table according to 

UNE 1015-3 (UNE, 2000) . 

The dosage of fiber was applied in three different percentages 0.2%, 0.3% and 0.4% based 

on the total weight of solids based on previous literature review (Çomak et al., 2018; 

Onuaguluchi & Banthia, 2016; Wei et al., 2016), the mortar mixture composition is listed in 

Table 3.1. 

Table 3.1. Mortar mix composition. 
Materials Dosage 
Sand 1620 g 
Cement 540 g 
Water Flow rate 110±5% 
Abaca 0.2, 0.3, 0.4% total solid weight 

Figure 3.2 describes the scheme performed in order to develop this research; where abaca 

fibers were fixed at 25 mm length with a 0.2% of the total solid weight and mixed into the 

mortar applying three different treatments to find out the optimum treatment (analyzing 

through flexural strength); once the treatment was determined the optimum length and 

dosage were analyzed for reaching the best length and dosage. 
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ABACA FIBER FIXED
L:25mm

D:0.2% (total solid 
weight)

TREATMENTS
1. Hornification

2. Dipping in sodium 
hydroxide (3% 
concentration)

3. Natural Latex+ Silica fume

OPTIMUM 
TREATMENT

LENGTH
20mm
25mm
30mm
35mm

DOSAGE
0.2%
0.3%
0.4%

OPTIMUM LENGTH 
OPTIMUM DOSAGE

 

Figure 3.2. Methodology proposed for determining optimum treatment, size and dosage. 

Thermogravimetric analysis was performed on no treated and treated abaca fibers. This 

was performed by comparing the rate of weight loss and the decomposition temperature. 

The analysis was developed with the use of TGA701 under a ramp rate of 15°C/minute from 

room temperature to 104°C and 50°C/minute from 104°C to 1000°C. The crystal structure 

of the no treated and treated abaca fibers was characterized. X-ray diffraction (XRD) was 

performed to 4 samples of abaca fibers subjected to hornification (HR), NaOH-3% (HS), 

natural latex + silica fume (LS) and the No treated fiber (NT). This technique is used to 

identify the crystalline minerals in the natural fibers when their content is higher than 1%. 

The degree of CI in the cellulosic materials is calculated according to the peak height 

method. The empirical equation proposed by Segal et al., (1959) for calculating the 

crystalline index is given in Equation 1. 

𝐶𝑟𝐼 =
𝐼002−𝐼𝑎𝑚

𝐼002
× 100 (1) 

In SEM, samples were prepared in order to analyze the superficial changes as a consequence 

of the different treatments applied. The three point bending tests on unnotched specimens 

were carried out according to UNE 196-1 (UNE, 2018) which evaluate compressive and 

flexural properties of cement based mortar. FT-IR was performed on treated and untreated 

abaca fibers. This technique is sensible to internal structures since it reflects the 

characteristic vibrations of atomic groups. To carry out tensile tests, the treated and 

untreated fibers were split into parcels. This test was performed taking as references the 

procedure from Cai et al. (2015) and ASTM C1157 (ASTM International, 2023b). The testing 

machine corresponds to an IBERTEST MOD IBTH-2730. The samples were put in a porta 

sample that consists of a 300 g which was tied through epoxy on each bottom in order not 

to interfere with the test. Fibers length between 300-500 mm. The fiber diameters were 

obtained through SEM (200µm), as showed in Figure 3.3, using the software Motic Images 

plus 3.0. 
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Figure 3.3. Images of abaca fibers through scanning electron microscopy. 

Figure 3.4 shows the design of the porta sample for tensile test. The strength at breaking 

point (N) is gotten from the testing machine, the cross-sectional area of the fiber in the 

fracture plane is obtained through reflection microscopy, zoom 200, OLYMPUS PME3. This 

test was performed applying a maximum load of 500 N and a velocity rate of 1 mm/min. 

 
Figure 3.4. Porta sample for tensile test. Units: cm. 

3.3. Results and discussion 

It is important to understand the natural fibers cell wall in order to predict the mechanical 

properties of the fiber itself. Considering that all natural fibers are composed of pectin, 

cellulose, hemicellulose and lignin (Boulos et al., 2019), it turns necessary to analyze the 

behavior of treated samples within its composition. On the other hand, different dosages 

and sizes may also influence the behavior of the cementitious mortars. 

3.3.1. Characterization of abaca fibers 

3.3.1.1. Thermogravimetric analysis (TGA) 

Thermogravimetric analysis was carried out to investigate the changes that the abaca fiber 

may suffer through the proposed treatments. Figure 3.5 shows the curves of the different 

conditions of abaca fibers subjected to hornification (HR), NaOH-3% (HS), natural 

latex+silica fume (LS) and to the No treated fiber (NT). Figure 3.5 (a) DTG curve shows an 

initial peak between 40° C and 100°C (loss in weight about 4%) which corresponds to the 

vaporization of absorbed water. After this peak, the curve shows two more peaks. According 

to Y. J. Rueda-Ordóñez and Tannous (2018), thermal disintegration of natural fibers begins 

with the decomposition of the hemicellulose that starts at 200℃ to 400℃, then cellulose 

between 300℃ and 410℃ and lignin from 400℃ to 800℃. Figure 3.5 (b) Among NaOH, 

Epoxy 

Abaca fibre 

Cutting section  

Porta sample 300 g paper  
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degradation starts at 200℃ corresponding to hemicellulose with a 20% weight loss, then 

cellulose between 380℃ up to 400℃ with a 65% weight loss and lignin at 680℃ with a 

20% weight loss. Figure 3.5 (c) HR degradation starts at 270℃ corresponding to 

hemicellulose with a 10% weight loss, then cellulose at 320℃ with a 60% weight loss and 

lignin at 500℃ with a 30% weight loss. Figure 3.5 (d) LS degradation starts at 300℃ 

corresponding to hemicellulose and 20% weight loss. At 400℃ cellulose degrades with a 

5% weight loss and lignin at 500℃ lignin with a 5% weight loss. This behavior means that 

there are few volatile elements and that’s why the variation of weight vs temperature is 

small, it can be seen a constant velocity for which only one type of material is being 

liberated. Among these behaviors it can be seen that NaOH and HR treatment have some 

similarities, for example the weight loss of cellulose is around 60% and lignin at an average 

of 25%. But it is interesting how the LS treatment varies from all others losing only a 5% 

weight loss in the cellulose and in lignin. Between these results, it should be analyzed if 

these behaviors interfere within flexural strength results. 

 

Figure 3.5. TG and DTG curves. (a) NT: No treated fiber. (b) HS: NaOH-3%. (c) HR: 
Hornification. (d) LS: Natural latex + silica fume. TG: Thermogravimetric curve. DTG: First 
derivative of the TG curve. 

3.3.1.2. X-ray diffraction 

X-ray diffractograms for all four samples are presented in Figure 3.6. Two main peaks can 

be seen through all the analyzed samples at 16.4° and 22.5°, typical of the cellulose which 

have a considered width referring to an amorphous material (H. S. Kim et al., 2023). There’s 

an unusual peak at 31.34°in the LS sample which refers to a calcium sulfate (Eremin et al., 

2016). These results allow the analysis of the cellulose structure and crystallinity. Table 3.2 

shows the results of the 4 samples in terms of CrI%, the highest and the lowest index 

corresponds to the HS (38.46%) and LS (28%) treatment respectively. All treatments have 
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eliminated no crystalline materials on the fiber, including amorphous hemicellulose, lignin 

and others non cellulosic materials, which has given the fiber the chance of adopting a more 

crystalline structure (Cai et al., 2016). These results have a certain connection with results 

from TGA where the weight loss of cellulose and lignin were totally alike within these two 

treatments hence it would be interesting to analyze if this behavior repeats in terms of 

flexural strength. 

 
Figure 3.6. Diffractograms for abaca fiber: NT HS, HR, and LS. 

Table 3.2. Crystallinity index of NT, HS, HR and 
LS abaca fiber. 

Fiber Itotal Iam CrI (%) 

NT 720 500 30.50 

HS 1625 1000 38.46 

HR 1000 700 30.00 

LS 1250 900 28.00 
NT: No treated fiber. HS: NaOH-3%. HR: Hornification. LS: 

Natural latex + silica fume. Itotal: Intensity at 22.1°. Iam: 

Intensity at 16.0°. CrI: Crystallinity index. 

3.3.1.3. Fourier-transform infrared spectroscopy 

The chemical composition of all samples was analyzed as seen in Table 3.3. Peaks were 

formed corresponding to different bondages such as: (-OH), (H-O), (C-H), (C=O), (C=C), (C-

H), (C=C), (H-C-H), (C-O), (C-O-C) and (C-O) showed in Figure 3.7, these bondages are 

associated to elements referred as polysaccharides, cellulose, hemicellulose, pectin and 

lignin. 

Table 3.3. Absorption peaks of abaca fiber submitted to different treatments. 

Wavenumer (cmˉ¹) 
Link  

(functional group) 
Possible assignment 

3400 -OH Cellulose, hemicellulose, lignin 

NT HS HR LS
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3336 O-H Polysaccharide 

2893 C-H Cellulose and hemicellulose 

1742 C=O Hemicellulose and pectin 

1603 C=C Lignin components 

1514 C-H Hemicellulose and pectin 

1510 C=C Lignin 

1430 H-C-H Pectin and lignin 

1242 C-O Lignin 

1100 C-O-C Cellulose 

1062 C-O Hemicellulose and lignin 

1026 CH3  

900 Glycosidic links Polysaccharide 

896 C-OH 
β glucosidic linkage presence between 
the monosaccharide 

795 Si-O-Si Symetric stretching modes of SiO4 units 

Within the three applied treatments HR, HS and LS, it can be seen in Figure 3.7 that they all 

look similar, except LS; apparently, this treatment radically transforms the bondage 

bringing a new value to show, these results are consistent with the ones obtained through 

TGA and XRD. HR treatment looks similar to NT fiber, this may imply that there is no 

significant change in the chemical fiber’s composition. HS treatment shows at 1742 cmˉ¹, 

peak that refers to the bondage C=O, where the hemicellulose and pectin disappear, as TGA 

results confirm, at 1100cmˉ¹ another peak the C-O-C shows up referring to cellulose; 

therefore, it can be said that part of the lignin and pectin are eliminated from the fiber. 

Hence, the HS treatment removes the binding materials such as hemicelluloses, pectin and 

lignin, this led to the separation of the abaca fiber bundle into elementary fibers (Cai et al., 

2015). 

 

 
Figure 3.7. FT-IR of abaca fiber submitted to NT, HS, HR and LS.  

NT HS HR LS
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3.3.1.4. Tensile test 

After summiting all samples to tensile strength as seen in Figure 3.8, it was obtained that 

NT abaca fiber has the lowest strength compared to treated abaca samples. Results were 

summarized in Table 3.4. According to these results Ecuadorian abaca fibers may seem less 

resistant compared to Philippines 750 MPa (K. Liu et al., 2013). However, these results may 

vary depending on the mechanism applied to measure this property, as well as the 

harvesting and cropping procedure. If we compare the results of tensile tests to previous 

tests it can be seen that HS and LS treatment have the highest and the lowest results in terms 

of tensile test, these results are congruent to the ones obtained by TGA, XRD, FT-IR where 

hemicellulose, cellulose and weight loss vary tremendously. Summarizing, HR is 5.4% more 

resistant than NT and HS treatment increases its strength in a 26.41%; therefore, it can be 

said that HS treatment has the best performance in terms of tensile strength. 

 
Figure 3.8. Tensile test for abaca fiber NT, HS, HR and LS. 

Table 3.4. Tensile test of NT, HS, HR and LS abaca fiber. 

Fiber Tensile test (MPa) 

NT 342.33 

HS 465.18 

HR 361.88 

LS 350.90 

3.3.1.5. Scanning electron microscopy (SEM) 

In Figure 3.9 (a) SEM analysis of 300 µm show the behavior of abaca fibers in all their 

conditions NT, HR, HS and LS. Abaca fibers experiment a modification of its surface when 

subjected to proposed treatments. It can be seen how the NT fibers show a similar aspect 

compared to the HR and HS treatment; on the other hand, LS fibers show a totally different 

aspect, having as main element Silica fume with almost unnoticeable fibers. Figure 3.9 (b) 

shows fibers in all proposed conditions at 50 µm, it can be seen changes in the surface’s 

morphology of all of them. 
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Figure 3.9. Abaca fibers NT, HR, HS and LS respectively, corresponding to (a) 300µm, (b) 

50µm and (c) 5µm of backscattered electrons.  
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HR treatment shows how the morphology of the natural fiber has disappeared, meaning 

that transversal elements previously seen in NT fiber has been diluted, fiber’s roughness 

has increased as well. As shown with LS, the fiber seems to be present but it is covered by 

latex and the small rocks that can be appreciated is the silica fume. As shown in Figure 3.9 

(c) at 5 µm, the HR and the HS treatment, the fiber suffers a separation, originally it seems 

to be tight in a bundle, but it looks different. The LS treatment shows small spherical 

elements corresponding to silica fume. In general, all applied treatments modify the fiber’ 

surface, hence the adhesion must be considered in cementitious matrix. 

3.3.2. Abaca fibers in cementitious mortar 

One of the most determining tests in terms of masonry mortar is the flexural strength. 

Therefore, to determine the best treatment (HR, HS, LS), prismatic samples were performed, 

fixing a size in 25 mm and 0.2% dosage for comparison. Once the best treatment was 

determined, different sizes and dosages were tested to find out optimum size and dosage. 

Table 3.5 shows the results after establishing a fixed dosage of 0.2% and a fiber length of 25 

mm. At first sight, the LS treatment accomplished better results among all treated fibers, but 

at 28 days these results were lower than NF mortar. It seems interesting the fact of how the 

HR treatment didn’t increase its strength within the first 15 days, but at 28 days it was 3% 

higher than NF sample. On the other hand, HS treatment at 7 days showed lower strength 

compared to NF and LS sample, but at 28 days it showed the highest strength within all 

samples compared, increasing its strength by a 9%. Compressive strength results of NF 

sample compared to HR, LS and HS respectively were 18% lower, 16% lower and 7% higher, 

meaning that at 7 days the HS treatment showed the highest results in terms of 

compression. This behavior can be seen within the 28 days where LS and NF samples 

reached the same strength, HR increased by a 2%, but HS treatment showed better results 

increasing its strength by a 6% %. Using fixed mortar samples of 25 mm length and 0.2% 

dosage (total solid weight) the best treatment was the 3% NaOH solution (HS treatment). 

Once the optimum treatment was determined (3% NaOH solution) HS, different lengths and 

dosages were tested. 

Table 3.5. Mortar samples flexural and compressive strength 
of NF, HS, LS and HR at 7, 14, 28 days. 

Treatment NF HS LS HR 

Dosage 0.20% 

Fiber length 25 mm 

Flexural strength (MPa) 

7 days 5.7 5.3 5.5 4.3 

14 days 6.2 6.7 6.3 4.4 

28 days 6.7 8.0 6.5 6.9 

Compressive strength (MPa) 

7 days 14.50 15.50 12.50 12.30 

14 days 17.80 17.50 17.20 17.10 

28 days 19.30 20.50 19.30 19.70 

Figure 3.10 shows all dosages and lengths analyzed. The highest flexural strength results in 

were obtained when abaca fibers were added to the mixture with a 30 mm length and a 

dosage of 0.2% of the total solid weight, resulting in 8.2 MPa at 28 days; this represents an 
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increase of 18% compared to NF mortar. It can be seen that as lengths increase flexural 

strength decreases. In terms of compressive strength, the behavior is similar, at 30 mm 

length with 0.2% the highest compressive value is achieved, being 8.5% higher than NF. 

 

 
Figure 3.10. Samples of NF, HS with 0.2%, 0.3%, 0.4% and lengths of 20, 25, 30, 35 mm. (a) 
Flexural strength at 28 days. (b) Compressive strength at 28 days. 

3.4. Conclusions 

This work presented the effect of three different treatments on abaca fiber: hornification 

(HR), NaOH-3% (HS) and coating of silica fume with natural latex (LS). From this 

investigation it can be concluded that: 

- Fixing an initial dosage and length of 0.2% of the total solid weight and 25 mm, best 

results were obtained from fibers treated with NaOH HS treatment. 

- All three treatments modify the fiber itself, removing lignin and hemicellulose from 

the surface of natural fibers as proven through TGA, XRD, FT-IR and SEM analysis. 

- HS fiber (NaOH) had better behavior in terms of flexural and compressive strength, 

when the fiber was analyzed through this treatment it was seen that hemicellulose, 

cellulose and lignin were lost and bondages of H-C-H were formed. 

-  Silica fume with natural latex treatment (LS) showed the poorest results in terms 

of tensile test and flexural strength, this could be because once the treatment was 

applied, internally few volatile elements remained compared to HR and HS 

treatment, meaning that internally the composition was modified, but this variation 

wasn’t as different as the others, only 5% weight loss compared to 65% and 30% in 

HS and HR respectively 

- HR treatment, in terms of flexural strength, within the first days showed the highest 

results, but after reaching the full strength, it was seen that results were lower than 

HS treatment. 

- NaOH samples with different dosages and lengths were analyzed (0.2-0.3-0.4% and 

20-25-30-40 mm). Results in terms of flexural strength show better behavior when 

abaca fiber’s length are 30 mm with a 0.2% dosage of the total solid weight.
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Chapter 4.  
Effect of aging process on mechanical 

performance of reinforced mortar 
with NaOH abaca fibers2 

 

                                                             
2 The result presented in this chapter were published in Alcivar-Bastidas, S., Petroche, D. M., Cornejo, 
M. H., & Martinez-Echevarria, M. J. (2024). Effect of aging process on mechanical performance of 
reinforced mortar with NaOH abaca fibers. Case Studies in Construction Materials, 20, e03122. 
https://doi.org/10.1016/j.cscm.2024.e03122 
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4.1. Introduction 

Concrete is one of the most used materials by man (Petroche & Ramirez, 2022) and its main 

component, cement, is responsible for over 8% global CO2 emissions (Guo et al., 2021; Salas 

et al., 2016). The search for alternative materials to reduce the carbon footprint has led to 

the study of alternatives such as geopolymers (Almutairi et al., 2021; de Oliveira et al., 2022; 

Salas et al., 2018), fly ash (Kurda et al., 2020; Yaseen et al., 2022; L. Zhang et al., 2023), 

metakaolin (Machner et al., 2018a, 2018b; Ren et al., 2023), slag (Awoyera & Adesina, 2019; 

Khair et al., 2024; Shobeiri et al., 2023; Snellings et al., 2022), silica fume (Lou et al., 2023), 

calcined clay (Avet & Scrivener, 2018; Scrivener et al., 2018; Sharma et al., 2021), 

construction/mine waste (Borges et al., 2023; R. B. da Silva et al., 2022; Mazurana et al., 

2022), carbon capture (Junior et al., 2021; Neves Junior, Dweck, et al., 2019; Woydich et al., 

2023) and bio composites (Abdalla et al., 2023; Choi, 2022; Riofrio et al., 2022; San Andrés 

et al., 2023; Sheeba et al., 2023).  

The use of vegetable fibers constitutes a very interesting alternative as raw materials for 

cement-based composites in terms of environmental conservation, energy, and resources 

having a low cost and obtained from renewable sources (Cheung et al., 2009; M. Li et al., 

2020; Lilargem Rocha et al., 2022; Luo & Netravali, 1999; Singh et al., 2023; Vasiliki Pachta 

et al., 2014). Natural fibers have been commonly used through years; in Ancient Greece, 

wood and straw fibers were particularly used in order to increase volume stability in 

mortars (Kesikidou & Stefanidou, 2019), they are generally used to avoid shrinkage 

cracking phenomena, increase brittle materials fracture toughness and develop strain-

hardening behavior (Candamano et al., 2021). Studies demonstrate that natural fibers have 

higher toughness, improved impact and higher deformation capacity (Benaimeche et al., 

2018; Çomak et al., 2018; de Lima et al., 2022; Ramakrishna & Sundararajan, 2005; Tolêdo 

Filho et al., 2003). 

A variety of natural fibers are available in the nature such as: flex, hemp, jute, sisal, isora, 

ferula, bamboo, okra, guaruman, abaca, coir which are used as reinforcement in different 

matrices polymeric or cementitious (Ardanuy et al., 2015; Azevedo, Lima, et al., 2022; 

Azevedo, Rocha, et al., 2022; Azevedo et al., 2020; Ferreira et al., 2015; Lima, Oliveira, et al., 

2023; Lima, Tambara Júnior, et al., 2023; Scalici et al., 2016; Song et al., 2021; Sood & 

Dwivedi, 2018). As it is well known, the use of natural fibers, as an alternative to synthetic 

ones, as reinforcement of composite materials have received growing attention according 

to their specific properties, price, because of those reasons, natural fibers began to be used 

as reinforcement of composite materials in engineering (Scalici et al., 2016). The 

development of this type of materials may introduce new chances for improving the farming 

business where good quality cellulosic fibers species could be achieved; these vegetable 

fibers can be obtained from agricultural by products which may generate an additional 

value to agro-industrial products (Mármol & Savastano, 2017). 

Between all available natural fibers around the world, there is abaca, also known as Manila 

hemp, this fiber has called researchers attention not only because of its flexibility and high 

tensile strength, but also because its cultivation reduces soil erosion levels and rehabilitates 

biodiversity in tropical areas. Abaca fiber is important to Ecuador’s economy because it 

represents the 0.2% of the primary exports. Since 2010 this number has increased 
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constituting more than $150 million in its economics (Banco Central del Ecuador, 2018), 

representing the 15% of the worldwide consumption (Kumar Sinha et al., 2017; Richter et 

al., 2013). According to Lomerio & Oloteo (Lomerio & Oloteo, 2000), there are more than 

200 different varieties of abaca, Ecuador has two varieties: Bungalanon and Tangongon that 

differ from the ones in Philippines because of its farming and cultivation process (Araya-

Gutiérrez et al., 2023). Abaca has been widely used in ropes, bags, paper, including the 

automobile industry because of its mechanical properties (Agung et al., 2011; Simbaña et 

al., 2020).  

As other natural fibers, abaca fiber could be used as composites reinforcement (Ashik & 

Sharma, 2015). It is known that fibers as reinforcement for concrete are used to provide 

ductility so that they support the action of tensile loads (George et al., 2020), but its use may 

be affected in terms of adhesion and durability; therefore, in order to improve the necessary 

adhesion between fibers and matrix, several chemical treatments can be used (Sepe et al., 

2018), this is also helpful concerning to durability in which the natural fiber suffers a 

chemical or physical modification for increasing its stability in cementitious matrices 

(Boulos et al., 2019; Jiang et al., 2018).  

Studies from Fidelis et al., (2016) summarizes different treatments and their advantages, 

particularly focusing on controlled alkaline treatment. Among various treatments, alkali 

treatment stands out as one of the most popular due to its costs efficiency and favorable 

outcomes in enhancing adhesion. Studies have utilized different percentages of sodium 

hydroxide, including 3%, 5%, 10% and 15% (Cai et al., 2016; Jiang et al., 2018), showing 

promising results in terms of increased crystallinity, tensile strength and Young’s modulus 

when compared to untreated fibers. 

Despite all these advantages, many challenges arise concerning the use of natural fibers in 

cementitious applications, perhaps the most critical is the low durability of fibers in 

cementitious matrix, knowing that natural fiber durability depends on the durability of 

constituents exposed to stress. In the case of natural weathering, most stress factors are a 

combination of temperature and humidity variations (Zukowski et al., 2018), the 

considerably lower resistance to the high alkaline environment of the cementitious matrix 

can reduce the reinforced effect of these fibers and lead to premature failure of the 

composites (Ferreira et al., 2021; Z. Fu & Yao, 2022; Wei, 2018; Wei & Meyer, 2015). 

As a result the deterioration of natural fibers in a cement matrix has emerged as the major 

problem to be solved in order to produce durable natural fiber reinforced cement 

composites (Arshad et al., 2020).  

One of the methods that has been used for modifying the surface of the fiber is hornification, 

but the process of hornification cycles of wet/dry (w/d) could be used as well for estimating 

the degradation of the material, the main reason for analyzing the degradation is the lack of 

data on the behavior of the bio composite within its service life, years and years should be 

waited in order to analyze whether the fiber is still contributing to the mechanical 

properties of the mortar. For this reason, applying cycles of w/d are a good opportunity to 

estimate the degradation of the material. As Poletanovic et al., (2021) described in her hemp 

study subjected to alkali treatment where 10 cycles of w/d alternatively used showed an 

increase of approximately 20% of compressive and flexural strength compared to reference 
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mortar. Leng et al., (2023) analyzed the performance of bamboo subjected to accelerated 

aging process through w/d cycles, applying 8 cycles alternatively, achieving size changes of 

samples after subjected to w/d, mortars reinforced with bamboo had better results in terms 

of flexural and compressive strength.  

Therefore, durability is an important topic that must be analyzed. It is important to remark 

according to the literature available to date, accelerated cycles of w/d to treated alkali fiber 

has only been done before for hemp by Poletanovic et al., (2021); not procedure of 

accelerated w/d cycle to treated abaca fiber or another natural fiber has been performed. 

In terms of bio composites, it is important to contribute by increasing the catalogue of 

available natural fibers and its behavior as bio composites since the availability of natural 

fibers vary according to the region.  

For this reason, the aim of this research is to (1) compare the mechanical behavior of a 

mortar with no fiber (MSF) vs. an alkali treated fiber reinforced mortar (MFTHS) applied to 

masonry in construction industry and (2) to compare the mechanical properties of these 

mortars when subjected to accelerated aging process of w/d. 

4.2. Material and methods 

4.2.1. Materials 

4.2.1.1. Natural fiber and alkali treatment 

Abaca fiber is derived from the pseudo-stem of Musa textile, commonly referred as manila 

hemp. This plant produces small, inedible fruits with seeds, and its pseudo-stem can reach 

a height up to 6.5 meters. The fiber was obtained at a national plantation located in Santo 

Domingo, Ecuador. The dosage was determined after evaluating various quantities in a 

preceding study conducted by same authors (Alcivar-Bastidas et al., 2023), ranging from 0.2 

to 0.4%, along with differing fiber lengths 20 mm, 25 mm, 30 mm. The optimal outcome in 

terms of flexural strength, measured at 8.2 MPa, was obtained with a 0.2% concentration 

and a fiber length of 30 mm treated with 3%NaOH solution. This selection was influenced 

by findings from Lee & Choi, (2022) where chopped abaca fiber of comparable lengths and 

concentrations was employed. 

Figure 4.1 (a) shows scanning electron microscope (SEM) results of no treatment and, 

Figure 4.1 (b) shows NaOH treatment abaca fiber at 5 µm of backscattered electrons, its 

surface has been modified and according to Alcivar-Bastidas et al., (2023) better bonding 

and results were achieved. Fibers were dipped into this solution for 4 hours and then in 

water for 10 hours. Impregnated abaca fibers were rinsed with water until extruded brown 

washing became transparent, as described by Jiang et al., (2018). 

(a) (b) 
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Figure 4.1. Abaca fibers (a) no treatment, and (b) NaOH treatment, corresponding to 5µm 
of backscattered electrons. 

4.2.1.2. Matrix 

All samples, mortar with no fiber (MSF) and alkali treated fiber reinforced mortar (MFTHS) 
were designed according to UNE-EN 196-1 (UNE, 
2018) and its composition is listed in Table 4.1. 
The cement used in this research is a general use 
(GU), its specification is indicated at ASTM C1157 
(ASTM International, 2023b), its bulk oxide 
composition and other properties are shown in   
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Table 4.2. Natural sand was used and its granulometric curve was set as the average 

between ASTM C144 (ASTM International, 2018) maximum and minimum ranges; matrix 

ratio relation cement: sand 1:3 by weight, with 110±5 mm of the flow rate, following the 

procedure for workability test of flow table according to UNE-EN 1015-3 (UNE, 2000). 

The flow rate range 110±5 mm was maintained for both types of mortars, MSF and MFTHS. 

However, due to the presence of fiber, additional water was necessary to achieve the same 

workability. In this study, the fixed flow rate enabled the control of mixture workability. 

Table 4.1. Mortar mix composition for 1 m3. 

Material
s 

Sand Cement 

Water 
NaOH Abaca 

Fiber 

Flow rate  
110±5 mm 

0.2% total solid 
weight 

MSF 1458 kg 486 kg 274 kg -- 

MFTHS 1458 kg 486 kg 301 kg 4.37 kg 
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Table 4.2. Bulk oxide composition and other 
properties of GU cement. 

Materials Amount 

SiO2 [%] 16.9 

Al2O3 [%] 3.05 

Fe2O3 [%] 1.72 

CaO [%] 58.6 

MgO [%] 0.71 

SO3 [%] 2.41 

K2O [%] 0.13 

Na2O [%] 0.08 

TiO2 [%] 0.17 

P2O5 [%] 0.25 

LOI [%] 15.9 

Specific gravity [g/ml] 2.85 

Blaine [m2/kg] 526 

Compressive strength [MPa]  

1day 7.7 

3 days 17.1 

7 days 22.4 

28 days 28.3 

4.2.2. Methods 

4.2.2.1. Accelerated Aging processes 

With the pass of the time there are factors that may improve or decrease certain mechanical 

properties. Previous researchers (Stapper et al., 2021; Wei & Meyer, 2014, 2015, 2017) have 

analyzed different processes for simulating the degradation of cement composites. 

Therefore, in this research samples were subjected to two types of w/d cycles as accelerated 

aging processes, simulating severe and medium condition of affectation, the main reason 

for analyzing w/d cycles is because Ecuador is a country with only two seasons: dry and 

rainy, hence this process results in the most severe exposition for mortars. Two w/d cycle 

methodologies are proposed within the context of these conditions, and they follow the 

procedure as shown in Figure 4.2. 
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Figure 4.2. (a) Aging process of wet and dry 1 (WD-1), according to Neves Junior, Ferreira, 
et al., (2019). and (b) aging process of wet and dry 2 (WD-2) according to Wei et al., (2016). 

The first w/d cycle (WD-1) is the one proposed by Neves Junior, Ferreira, et al., (2019), with 

6 cycles of w/d where samples were subjected to an accelerated aging test after 28 days of 

age. The aging cycles started with the specimens completely saturated in water at 30±1℃. 

The cycle had a duration of 3 days (1 day submerged in water for complete saturation 

followed by 2 days of drying inside the forced ventilated chamber). The chamber was set 

for a temperature of 36±1℃ and wind speed of 0.5m/s. Considering that after 48h of drying 

the specimens presented a mass loss of about 70% of the mass gained during its saturation. 

Figure 4.3 summarizes the process of WD-1. 

(a) (b) 
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Figure 4.3. Aging process of Wet and Dry 1, according to Neves Junior, Ferreira, et al., 
(2019). (a) 24 h in water, (b) oven at 30°C, (c) weight test, (d) 48 h dried. (e) oven at 30°C, 
(f) weight test. 

The second w/d cycle (WD-2) is the one proposed by Wei et al., (2016), but applying also 6 

cycles of w/d. For this process, specimens were submerged in sealed tap water at 70℃ and 

then oven dried in a circulating air environment at 70℃ alternately. In order to determine 

the duration of each cycle, mass change was determined as a function of the immersing or 

drying time. Increase and decrease of specimen mass subjected to wetting and drying cycles 

were measured every 10 min for the first 2 hours, every 1 hour subsequently and every 3 

(for wetting) or 4 (for drying) hours after 12 hours. Samples were considered at equilibrium 

when the mass change was less than 2% over 3 consecutive measurements, resulting in 6 

cycles. Samples within this research were subjected to both cycles analyzed through dry 

bulk density, shrinkage, compressive, flexural and tensile strength. Figure 4.4 summarizes 

the process of WD-2. 

 
Figure 4.4. Aging process of Wet and Dry according to Wei et al., (2016). (a) water at 70°C, 
(b) submerged in water for 10 minutes (c) oven at 70°C, (d) weight test. (e) oven at 70°C, 
(f) submerged in sealed 70℃ water (g) measured after 10, 20, 60, 120 minutes, (h) weight 
test.  
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4.2.2.2. Tests samples 

4.2.2.2.1. Microstructural analysis to accelerated aging w/d alkali treated fiber 

SEM and FT-IR were performed to the alkali treated fiber subjected to accelerated aging 

cycles of w/d, named as: FWD-1 and FWD-2, according to the w/d process applied. FWD-1 

and FWD-2 refer to the abaca fiber samples that underwent an accelerated aging process of 

w/d. This process was employed to observe the direct effects of aging, specifically WD-1 and 

WD-2, on the fibers. 

 This technique (FT-IR) is sensible to internal structures since it reflects the characteristics 

vibrations of atomic groups and SEM analyze the superficial changes as a consequence of 

the accelerated aging w/d cycles applied. 

4.2.2.2.2. Macro properties of the bio composite 

Mortar with no fiber (MSF) and alkali treated fiber reinforced mortar (MFTHS) were 

analyzed at 28 days through: dry bulk density, flexural, compressive, tensile strength and 

shrinkage as follows. 

Dry bulk density was determined after curing samples, firstly the weight of each water 

saturated specimen is recorded. Then, the specimen is maintained at 105°C in oven until 

one weight variation is further recorded. Finally, density is computed as UNE-EN 1015-10 

recommendations (UNE, 2020a) and the density mean values. 

For flexural and compressive strength, prisms 40x40x160 mm3 for each type were 

subjected to three-point bending under load control with loading rate equal to 44 N/s 

following the UNE-EN 1015-11 and 196-1 recommendations (UNE, 2018, 2020b). Drying 

shrinkage of mortars measured according to the method described in ASTM C157 (ASTM 

International, 2017), the length change of the specimen was measured using a vertical 

comparator for each type. The length was measured at 3, 7, 20, 28, 31, 33, 36, 40, 43, 46 days 

to later calculate the shrinkage. And tensile strength Figure 4.5, was performed following 

the Japan Society of Civil Engineers (JSCE) recommendations (Japan Society of Civil 

Engineers, 2008) using the Shimadzu Autograph AGS-X with 50 KN capacity, allowing 

obtaining maximum load results and displacements. 

 
Figure 4.5. Tensile strength measurement for samples 
according to JSCE recommendations (in mm).  
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4.2.2.2.3. Macro properties of the bio composite after subjecting samples to accelerated 
process of w/d WD-1 and WD-2 

Samples at 28 days of mortar with no fiber (MSF) and alkali treated fiber reinforced mortar 

(MFTHS), subjected to cycles of w/d according to Neves Junior, Ferreira, et al., (2019) and 

Wei et al., (2016) WD-1 and WD-2 respectively, were also tested through tests described in 

Table 4.3. 

Table 4.3. Tests and standards used.  

Tests Standards References 

Dry bulk density UNE-EN 1015-10 (UNE, 2020a) 

Flexural strength UNE-EN 1015-11 (UNE, 2020b) 
Compressive 

strength 
UNE-EN 196-1 (UNE, 2018) 

Dry Shrinkage ASTM C157 (ASTM International, 2017) 

Tensile strength 
Japan Society of Civil 

Engineers (JSCE) 
(Japan Society of Civil 

Engineers, 2008) 

4.3. Results and discussion 

Results have been divided in three parts, the first part corresponds to the microstructural 

analysis to accelerated aging w/d alkali treated fiber; the second part, corresponds to the 

comparison of MSF vs MFTHS mechanical properties of the bio composite. And finally, the 

mechanical properties of the bio composite after subjecting samples to accelerated process 

of w/d WD-1 and WD-2. 

4.3.1. Microstructural analysis to accelerated aging w/d alkali treated fiber 

4.3.1.1. Scanning electron microscopy (SEM) 

FR, FWD-1 and FWD-2 are shown in Figure 4.6. SEM analysis of 100µm backscattered 

electrons show the behavior of all three samples; in these images FR and FWD-1 exhibit 

similarities, but are not identical, there appears to be fiber bonding, and a flatter surface is 

observed in FR. Similarly, FWD-1 shows some flattening, although not as pronounced as in 

FR. However, in FWD-2 a rougher surface is evident, and the bonding pattern seems to 

change. This may occur since WD-2 is more severe if compared to WD-1. 

(a) (b) (c) 

   
Figure 4.6. FR (a), FWD-1 (b) and FWD-2 (c) subjected to SEM 100µm backscattered 
electrons.  
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4.3.1.2. Fourier-transform infrared spectroscopy (FT-IR) 

The chemical composition of all samples is listed in Table 4.4. Figure 4.7 shows the 
comparison between three samples. At first view it can be seen that the chemical 
composition does not vary significantly between samples, reference abaca alkali treated 
fiber (FR) in red show a peak between 3450 cm-1 corresponding to stretching bands of 
intermolecular and intramolecular hydrogen bonds, between FWD-1 and FWD-2 the peaks 
occur at 3433 and 3437 cm-1 respectively presenting the same composition. At 2920 cm-1 a 
peak of FR, FWD-1and FWD-2 is visible representing the stretching vibration bands of the 
C-H group in cellulose. Another important peak occurs at 1640 cm-1 producing the 
stretching vibration band of the free hydrogen-bound hydroxyl, demonstrating the 
hydrophilic nature of the natural fiber. 

Table 4.4. Absorption peaks of abaca alkali treated fiber subjected to processes of WD-1 
and WD-2. 

Wavenumber (cm-1) Link  
(functional 

group) 
Possible assignment 

FR FWD-1 FWD-2 

3449.05 3433.8 3437.41 - 
Stretch bands of intermolecular and 
intramolecular hydrogen bonds. 

2921.67 2916.36 2922.04 C-H 
Stretching vibration bands of the C-H 
group in cellulose. 

2852 2858.2 2851.06 C-H2 
Stretching vibration band of the C-H2 
group due to the presence of 
meicellulose. 

1745 --- --- C=O 
C=O stretching vibration of p-coumaric 
acids of lignin and/or hemicellulose 
(small shoulder pad). 

1640.21 1636.1 1634.26 - 

Band stretching vibration of free and 
hydrogen-bonded hydroxyl, 
demonstrating the hydrophilic nature of 
the natural fiber. 

1462 1461.3 1467.1 C=C 
Vibration caused by the deformations of 
the C=C bonds of the aromatic ring of 
lignin. 

--- 1319.9 1315.1 C-O C-O bond vibrations. 

1269.43 1233.5 1269.99 C-O 
Stretching vibration of C-O bonds of 
acetyl group in lignin. 

1044.26 1044.08 1042.57 C-O 
Stretching of C-O bonds of hydroxyl and 
ether groups in cellulose. 

784.66 771.7 771.42 C-H C-H bond stretching vibration of lignin. 
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Figure 4.7. FT-IR of abaca alkali treated fiber (FR), and w/d aging process WD-1 and WD-
2 (FWD-1, FWD-2). 

There is no great difference between FR, FWD-1 and FWD-2 in chemical terms, hence aging 

process of w/d does not vary the effect of abaca alkali treated fiber even if different 

procedures applied to the fiber.  

4.3.2. Mechanical properties of the bio composite 

Samples were subjected to different mechanical properties as showed in Table 4.3, results 

are summarized in Table 4.5. Determining the mechanical properties of the bio composite 

is important in order to measure the influence of the alkali treated fiber with the cement 

matrix. 

Table 4.5. Results of mortar samples with and without treated 
abaca fiber at 28 days. 

Tests MSF MFTHS 

Dry bulk density [Kg/m³] 1854 1917 

Flexural strength [MPa] 6.54 8.2 

Compressive strength 
[MPa] 

19.33 26.69 

Shrinkage at 28 days [%] -0.0627 -0.0542 

Tensile strength [MPa] 2.87 3.89 

In terms of dry bulk density, mortars using the same water content and design composition 

achieved similar dry bulk density values as mortar Reference Mortar (RM). Samples were 

measured every 15 minutes until the mass difference was ≤0.2%. MFTHS results were 

slightly higher (between 3-4%), this could be due to the fact that it contains an additional 

0.2% of the total solid weight of abaca fiber resulting in a more compact mortar. 

In terms of flexural strength, the MSF mortar reached a 6.54 MPa, but after the addition of 

treated abaca fiber, MFTHS increased 22% of its original strength resulting in 8.2 MPa, 

augmenting its early age of flexural strength (Figure 4.8 (a)). These results are comparable 
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to other natural fibers behavior where flexural strength has been improved as summarized 

by Sood & Dwivedi, (2018). 
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Figure 4.8. Results of mechanical properties (a) flexural strength, (b) compressive 
strength, (c) tensile strength. MSF: mortar with no fiber. MFTHS: alkali treated fiber 
reinforced mortar. 

It is important to analyze that during the flexural test, RM experienced compression on the 

top and tension on the bottom surfaces, leading to cracks at the bottom, and a visible crack 

located near the mid-spam of the sample, regarding to MFTHS, up to certain load the cement 

mortar mainly absorbed the stress before cracks appearance. Even at early ages, the MFTHS 

results were higher than RM (Figure 4.8 (a)) Hence, it can be stated that treated abaca fiber 

slowed down the propagation of cracks due to the bridging effect on both sides of the 

flexural cracks  

The same pattern occurs when analyzing through compressive strength, MSF reached a 19.3 

MPa, and MFTHS increased its strength by a 30% (26.69 MPa). The addition of treated abaca 

fiber in the cementitious mortar improved its strength allowing a better bonding between 

the matrix and the fiber. Figure 4.1 (b) shows alkali treated abaca surface, the adhesion of 

the fiber to the matrix depends on numerous factors such as: length, diameter, ratio and 

roughness. Abaca’s roughness allows this bonding resulting in better mechanical strength. 

Also, MFTHS may have the ability to constrain the growth and widen the cracks in the 

mortar matrix by bridging micropores and cracks, requiring a greater applied load to 

propagate cracks when subjected to uniaxial compressive loading. This pattern occurs since 
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early ages as showed in Fig 8.b, where at 7 and 14 days, the compressive strength of MFTHS 

are higher than MSF. 

Shrinkage is an important phenomenon that has a direct relation with the amount of free 

water and the porosity of the cementitious material. This response occurs after an 

evaporation of the free water stored in the capillary pores due to a low environmental 

relative humidity. Within this research, samples were cured by air simulating the most 

critical scenario (MSF/MFTHS AIR). Values of drying shrinkage were measured for 

calculation of drying shrinkage rate after 1 up to 45 days. Figure 4.10 shows the results of 

MSF (RM) and MFTHS (RM) samples subjected to shrinkage, the shrinkage of mortar 

reinforced with treated abaca fiber illustrates the excellent efficiency in fostering shrinkage 

reductions. The shrinkage of MFTHS diminishes if compared to MSF, that could expand and 

generate more cracks. The presence of treated abaca fiber in the reinforced mortar may 

have inhibited the formation, growth and widening of cracks and micro-cracks due to the 

bridging mechanism between the pores and cracks. Also, the modified surface of treated 

abaca fiber could provide a better bonding between the fiber and the mortar matrix 

resulting in minimizing stress concentrations and minimizing local strains in the mortar 

matrix.  

Samples were subjected to tensile strength, acceptable samples for MSF and MFTHS at 28 

days reached 2.87 MPa and 3.89 MPa respectively (Figure 4.8 (c)); MFTHS samples showed 

an increase of 26% in its strength compared to MSF (Figure 4.8 (b)), this behavior could be 

given by the addition of abaca alkali treated fiber where a better bonding and cohesion is 

displayed, delaying the tensile cracks and restrict the crack propagation that typically 

occurs in the middle portion of mortar specimens under uniaxial tensile force. Hence, a 

higher load after forming a major crack due to the development of a bridge between the 

treated abaca fiber and the mortar matrix throughout the rupture zone is more resisted. 

Pattern than repeats since early ages as shown in Figure 4.8 (c). 

4.3.3. Mechanical properties of the bio composite after subjecting samples to 

accelerated process of w/d WD-1 and WD-2 

As described in section 4.2.2.1 samples were subjected to two different processes of w/d 

cycles, applying 6 cycles, the main reason for performing maximum 6 cycles is that only a2% 

variation mass is allowed in order for the samples to be considered at equilibrium.. The 

comparison of w/d cycles is important since this procedure could modify the mechanical 

behavior of the bio composite. 

Table 4.6 summarizes the results obtained from subjecting various types of fibers such as: 

sisal, pine, eucalyptus, jute and bamboo to different w/d cycles. Results show that 

mechanical properties decline due to the severity of the process after undergoing these 

cycles; however, if RM and MFTHS are compared following the application of these cycles 

on the samples, better results are achieved with treated natural fiber. 

As Table 4.6 shows, it is important to analyze the effect of applying these cycles to the 

samples, comparing the mechanical behavior of RM and MFTHS. 
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Table 4.6. The effect of different cycles of wet/dry in natural fibers mechanical properties. 

Referenc
e 

Bio product MSF MFTHS 

(Ferreira 
et al., 
2015) 

Sisal fiber 
Dry/wet 16+5h/3h 

80℃/22℃ 
Cycles: 10 

Better tensile strength and 
stiffness compared to RM. 

(Mendes 
et al., 
2021) 

Sisal fiber 
Dry/wet 15h/3h 

T:80℃/22℃ 
Cycles: 5 

Better tensile strength 
compared to RM. 

(Balleste
ros et al., 

2015) 

Pine fiber and 
unbleached 
eucalyptus 

Dry/wet 7h/15h 
T:60℃/22℃ 

Cycles: 4 

Better results in terms of 
water absorption, bulk 

density, modulus of rupture, 
modulus of elasticity 

compared to RM. 

(Ferreira 
et al., 
2017) 

Sisal, jute and 
curauá fiber 

Dry/wet 16+5h/3h 
T: 80℃/22℃ 

Cycles: 10 

Better results in terms of 
tensile strength compared to 

RM. 

(Cid et 
al., 2020) 

Bamboo 
Dry/wet 48h/24h 

T:50℃/22℃ 
Cycles: 10 

Better results in terms of 
modulus of elasticity 

compared to RM. 

4.3.3.1. Dry bulk density 

The dry bulk density values for all studied mortars are shown in Figure 4.9 (a). These results 

show that after applying both processes WD-1 and WD-2 to MSF and MFTHS, alkali treated 

fiber reinforced mortar have higher density, resulting in a more compact and dense 

material. Even if both samples were treated with the same procedure of w/d, alkali treated 

fiber reinforced mortar that were subjected to WD-2 have higher density (2013 Kg/m3) 

compared to WD-1 (1997 Kg/m3). 

Apparently, the effect of submerging and drying samples at high temperature (70℃) result 

in a more compact and dense mortar when referring to MFTHS. 

In both w/d processes it can be seen that MFTHS samples show higher density, hence 

previous treatment applied to the fiber might have contributed to improve the particle 

packing and enhanced interfacial bonding. 

4.3.3.2. Flexural strength 

Figure 4.9 (b) shows the results of flexural strength after applying WD-1 and WD-2 to both 

samples. It can be seen that both procedures diminish flexural strength if it is compared to 

28 days’ samples, it is certain that aging processes are very aggressive to the samples 

(temperatures of 70℃, immersion of samples for 24 hours, drying of 48 hours), hence this 

decrease of strength is suitable. 
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Figure 4.9. Results of mechanical properties at 28 days for (a) dry bulk density, (b) 
flexural strength, (c) compressive strength, (d) tensile strength. MSF: mortar with no fiber. 
MFTHS: alkali treated fiber reinforced mortar. WD-1: wet/dry cycle method 1 (Neves 
Junior, Ferreira, et al., 2019). WD-2: wet/dry cycle method 2 (Wei et al., 2016). 

Regarding Figure 4.9 (b) it can be seen that MFTHS, samples subjected to both processes 

WD-1 and WD-2 have higher results in terms of flexural strength, 12% and 17% respectively 

if compared to MSF, it can be stated that the addition of abaca alkali treated fiber improves 

internal bonding and the matrix enhances load transfer and prevents fiber-matrix 

debonding or pullout during loading (Miah et al., 2023). However, results show that WD-2 

has lower strength compared to WD-1, apparently the 6 cycles applied at 70℃ of immersion 

and oven dried affects more than keeping samples to lower temperatures (30℃).  

4.3.3.3. Compressive strength 

Analyzing compressive strength in Figure 4.9 (c), it shows the same tendency as in flexural 

strength, where MSF and MFTHS samples subjected to WD-1 and WD-2 are lower in terms 

of strength when compared to 28 days, this is logical due to the great impact of aging 

processes where the water absorption by the matrix could lead to swelling and dimensional 

changes that could weaken the bond between the matrix and the fiber. On the other hand, 

MFTHS samples show higher strength in terms of compressive strength by both processes 

than MSF, 19.5% and 21% respectively. Poletanovic et al., (2021) the findings indicate that 

subjecting alkali treated hemp to w/d cycles led to an enhancement in compressive strength 

compared to MSF, although it decreased in comparison to the 28-day mark (Poletanovic et 

al., 2021). Incorporating alkali-treated abaca fiber enhances internal bonding, leading to a 
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denser and more compact matrix structure, thereby reducing void presence and enhancing 

material density, as previously investigated (Bheel et al., 2021).  

4.3.3.4. Tensile strength 

In terms of tensile strength, the same behavior occurs, as shown in Figure 4.9 (d). It can be 

seen that MSF and MFTHS when subjected to WD-1 and WD-2 decrease its strength when 

compared to samples at 28 days without aging processes. In both aging processes mortars 

reinforced with treated abaca fiber show higher strength in terms of tensile strength 

approximately 30% in both processes, as Wei et al., (2016) results after the addition of fiber 

in different percentages. It can be said that the presence of treated abaca fiber contributes 

to better performance of these mortars, the addition of fiber could if not treated properly 

affect this bonding or not being able to stand the heat of treatment. In both cases, it can be 

seen that tensile strength is higher when fibers were involved. 

4.3.3.5. Shrinkage 

The behavior of MSF and MFTHS after applying both aging process of WD-1 and WD-2 is as 

Figure 4.10 shows. At first sight, it is important to remark that within 28 days the main 

problem is to counteract the shrinkage that is natural because of the water loss, which is 

improved with the used of abaca alkali treated fiber. After 28 days, aging processes affect 

directly to the sample since they are subjected to aggressive cycles of w/d and different 

temperatures in short term. Within this research samples reached 28 days, at this day mark 

process of w/d WD-1and WD-2 were applied to those samples. Shrinkage was measured up 

to 28 days and after finishing the cycles of w/d, during the process of WD-1 and WD-2 the 

percentage of mass loss was measured at each cycle.  

MFTHS show better behavior to these processes whether WD-1 or WD-2; in both scenarios 

the expansion of these mortars as a result of aging process is more controlled and reduced 

if compared to MSF. The average expansion of MSF subjected to WD-1 is around 0.0316% 

while MFTHS-WD-1 is 0.011%, between ranges of 0.0215%-0.0503% and 0.0026%-

0.00246% respectively. 

The same pattern occurs with WD-2, the average expansion of MSF is 0.0691% and 0.0466% 

for MFTHS within a range of 0.0607%-0.0779% and 0.0398%-0.0574% respectively. After 

subjecting samples to process of WD-1 and WD-2, a different behavior occurred, expansion 

in samples. It is well known that cement paste shrinks due time, leading to shrinkage 

cracking in the cement mortar due to a volume change which could be caused by a variation 

in temperature, within both process of w/d, samples were subjected to aggressive changes 

of temperature in short periods of time; as it is seen in Fig 10 samples that weren’t subjected 

to these aggressive cycles of w/d keep a slope that tend to maintain, but all samples that 

were subjected to WD-1 and WD-2 vary and tend to expand, according to some literature 

review, shrinkage cracking of cement based materials can be improved by incorporating 

fibers (Amran et al., 2022). which augment the dimensional stability and control cracking. 

These results show that the adhesion of treated abaca fiber improves the shrinkage 

behavior allowing the formation of cracks, but in a more controlled way resulting in a better 

performance. 
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Figure 4.10. Results of shrinkage in RM: reference mortar. MSF: mortar with no fiber. 
MFTHS: alkali treated fiber reinforced mortar. WD-1: wet/dry cycle method 1 (Neves 
Junior, Ferreira, et al., 2019). WD-2: wet/dry cycle method 2 (Wei et al., 2016). 

4.4. Conclusions 

This study presented the analysis of a treated alkali abaca fiber when subjected to 

accelerated aging process of w/d. As well as the comparison on: mechanical properties 

between a reference mortar (RM) and an alkali treated fiber reinforced mortar (MFTHS) at 

28 days, and after subjecting both type of samples to accelerated aging process of w/d WD-

1 and WD-2. From this investigation, it can be concluded that: 

- Despite the usage of accelerated aging process of w/d WD-1 and WD-2, the alkali 

treated fiber preserves the same chemical composition as FT-IR results show, 

resulting in minimum variation peaks. These results can be correlated with SEM 

analysis where no great variation was displayed between samples. 

- From both aging processes of w/d, results show that WD-2 is more aggressive to 

samples, even if 6 cycles were applied to each one, the higher temperature and the 

dipping time of WD-2 diminished its properties if compared to WD-1 for MFS and 

MFTHS. 

- When correlating results from flexural, compressive and tensile strength (Fig 9) to 

results from Fig 6, it’s apparent that better outcomes are achieved with MFTHS. 

However, within WD-1 and WD-2 better results are attained with WD-1. This 

behavior may be attributed to surface modifications and fiber bonding, which 

appear to be enhanced when subjected to WD-1. 

- The addition of alkali treated abaca fiber to the bio composite resulted in a 5% more 

compact sample, all mechanical properties increased compared to reference mortar, 

resulting in a 20% more resistant mortar in terms of flexural strength, 28% in terms 

of compressive strength and 26% in terms of tensile strength 
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- In terms of shrinkage, after subjecting both samples to most critical scenario (not 

curing), results show that the addition of alkali treated abaca fiber improved with 

the volume expansion and loss of water of the cementitious mortar resulting in a 

more controlled behavior. 

- After applying accelerated aging process of w/d WD-1 and WD-2 results in terms of 

dry bulk density, flexural, compressive and tensile strength show that even after 

applying w/d cycles, MFTHS WD-1 increased their mechanical properties resulting 

in a 6% more compact mortar, 11% more resistant to flexural strength, 20% higher 

for compression and 30% higher for tensile strength, and MFTHS WD-2 resulted in 

a 2% more compact mortar, 17% more resistant to flexural strength, 21% higher 

for compression and 30% higher for tensile strength. In terms of shrinkage the 

tendency on this behavior is reflected. 
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Chapter 5.  
Characterization and life cycle 

assessment of alkali treated abaca 
fibers: the effect of reusing sodium 

hydroxide3 

 

                                                             
3 The result presented in this chapter were published in Alcivar-Bastidas, S., Petroche, D. M., Ramirez, 
A. D., & Martinez-Echevarria, M. J. (2024). Characterization and life cycle assessment of alkali treated 
abaca fibers: the effect of reusing sodium hydroxide. Construction and Building Materials, 449, 
138522. https://doi.org/10.1016/j.conbuildmat.2024.138522 
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5.1. Introduction 

The application of natural fibers has brought benefits to various industries, and their use 

has been growing (Ismail et al., 2022). Natural fibers possess key properties such as low 

density, sustainability, high availability in nature, cost-effectiveness, reduced dependence 

on non-renewable energy/material sources, and relatively high specific strength (Pickering 

et al., 2016). Natural fibers are essential for the production of comfortable and breathable 

garments in the textile industry (Islam et al., 2020). Natural fibers are used in the 

automotive and aerospace industries to develop lighter and biodegradable components 

(Awais et al., 2021). They are used in the fabrication of composites and reinforcement of 

construction materials (Araya-Letelier et al., 2021; Laverde et al., 2022; Saini et al., 2024; 

Trochoutsou et al., 2021), offering the additional benefit of potentially reducing the carbon 

footprint of cement composites (Ali et al., 2022). These examples reflect the growing 

interest in the use of natural fibers as sustainable alternatives in various industrial 

applications. 

Natural fibers are compared to polymer fibers because both address key challenges 

regarding traditional cementitious matrices, considering that concrete has low tensile 

strength and poor energy dissipation capacity, which makes it prone to cracking (A.Abusogi 

& Bakri, 2022); among polymer fibers, polypropylene (PP) is particularly valued in the 

concrete industry owing to its ease of processing and cost-effectiveness (Deng et al., 2022). 

Natural fiber treatments significantly contribute to improving their intrinsic properties and 

expanding their versatility in various industrial applications. These treatments primarily 

aim to improve the adhesion and compatibility between natural fibers and polymeric 

matrices in composite materials (Castoldi et al., 2022; Lin et al., 2023). Despite these 

advantages, many challenges arise concerning the use of natural fibers in applications, such 

as poor dispersion in the matrix and, most critically, the low durability of fibers in the matrix 

(Boulos et al., 2019). Hence, two strategies have been developed regarding whether to 

modify the matrix (X. Li et al., 2007) or fiber by applying different treatments (Boulos et al., 

2019; Z. Zhao et al., 2018). 

Among the treatments intended for composite applications, alkaline treatment is notable, 

in which the fibers are subjected to a sodium hydroxide (NaOH) solution to modify their 

surface and enhance adhesion with polymeric matrices (Samanth & Subrahmanya Bhat, 

2023; Yan et al., 2016). Additionally, treatments with silane coupling agents aim to establish 

chemical bonds between the fibers and resins to optimize the load transfer and improve the 

mechanical properties of the composite (X. Li et al., 2007; L. Zhao et al., 2024). Other 

treatments, such as thermal, enzymatic, and peroxide treatments, have also been used to 

adjust the characteristics and compatibility of natural fibers with matrices. These 

treatments enable the production of natural fiber-reinforced composites with specific 

properties tailored to diverse applications (Vo & Navard, 2016).  
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5.1.1. NaOH consumption in the alkali treatment of natural fibers 

Alkaline treatment or mercerization is one of the most widely used chemical treatments for 

natural fibers (Maiti et al., 2022). This treatment has been shown to be effective for fibers 

from coconut, sisal, jute, banana, bagasse, flax, oil palm, and abaca (Samanth & 

Subrahmanya Bhat, 2023). This process usually involves immersing the fibers in alkaline 

solutions, typically NaOH, at solution concentrations ranging from 1–50% (Das & 

Chakraborty, 2006; K. Liu et al., 2014); the treatment can be conducted at room temperature 

or elevated temperatures (Pickering et al., 2007; K. Zhang et al., 2018), with exposure times 

varying from 30 min to 72 h (S. V. Prasad et al., 1983; Vilay et al., 2008). Subsequently, the 

mercerized fibers are washed with water to remove any residual alkaline content and then 

neutralized to prevent further degradation (Iucolano et al., 2015; Shahril et al., 2022). 

Finally, the fibers are dried at room temperature (Alcivar-Bastidas et al., 2023; 

Rajeshkumar, 2020) or at temperatures ranging from 50 to 105°C (Vilaseca et al., 2007; Yan 

et al., 2016), for varying periods of time, typically between 6 and 72 h (Cao et al., 2006; 

Sarkar & Ray, 2004). 

However, this procedure can lead to a significant consumption of NaOH, which not only 

affects production costs but also raises environmental concerns (S. Kim et al., 2008). The 

quantity of NaOH required per kilogram of natural fiber depends on the solution 

concentration and fiber type. For example, low-concentration NaOH solutions (1%) 

consume 0.15–0.20 kg of NaOH per kg of natural fiber. At common concentrations (3–5%), 

NaOH consumption ranges between 0.44 and 1.90 kg of NaOH per kg of natural fiber, while 

at high concentrations of NaOH (10–50%), up to 6.67 kg of NaOH per kg of natural fiber may 

be required. This consumption also depends on the type of natural fiber and fiber solution 

ratio, as shown in Table 5.1. 

Consequently, the main environmental challenge of alkaline treatment of natural fibers is 

the production of sodium hydroxide (NaOH) through electrolysis, which is an energy-

intensive process (S. Kim et al., 2008). This has a significant environmental impact on the 

treatment processes. Additionally, when fibers are removed from the alkaline bath, the 

generation of wastewater adds environmental concerns in terms of the treatment itself and 

the disposal of effluents (Dam & Bos, 2004). Together, these factors create the need for more 

sustainable practices in the alkaline treatment of natural fibers. 

Several studies have focused on the reuse of NaOH solution from the natural fiber surface 

treatment process as part of a circular economic strategy. This approach aims to reduce 

both NaOH consumption and wastewater generation (Ita-Nagy et al., 2020; Juradin et al., 

2023; S. Kim et al., 2012; X. Zhao et al., 2024). A 40% NaOH solution effectively removed 

lignin from empty palm fruit bunch fibers, and the solution was reusable for multiple lignin 

extractions (S. Kim et al., 2012). A recent study explored the reuse of NaOH solution in the 

treatment of Spanish broom fibers with 15% NaOH. They concluded that the maceration 

effect reduced the lignin content in the fibers, and the same alkali solution could be used for 

at least five preparations (Juradin et al., 2023). 
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Reusing NaOH solutions in different applications has proven to be effective in enhancing 

material properties and offering some environmental benefits. In one approach, sisal fibers 

treated with 10% NaOH and incorporated into alkali-activated slag-based composites 

demonstrated improved flexural and compressive strengths with reduced electrical 

conductivity and density using the residual NaOH solution as an activator (X. Zhao et al., 

2024). Another method involves residual bagasse fibers for use in the production of fiber-

reinforced biocomposite pellets, where a NaOH recovery process allows for the recycling of 

up to 61% of the NaOH used, although the reduction in carbon footprint is 1% (Ita-Nagy et 

al., 2020). 

For these reasons, circularity measures, such as reducing chemical consumption and 

wastewater generation, can be implemented to mitigate the environmental impacts 

associated with the production of treated natural fibers. Several researchers have proposed 

the use of life cycle assessments (LCA) to assess the effectiveness of cleaner production 

methods and circular economy alternatives. (Peña et al., 2021; Petroche & Ramirez, 2022; 

Yaseen et al., 2024). 

According to the FAO (FAO, 2022), abaca fiber ranks as the sixth most produced natural 

fiber worldwide, with an annual production of 107 kt in 2022, ahead of jute, flax, hemp, 

kenaf, and sisal. Abaca plays a crucial role in the production of paper, monetary paper, 

textiles, ropes, packaging, and in the automotive industry because of its strength and 

durability (FAO, 2012; Simbaña et al., 2020). It shows promising results in construction 

applications in the reinforcement of cement composites, where it enhances tensile strength, 

crack resistance, and durability (Alcivar-Bastidas, Petroche, Cornejo, et al., 2024; Lee & Choi, 

2022). Despite their significant industrial importance, the environmental impact of abaca 

fibers remains underexplored compared to that of other fibers such as jute, flax, hemp, and 

kenaf (Faist Emmenegger, Bajaj, et al., 2018; La Rosa & Grammatikos, 2019; Wötzel et al., 

1999; Zampori et al., 2013; Zhou et al., 2018). Therefore, it is essential to generate a detailed 

life cycle inventory and environmental profile for abaca to better understand and quantify 

its environmental implications across various applications. 

The objectives of this research are (i) to study the effect of recirculation and reuse of NaOH 

solution for the treatment of natural fibers and analyze its influence on the properties of 

abaca fibers, (ii) to generate life cycle inventories for the treatment process of natural abaca 

fibers with NaOH solution, (iii) to quantify the carbon footprint of the NaOH treatment 

process for abaca fibers and the proposed recirculation and reuse of residual NaOH solution 

as a circular economy scenario using a life cycle perspective, and (iv) to evaluate the carbon 

footprint results in the context of polypropylene fibers as a conventional synthetic 

alternative. 

5.2. Materials 

5.2.1. Abaca fibers 

Abaca natural fibers obtained from the Manila hemp plant (Musa textilis) are known for 

their strength, durability, and versatility (K. Liu et al., 2013). Their water resistance and 

ability to withstand biological degradation make them particularly suitable for applications 

that require robustness and longevity (Alcivar-Bastidas, Petroche, Cornejo, et al., 2024; 
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Dittenber & GangaRao, 2012). In the construction industry, when applied to cement-based 

composites, they act as a reinforcement, improving the tensile and flexural strength 

(Anthony et al., 2020; Tampi et al., 2020) and potentially serving as a replacement for 

synthetic fibers. The abaca fibers used in this study were cultivated in Ecuador, the second-

largest exporter of abaca worldwide (FAO, 2022). 

5.2.2. Abaca NaOH treated fiber 

Alkaline treatment of the natural abaca fibers was performed as described by Alcivar-

Bastidas et al., (2023). This involved preparing a 3% NaOH solution in distilled water and 

immersing the natural fibers in a fiber:solution ratio of 1:28 by mass for 4 h. Subsequently, 

the fibers were removed from the solution and washed with tap water until the rinse water 

became clear. Finally, the fibers were dried in an oven at 85 ± 1 °C for 24 h, after which they 

were stored and packaged at room temperature. The materials and quantities used are 

listed in Table 5.2. Natural abaca fibers and abaca fibers treated with 3% NaOH have a length 

of 30 mm, which is the optimal size for application in masonry mortar cement composites 

(Alcivar-Bastidas et al., 2023). 

Table 5.2. Material quantities for abaca 
fiber alkali treatment with 3% NaOH 
solution. 

Material Weight (g) 

Input  

Deionized water (solution) 1000 

NaOH 30 

Abaca natural fiber 36.1 

Tap water (wash water) 4326 

Output  

Abaca treated fiber 28.7 

5.2.3. Polypropylene fiber 

Polypropylene fibers are synthetic fibers manufactured by the extrusion of polypropylene. 

These fibers act as reinforcements to improve the mechanical properties of cement-based 

composites (Jia et al., 2021; Labib, 2018). In this study, the polypropylene fibers were made 

of 100% virgin material. The fibers were made according to the ASTM C1116 standard 

(ASTM International, 2023a), for which the specifications were as follows: 19 mm length, 

0.03–0.05 mm diameter, tensile strength between 300–350 MPa, 910 kg/m3 density, and 

high resistance to alkalinity (Sika Colombia, 2022). 

5.3. Methods 

5.3.1. Reuse of NaOH solution in alkali treatment of abaca fiber on a 

laboratory scale 

As part of the circular economy initiative, a scheme for the recirculation and reuse of the 

NaOH solution is proposed, as shown in Figure 5.1, where the solution is reused after fiber 

immersion. An experimental testing framework was defined, and treatment 1 (T1) was 

initiated, as described in Section 5.2.2. 
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Figure 5.1. Flow chart of alkaline treatment of abaca fiber. (a) Conventional treatment. (b) 
Proposal for recirculation and reuse of NaOH solution. 

Subsequently, the residual NaOH solution became the initial solution for the second cycle of 

treatment (T2), maintaining the material proportions shown in Table 5.2, a fiber:solution 

ratio of 1:28, and a fiber:wash water ratio of 1:120 by mass. This procedure was repeated 

until the maximum number of treatments with the same solution was achieved. 

5.3.1.1. Titration Method for measuring NaOH solution concentration 

The standard Titration Method described in the Standard Methods for the Examination of 

Water and Wastewater was used to determine the NaOH solution concentration in all 

samples, as described in Section 2320 B. Titration Method (American Public Health 

Association et al., 2023). 

The method involves titrating the sample with standard sulfuric acid (H₂SO₄) and chemical 

indicators (phenolphthalein). The volume of acid used was recorded, and the alkalinity was 

calculated using a formula that accounts for the volume of acid, its normality, and sample 

size. The result was expressed in milligrams per liter as calcium carbonate (CaCO₃), 

providing a reliable measure of the water's buffering capacity. Finally, a known solution of 

NaOH was measured and compared to the CaCO₃, and a conversion factor was used to 

determine the concentration of NaOH in percentage (%). 

5.3.2. Fiber properties tests 

5.3.2.1. Thermogravimetry/Derivative Thermogravimetry Analysis (TGA/DTG) 

Thermogravimetric analysis was conducted on untreated and treated abaca fibers. This was 

performed by comparing the rate of weight loss and decomposition temperature to observe 

changes in the fiber mass. This test indicated the thermal decomposition, moisture content, 

and thermal stability of the fibers. The analysis was developed with the use of SDT Q600 

Simultaneous Thermal Analyzer equipment, under a ramp rate of 15°C/minute from room 

temperature to 104℃ and 50℃/minute from 104℃ to 1000℃. This test was performed as 

described in the studies by Alcivar-Bastidas et al., (2023), Shahril et al., (2022), S. Fu et al., 
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(2017), and Kathirselvam et al., (2019). The effectiveness of thermal treatments on natural 

fibers, such as the removal of lignin and hemicellulose, has been observed (Akram Khan et 

al., 2011; Ouajai & Shanks, 2005; Oushabi et al., 2017). 

5.3.2.2. Scanning Electron Microscope (SEM) 

To analyze the morphology of the fibers, an SEM test was performed using a FEI Inspect® 

scanning electron microscope, and the recommendations from similar studies by Wei et al., 

(2016, 2017) were followed. This test visually provides the surface roughness, porosity, and 

fiber wall structure, allowing an examination of the removal of substances such as 

impurities, wax, hemicellulose, lignin, and fatty acids due to alkaline treatment (N. Prasad 

et al., 2016; Shahril et al., 2022). 

5.3.2.3. Tensile test 

The tensile test used to determine the tensile strength of untreated abaca fibers and 

alkaline-treated fibers with different treatment cycles was performed according to Cai et al., 

Cai et al., (2015, 2016) and Alcivar-Bastidas et al., (2023). This involved placing a fiber in a 

sample holder, which was secured with epoxy at the bottom. It was then subjected to 

tension at a velocity of 1 mm/min using a universal testing machine Shimadzu AGS-X with 

a load cell of 500 N. The tensile strength at breaking point was obtained from the testing 

machine, and the diameter was obtained by the SEM test described above using Motic 

Images Plus 3.0. Also, an analysis of variance (ANOVA) was performed, with α=0.05 and 30 

samples (n=30) for each scenario. This analysis was performed to determine if there were 

significant differences in tensile strength between the treatments (Romli et al., 2012). It is 

considered essential to statistically evaluate the behavior of the natural abaca fiber (NAF), 

single-use of NaOH solution (T1) samples and the solution reuse treatments, with the main 

purpose of determining the extent to which the use and recycling processes remained 

effective. 

5.3.3. Life cycle assessment 

Life Cycle Assessment (LCA) is a methodology used to evaluate the environmental impacts 

associated with a product's life cycle, from raw material extraction through production, use, 

disposal, and recycling (Salas et al., 2016). By conducting LCA, it is possible to identify areas 

where improvements can be made to reduce the environmental footprint of products or 

processes. ISO 14040 and ISO 14044 are LCA standards that provide the principles and 

framework for conducting LCA studies (International Organization for Standardization, 

2006a, 2006b). This framework includes (i) defining the goal and scope and establishing 

objectives and boundaries; (ii) conducting a life cycle inventory (LCI) and collecting data on 

inputs and outputs; (iii) performing a life cycle impact assessment (LCIA) and evaluating 

environmental impacts; and (iv) interpretation and drawing conclusions for decision-

making and improvement. 

5.3.3.1. Goal and scope definition 

The natural abaca fiber and alkali-treated abaca fiber within this study are considered for 

use in cement-based composites, in accordance with ASTM C1116 (ASTM International, 

2023a), as an alternative to polypropylene fibers; therefore, they are defined as 

construction products. A cradle-to-gate scope is defined according to Product Category 
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Rules (PCR) for construction products in EN 15804:2012 (European Committee for 

Standardization, 2012). These include A1, raw material supply, A2, transport, and A3, 

manufacturing. 

Abaca is produced globally, with the Philippines being the leading producer, accounting for 

63.56% of abaca production, followed by Ecuador at 34.50%, and other countries at 1.94% 

(FAO, 2022). In this study, the processes of abaca cultivation, abaca fiber production, and 

alkaline-treated abaca fiber production were associated with the geographic scope of 

Ecuador. The polypropylene fiber was associated with the geographical scope of the US, 

which is the origin of the fibers according to the manufacturer. 

5.3.3.1.1. System boundaries 

Four systems are studied: 

i. Natural abaca fiber (NAF) production (Figure 5.2. (a)): The system covers two 

phases: abaca and fiber production. Abaca production involves seedling production, 

growth until the seedlings are transplanted into the crop, and forming groups of 

stems that grow from the base (Figure 5.3. (a)). The abaca plant matures within a 

period of 18–24 months and can be harvested thrice a year (Lalusin & Villavicencio, 

2015). Harvesting involves cutting the stems approximately 10 cm from the ground 

with an outward beveled cut to prevent the plant from rotting (Simbaña et al., 2020). 

After cutting, the leaves are removed and the harvested pseudostems are grouped. 

Tuxiying then begins, which involves cutting the pseudostem until it reaches the 

central zone (tuxy) containing the biomass to be transformed into a fiber 

(Göltenboth & Mühlbauer, 2010). In the second phase of fiber production, the tuxies 

are stripped using a mechanism consisting of a diesel engine, pulleys, and blades 

(Figure 5.3. (b)). Finally, the fibers are dried in the sun for 1–3 days (Figure 5.3.c). 

ii. Treated abaca fiber – conventional treatment (TAF-CT) production (Figure 5.2. (b)): 

This system covers natural abaca fiber production plus conventional 3% alkali 

treatment as described in Section 5.2.2. 
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Figure 5.2. Cradle-to-gate system boundary for the production of (a) abaca fiber, (b) abaca 
fiber treated and (c) polypropylene fiber. * Included in reuse case study.  



57 

iii. Treated abaca fiber – reuse treatment (TAF-RT) production (Figure 5.2. (b)): This 

system is a variant of TAF-CT. This includes NAF production plus 3% alkaline 

treatment with recirculation of the NaOH solution, as proposed in Section 5.3.1. 

iv. Polypropylene fiber (PPF) production (Figure 5.2. (c)): This process begins with the 

input of polypropylene granulates, which are produced through the polymerization 

of propylene monomers (Yin et al., 2016). This product serves as the primary raw 

material for the fiber manufacturing process. Electricity is crucial for powering 

extrusion, spinning, and other machinery involved in converting polypropylene into 

fibers (Van den Heede et al., 2018). 

The functional unit was 1 kg of fiber, with four different scenarios depending on the system 

boundaries: 1 kg of natural abaca fiber, 1 kg of abaca fiber treated with a 3% NaOH solution, 

1 kg of abaca fiber treated with a reused 3% NaOH solution, and 1 kg of polypropylene fiber. 

 (a) (b) (c) 

   
Figure 5.3. Abaca fiber production stages in Santo Domingo-Ecuador: (a) group of abaca 
trees, (b) stripping process, and (c) drying process. 

5.3.3.2. Life Cycle Inventory 

5.3.3.2.1. Natural abaca fiber production 

The Ecoinvent LCI calculation tool for crop production (Ecoinvent, 2018) was used to model 

the life cycle inventory (LCI) of abaca production. It employs various models to calculate 

emissions from field activities, land transformation and occupation, irrigation, and carbon 

uptake by plants (Faist Emmenegger, Délerce-Mauris, et al., 2018). This tool requires 

agricultural and meteorological inputs from the plantation sites. 

The agricultural input was obtained from the Ecuadorian Survey of Surface and Continuous 

Agricultural Production (ESPAC 2022) (Instituto Nacional de Estadística y Censos INEC, 

2023c). This survey used the multiple frame sampling methodology, and for abaca 

production, a sample of farms that represented 24.35% of the total abaca fiber produced 

was considered (Instituto Nacional de Estadística y Censos INEC, 2023a). An expansion 

factor was then applied to obtain the total results for all items surveyed for all abaca fibers 
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produced in Ecuador (Instituto Nacional de Estadística y Censos INEC, 2023b). The 

information surveyed included planted and harvested areas, harvested tons, use of 

irrigation, and the quantity and type of fertilizers and pesticides (Instituto Nacional de 

Estadística y Censos INEC, 2023c). According to the ESPAC survey, there are seven types of 

abaca plantations that vary according to the use of fertilizers and pesticides, depending on 

the organic or inorganic origin of these substances. The predominant plantation does not 

involve the use of fertilizers or pesticides, representing 54.93% of the Ecuadorian abaca 

harvest (Instituto Nacional de Estadística y Censos INEC, 2023a). Owing to its 

representativeness, the current study was limited to modeling this type of plantation. 

Meteorological data were obtained from the Ecuadorian National Institute of Meteorology 

and Hydrology (Instituto Nacional de Meteorología e Hidrología INAMHI, 2017). The 

selected meteorological station is located in the province of Santo Domingo, which accounts 

for 90% of Ecuadorian abaca production (Instituto Nacional de Estadística y Censos INEC, 

2023a). 

To generate inventories of biomass and organic waste, the average biomass distribution in 

the abaca plant (Figure 5.4. (a)) was obtained from Cortez et al., (2015): leaves (16.36%), 

pseudo-stem waste (63.79%), and tuxy (19.85%). Seven farms in Santo Domingo-Ecuador 

were visited, from which it was evident that organic residues such as leaves, pseudo-stem 

waste, and stripping waste were left in the plantation. According to farmers, this is a 

common practice in Ecuador. The biomass serves as a nutrient source for new plants (Choo 

et al., 2011; Wiloso et al., 2015). Owing to the absence of anaerobic conditions, CH4 

emissions were not generated (Roibás et al., 2016). In this study, the waste biomass was 

considered to remain within the system; this approach has been used in studies of other 

plantations under similar conditions (Choo et al., 2011; Cortez et al., 2015; Roibás et al., 

2016). 

To model the inventories of energy in biomass and carbon dioxide uptake by biomass for 

abaca production, the Ecoinvent LCI calculation tool for crop production requires a 

reference crop. In this study, banana (Musa spp.) was selected as the base crop because of 

its close botanical relationship with abaca (Musa textilis), as both belong to the Musaceae 

family (Mamun et al., 2015; Richter et al., 2013). Additionally, they are cultivated in the same 

region in Ecuador (Ortiz-Ulloa et al., 2021) and exhibit similar biomass distribution patterns 

(Figure 5.4); in the case of banana, the main product is the fruit, while for abaca is the tuxy. 

As the biomass distribution is a critical input for the Ecoinvent LCI calculation tool (Faist 

Emmenegger, Délerce-Mauris, et al., 2018), this similarity in biomass distribution makes 

banana an appropriate reference crop . 
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Figure 5.4. Average distribution of biomass of (a) abaca plant (Musa textilis) (Cortez et al., 
2015; Göltenboth & Mühlbauer, 2010) and (b) banana plant (Musa spp.) (Fiallos-Cárdenas 
et al., 2022; Ortiz-Ulloa et al., 2021). 

Dinitrogen monoxide (N2O) from the crop residues for abaca production was calculated 

using the IPCC Guidelines (IPCC, 2019), yield from ESPAC 2022 (Instituto Nacional de 

Estadística y Censos INEC, 2023c), biomass distribution from Cortez et al., (2015), and 

moisture and nitrogen content (Armecin, 2008; Armecin & Gabon, 2008). Indirect N₂O 

emissions from leaching and runoff were estimated using IPCC Guidelines (IPCC, 2019). The 

leaching-runoff factor was calculated according to Franke et al., (2013) and replaced 

FracLEACH in the IPCC calculations. This approach was used in a previous carbon footprint 

study of bananas in Ecuador (Roibás et al., 2016). 

Finally, the inventory of fuel and lubricant consumption for the fiber stripping and drying 

process was collected from the seven farms visited. The fuel was transformed into energy 

units using the factors for Ecuadorian diesel (density: 850 kg/m3; heat capacity: 40.8 MJ/kg) 

(MERNNR et al., 2020). 

5.3.3.2.2. Treated abaca fiber production 

The inventory of raw materials for the abaca alkaline treatment fiber process using a 3% 

NaOH solution and the proposal for recirculation and reuse of the NaOH solution were taken 

from the results provided in this study, in Section 5.2.2 and Section 5.4.1, respectively. 

Facilities and energy inventories for the alkaline treatment fiber process were taken from 

the “mercerizing process, textile – IN” detailed in Ecoinvent 3.9.1 (Wernet et al., 2016) and 

Faist Emmenegger, Bajaj, et al., (2018). This process was adapted to Ecuadorian electricity, 

and the LCA process of Ramirez et al., (2019, 2020) was used. The NaOH supplier closest to 

Guayaquil is located in Callao, Peru (Quimpac, 2021). Sodium hydroxide and sodium 

chloride from Ecoinvent 3.9.1 were adapted for Peruvian electricity. 

5.3.3.2.3. Polypropylene fiber production 

The life cycle inventory of raw materials for polypropylene fiber production was obtained 

from studies by Yin et al., (2016) and Van den Heede et al., (2018). Processes for 

polypropylene granulate production, electricity, and waste treatment were obtained from 

Ecoinvent 3.9.1 (Wernet et al., 2016). 
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The main parameters and assumptions of this study are summarized in Table 5.3. 

Table 5.3. Summary of main parameters and assumptions in this study. 
Phase Parameters and assumptions 
Agricultural phase Geographical scope: Ecuador. 

LCI models by Ecoinvent LCI calculation tool for crop 
production. 
Base crop: Banana. 
Agricultural inputs: ESPAC 2022 (Instituto Nacional de 
Estadística y Censos INEC, 2023c). 
Limited to modeling without fertilizers and without 
pesticide plantation. 
Meteorological data: INAMHI 2017 (Instituto Nacional de 
Meteorología e Hidrología INAMHI, 2017). 
Biomass distribution: Cortez et al., (Cortez et al., 2015). 
Moisture and nitrogen content: Armecin et al., (Armecin, 
2008; Armecin & Gabon, 2008). 
Waste management: Organic residues are left in the 
plantation. Waste biomass remains within the system in 
anaerobic conditions, CH4 emissions are not generated by 
waste biomass (Roibás et al., 2016). 
N2O emissions: IPCC Guidelines (IPCC, 2019) and Franke et 
al., (2013). 

Alkali treatment Geographical scope: Ecuador. 
Electricity: Ecuador (Ramirez et al., 2019, 2020). 
Facilities and energy consumption: Ecoinvent 3.9.1 (IN), 
adapted with Ecuadorian electricity. 
Sodium hydroxide and sodium chloride production: Callao, 
Peru (Quimpac, 2021) and Ecoinvent 3.9.1 (US), adapted 
with Peruvian electricity. 
Changes in NaOH and wastewater inventories due to the 
reuse of NaOH solution. 

Polypropylene fiber production Geographical scope: United States. 
Polypropylene granulate: Ecoinvent 3.9.1 (US). 
Electricity and waste treatment inventories: Yin et al., 
(2016) and Van den Heede et al., (2018). 

IN: India     US: United States 

5.3.3.2.4. Life Cycle Impact Assessment 

The methodology used for LCIA was the ReCiPe Midpoint (H) version 1.13 (Huijbregts et al., 

2017). The impact category of global warming potential (GWP100), also known as the 

carbon footprint, was selected because it is considered the most critical indicator of climate 

change (Skodvin, 1999). OpenLCA 2.1.1 (GreenDelta, 2023) was used for LCA calculations. 

5.4. Results and discussion 

5.4.1. Reuse of NaOH solution in alkali treatment of abaca fiber on a 

laboratory scale 

Table 5.4 shows the experimental results of reusing NaOH solution in the alkaline treatment 

of natural abaca fibers. Following the methodology described in Section 5.3.1, by 

maintaining the same proportions of fiber:solution and fiber:wash water materials, each 

washing cycle preserved a similar behavior as the conventional treatment of a single-use 

NaOH solution (T1). 
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Table 5.4. Experimental inventory of materials in 10 cycles of NaOH solution reuse for 
alkaline treatment. 

Cycle 

Initial 
NaOH 

solution 
(g) 

Abaca 
fiber 
(g) 

Washing 
water 

(g) 

Wet 
fiber 
(g) 

Dry 
treated 
fiber (g) 

Final NaOH 
solution 

(g) 

NaOH in 
final 

solution 
(%) 

T0 -- -- -- -- -- -- 2.98 

T1 1030 36.1 4326.0 
333.5

9 
28.70 719.34 2.96 

T2 719.34 25.2 3021.2 
243.9

2 
20.04 512.59 2.95 

T3 512.59 17.9 2152.9 
162.8

9 
13.83 370.29 2.93 

T4 370.29 13.0 1555.2 
106.7

4 
10.05 271.77 2.91 

T5 271.77 9.5 1141.4 85.05 7.37 196.38 2.89 

T6 196.38 6.9 824.8 59.66 5.52 142.56 2.88 

T7 142.56 5.0 598.7 44.80 3.99 103.38 2.86 

T8 103.38 3.6 434.2 31.64 2.92 74.78 2.47 

T9 74.78 2.6 314.1 23.85 2.07 52.57 0.84 

T10 52.57 1.8 220.8 16.79 1.52 36.91 0.31 

The 10 reuse cycles resulted in a loss of sodium hydroxide solution owing to the treatment 

process (fiber washing and evaporation), ranging from 26.61% to 30.16%. As a 

consequence of alkaline treatment, natural fibers experience mass reduction owing to the 

removal of impurities, and wax, hemicellulose, and lignin are removed (Abdal-hay et al., 

2012; Valášek et al., 2021; Yan, 2012). This behavior was observed in T1, with a mass 

reduction of 20.5%; from T2 to T9, similar values between 18.9% and 20.4% were obtained. 

T10 exhibited the lowest mass loss of 15.6%. 

Washing cycles were stopped at T10 because the solution was lost. Initially, there was a 

certain amount of solution, considering the 1:28 fiber:solution ratio; however, as the 

washing cycles continued, the solution was lost, which resulted in inadequate fiber 

treatment solution for washing cycle T11. After 10 cycles of NaOH reuse, there was a 

70.11% reduction in NaOH consumption per kilogram of treated abaca fibers. 

The titration test was performed on all samples from T0 to T10, as shown in Table 5.4, 

where the initial solution concentration in T0 was 2.98% and the NaOH concentration in 

T10 was 0.31%. The initial value of 2.98% can be attributed to the manual procedure of 

dissolving NaOH in the solution. After applying the first procedure of using and recycling 

the water solution, the NaOH concentration in T1 was measured to be 2.96%, which closely 

resembled the initial concentration of T0. Between T2 and T4, the NaOH concentration 

showed a slight decrease, ranging from 2.95% to 2.91%, indicating that the recycling 

process effectively maintained the concentration at levels similar to those at T0. 

From T5 to T7, the average NaOH concentration stabilized at 2.88%, which remained within 

an acceptable range, suggesting that the washing and recycling procedures were still 

effective. It is important to mention that at T8, the NaOH concentration decreased to 2.47%, 

representing 17% of the initial concentration, which could be due to the impurities retained 
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throughout the washing and recycling processes. Between T8, T9, and T10, sharp changes 

occurred: the value for T9 decreased to 0.84%, and T10 decreased to 0.31%. The NaOH 

concentration further decreased, indicating a substantial loss of NaOH, which could affect 

the chemical processes required to modify the properties of the natural fibers. 

This noticeable reduction in NaOH concentration between T9 and T10 was likely due to the 

cumulative effects of washing and recycling. This reduction may result in insufficient 

removal of impurities such as hemicellulose, cellulose, and pectin, which are crucial for the 

proper adhesion of the fiber to the matrix. The significant decrease in the concentration 

between T8 and T9, by approximately 1.63% (55% of the total alkali concentration), may 

represent a critical threshold at which the effectiveness of the treatment diminishes, 

potentially compromising the overall outcome. 

5.4.2. Influence of the reuse of NaOH solution on the abaca fiber properties 

5.4.2.1. Thermogravimetry/Derivative Thermogravimetry Analysis (TGA/DTG) 

Thermogravimetric analysis was performed to investigate the effect of different cycles of 

washing and reusing NaOH solution on the composition of the fiber in terms of thermal 

stability. Figure 5.5. (a) shows the curves of all ten samples subjected to different washing 

and reuse cycles, including the natural fiber without treatment, described as natural abaca 

fiber (NAF) in Fig 5. b. The DTG curve of the NAF fiber shows an initial peak at 60℃ (mass 

loss around 4%), which corresponds to the vaporization of absorbed water (Rueda-Ordóñez 

& Tannous, 2018). After this peak, there are two more peaks at 280℃ and 400℃; according 

to Shahril et al., (2022), between 200℃ and 300℃, the expulsion of hemicellulose lignin 

and an insignificant amount of cellulose from the fiber occurs. Between 300℃ and 410℃, 

eliminations of cellulosic components led to mass loss and implied the omission of lignin 

and wax (Kathirselvam et al., 2019). 
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Figure 5.5. Thermogravimetric analysis (a) and derivative thermogravimetric analysis (b–
c) of natural abaca fiber (NAF) and treated abaca fiber (T) in 10 cycles of NaOH solution 
reuse (1–10). 

Figure 5.5.c shows the DTG curves of samples T1–T10, where all samples show similarities 

in their behavior and two main peaks are visible between 40℃ and 340℃. 

Sample T1 experiences a mass loss of 3% at 38℃ owing to vaporization of absorbed water 

and approximately 60% mass loss at 335℃ owing to elimination of hemicellulose and 

cellulosic components, with lignin being eliminated from the samples (Beroual et al., 2021). 

During the process of using the recycle solution, the same water solution of 3% NaOH was 

used to determine the process efficiency by the non-cellulosic material residue content in 

the cellulosic fibers after the process. The main difference among samples T2, T3, T4, T5, 

T6, T7, and T8 occurs within 300–400℃, which is the interval corresponding to the fraction 

of hemicellulose and cellulose, where an evident peak is formed for all treated samples. This 

corresponds to a loss in mass of a 60%. Samples T9 and T10 experience similar behavior, 

with a mass loss of 5% at 42℃, and a mass loss of 65% at 340℃, corresponding to the 

elimination of hemicellulose and cellulose. Comparing the treated and untreated samples, it 

is evident that hemicellulose and cellulose were lost in all samples with different mass 

losses. Lignin was still present at 400℃ in the untreated samples, while in the treated 

samples, it was lost. For all samples, the washing and reusing solution of NaOH eliminated 

the amorphous cellulose, hemicellulose, and lignin proportion in the fiber, and the heat flow 

required by the fiber sample to decompose was comparatively higher in the alkali-treated 

fibers than in the untreated samples (S. Fu et al., 2017). In addition, there was no significant 
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variation among the treated samples with respect to mass loss and temperature of 

occurrence, suggesting that the same alkali solution could be used for at least 10 

preparations. 

5.4.2.2. Scanning Electron Microscope (SEM) 

In Figure 5.6, SEM analysis of samples at 100 µm shows the behavior of untreated and 

treated samples using the washing and reusing NaOH solution. Visual techniques were used 

to perform the analyses. The visualization of the specimens was performed by the 

measurement of the reflected electrons from the surface of examined samples. As observed 

in the figure, NAF samples present impurities and undesirable globular protrusions at 

irregular intervals, while treated samples from T1–T8 do not. It is known that alkali 

treatment improves the surface roughness by removing the hydroxyl coat (OH-), no 

cellulosic materials, and wax from the surface of the fiber; by removing the hydroxyl coat, 

the fiber becomes more hydrophobic and reduces the water absorption (Cai et al., 2015). 

Treated samples T1, T2, T3, T4, T5, T6, and T7 do not show impurities or globular 

protrusions; hence, the alkali treatment with washing and reusing NaOH appears effective 

in removing undesirable residues from the surface (Valášek et al., 2021). In addition, 

fibrillation and breakdown of the fiber bundle into elementary fibers are visible in these 

samples, which may occur because pectin, lignin, hemicellulose, and cellulose are removed 

from the abaca fibers during alkali treatment (Cai et al., 2016). 

Up to sample T8, the surface roughness of the natural fiber increased with the disintegration 

of the hemicellulose and lignin structure, which increased the contact between the real 

surface area and the environment; hence, it improved the adhesive interface between the 

fibers and the matrix (Sreenivasan et al., 2014). T8 shows a few impurities on its surface, 

but they can be considered negligible because the fibers are not bundled and are still 

separated into elementary fibers. However, T8 represents a turning point where the process 

of using and recycling the solution could be considered effective. 

In contrast, sample T9 exhibited elementary fibers and the presence of impurities. It could 

be said that at this point, washing and reusing the NaOH solution was no longer effective.  

Up to T8, the samples showed the same pattern; however, a transition regarding the efficacy 

of the procedure began at T9. Samples T9 and T10 contained impurities, dust, and wax that 

were not cleaned during the process. Again, the fibers were bonded to the fiber bundle, 

decreasing the interfacial adhesion (Punyamurthy et al., 2012). 

Through SEM, it can be seen that samples NAF, T9, and T10 show similarities; even if alkali 

treatment was applied to all samples, including T9 and T10, the recycled water treatment 

was only effective up to sample T8, where minor impurities were observed. These results 

show that for T9 and T10, the natural fibers did not react with the treatment, showing 

impurities, and they seem to bond. Hence, the effectiveness of the alkali treatment through 

washing and recycling NaOH solution was lost at T9. Thus, from T1 to T8, the behavior was 

similar, and the alkali treatment of the washing and recycling technique was effective up to 

this point. 
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Figure 5.6. Scanning electron microscope (SEM) results of natural abaca fiber (NAF) and 
treated abaca fiber (T) in 10 cycles of NaOH solution reuse (1–10). 

5.4.2.3. Tensile strength 

The samples subjected to tensile stress are shown in Figure 5.7. It is seen that NAF reached 

a 342.92±30.23 MPa tensile strength, which is similar to the result obtained by Valášek et 

al., (2021), with 326±38 MPa; even if both abaca fibers are from different countries, Ecuador 

and Philippines, respectively, the results are alike. After applying the alkali treatment, a 

consistent increase in the tensile strength was observed from T1 to T10 compared to that 

of the untreated natural abaca fiber (NAF). This suggests that alkali treatment, which 

involves using and recycling water, initially enhances the strength of the fibers. To evaluate 

the statistical significance of these improvements, an ANOVA analysis was conducted on the 

tensile strength results across the samples. 



66 

Alkali treatment of natural fibers is known to improve the mechanical properties of the 

fibers themselves and their composites (Alcivar-Bastidas, Petroche, Cornejo, et al., 2024; Cai 

et al., 2016; Cao et al., 2006). However, the effect of alkali treatment on abaca fibers can vary 

depending on the concentration of the NaOH solution, exposure of the samples to this 

solution, and the time and temperature of the drying cycle. 

For instance, Cai et al., (2015), use concentration percentages of 5%, 10%, and 15%, but 

with different dipping and drying time, results vary; in the first scenario with 30 min dipping 

time and 2 h drying at 80℃, tensile strength increased by 12%, 11%, and 11%, respectively. 

In the second scenario, with 2 h dipping time and 2 h drying at 80℃, tensile strength just 

increased by 8% with a 5% concentration, and with 10% and 15% concentration, it 

decreased by 5% and 6.5%, respectively (Cai et al., 2016). Y. Liu et al., (2019), used a 3% 

concentration solution, dipping time of 90 min, and 40 min drying at 75℃, and observed a 

tensile strength increase of 5.35%. In this research, using 3% concentration, a dipping time 

of 4 h, and 24 h drying at 85℃, in the conventional alkaline treatment (T1), tensile strength 

increased 38%, from 342.92 MPa to 473.32 MPa (P < 0.001). 
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Figure 5.7. Tensile strength results of natural abaca fiber (NAF) and treated abaca fiber (T) 
in 10 cycles of NaOH solution reuse (1–10). Values are mean ± standard deviation (n = 30). 

In this study, washing and recycling NaOH solution on the samples may have affected the 

tensile strength. T2 increased by 35% compared to NAF (P < 0.001). 

Samples T1–T8 showed an increase of over 34% compared to NAF. The ANOVA analysis 

yielded a P-value (P) greater than 0.05 (P = 0.156), indicating that the tensile strength 

results for these samples are statistically comparable, meaning that any observed 

differences in strength are not significant enough to be considered meaningful. Essentially, 

the alkali treatment was consistently effective across these samples (T1–T8), enhancing the 

fiber strength in a statistically similar manner. Although there were some variations 

compared to T1 in the tensile strengths of T3 (P = 0.457), T5 (P = 0.878), T6 (P = 0.587), and 

T8 (P = 0.683), these differences were within a range that did not affect the overall statistical 

comparability; therefore, alkaline treatment remained effective until T8. 

However, a critical turning point was identified between T8 and T9. In sample T9, the tensile 

strength increased as well, but this increase was 29% compared to NAF, which differs from 
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the previous samples (P < 0.001), and the ANOVA analysis between these two samples 

showed a P-value of less than 0.05, indicating that the results for T9 are not statistically 

comparable to those for T8. This suggests that the treatment process, particularly the 

recycling of the alkali solution, began to lose its effectiveness after the eighth cycle. The 

tensile strength of T9, although still higher than that of the untreated NAF, showed a 

significant decrease with respect to the earlier trend of improvement. This marked 

reduction in effectiveness is further reinforced with sample T10, which still shows a low 

increase in tensile strength of 7%, with values of 367.56 MPa compared to 342.92 MPa for 

NAF. The ANOVA results (P < 0.001) confirmed that T8, T9, and T10 are statistically 

different. This suggests that although the treatment still contributes to some enhancement 

of the fiber strength, this enhancement is no longer consistent. 

Moreover, although the tensile strength of T9 represents a 29.72% increase compared to 

that of NAF and T10 shows a 7% increase, the ANOVA analysis indicates that these increases 

are not statistically comparable to those of the earlier samples (T1–T8). This research 

identified T8 as the critical turning point for the effectiveness of alkali treatment in 

reinforcing abaca fiber tensile strength. Beyond this point, the process of using and 

recycling the alkali solution no longer yielded statistically significant improvements. 

Despite some tensile strength improvement, the diminishing returns observed at T9 and 

T10 suggest that the treatment process should be limited to eight cycles for optimal 

effectiveness. 

5.4.3. Life Cycle Assessment 

5.4.3.1. Life Cycle Inventory 

Table 5.5 shows the results of the Ecoinvent LCI calculation tool for crop production applied 

to the abaca production. This tool assesses biogenic interactions such as energy in biomass, 

carbon dioxide uptake by biomass, and land use. It also includes activities such as 

establishing orchards, planting, and trellis system. In outputs, the tool calculates inventories 

of emissions to soil, water, and air. 

In this study, where the scope was limited to calculating the GWP100, emissions to the air 

were critical. The only air emission calculated by the tool, due to the nature of the cultivation 

(without fertilizers and pesticides), was N2O, and was replaced by the results calculated 

using the IPCC for N2O from crop residues and leaching/runoff at 2.64E-05 and 3.19E-06 kg 

N2O per kg of harvested abaca plant tuxy, respectively.  

Table 5.5. Input and output flows of abaca production (tuxy). Data Source: Ecoinvent LCI 
calculation tool for crop production (Ecoinvent, 2018) using ESPAC data input (Instituto 
Nacional de Estadística y Censos INEC, 2023a). 
Flow Process/Category Amount Unit 
Input    
Carbon dioxide, in air Resource/in air 0.34 kg 
Energy, gross calorific value, in biomass Resource/biotic 3.96 MJ 

Establishing orchard 
Market for establishing orchard | APOS, 
U - GLO 

2.89E-03 
Item(s

) 

Fruit tree seedling, for planting 
Market for fruit tree seedling, for 
planting | APOS, U - GLO 

2.89E-03 
Item(s

) 

Land use change, perennial crop 
Market for land use change, perennial 
crop | APOS, U - EC 

3.06E-06 ha 
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Occupation, permanent crop, non-
irrigated 

Resource/land 0.61 m2*a 

Planting tree Market for planting tree | APOS, U - GLO 2.89E-03 
Item(s

) 
Transformation, from permanent crop, 
non-irrigated 

Resource/land 3.06E-02 m2 

Transformation, to permanent crop, 
non-irrigated 

Resource/land 3.06E-02 m2 

Trellis system, wooden poles, soft wood, 
tar impregnated 

Market for trellis system, wooden poles, 
soft wood, tar impregnated | APOS, U - 
GLO 

6.11E-05 ha 

Output    
Abaca plant tuxy, harvested This Study 1 kg 

Cadmium Emission to soil/agricultural 
-2.86E-

08 
kg 

Cadmium, ion Emission to water/ground water 2.74E-10 kg 
Cadmium, ion Emission to water/surface water 6.50E-09 kg 

Chromium Emission to soil/agricultural 
-8.40E-

07 
kg 

Chromium, ion Emission to water/ground water 1.22E-07 kg 
Chromium, ion Emission to water/surface water 6.00E-07 kg 

Copper Emission to soil/agricultural 
-7.47E-

06 
kg 

Copper ion Emission to water/ground water 1.44E-07 kg 
Copper, ion Emission to water/surface water 6.06E-06 kg 
Dinitrogen monoxide Emission to air/low population density 2.96E-05 kg 

Lead Emission to soil/agricultural 
-2.34E-

07 
kg 

Lead Emission to water/ground water 7.16E-10 kg 
Lead Emission to water/surface water 1.15E-07 kg 

Mercury Emission to soil/agricultural 
-1.48E-

08 
kg 

Mercury Emission to water/ground water 2.82E-11 kg 
Mercury Emission to water/surface water 6.47E-09 kg 

Nickel Emission to soil/agricultural 
-9.02E-

07 
kg 

Nickel, ion Emission to water/surface water 6.79E-07 kg 
Nitrate Emission to water/ground water 1.17E-02 kg 
Phosphate Emission to water/ground water 1.12E-05 kg 
Phosphate Emission to water/surface water 4.68E-05 kg 
Phosphorus Emission to water/surface water 4.85E-04 kg 

Zinc Emission to soil/agricultural 
-1.04E-

05 
kg 

Zinc, ion Emission to water/ground water 3.96E-07 kg 
Zinc, ion Emission to water/surface water 3.25E-06 kg 
GLO: Global     EC: Ecuador  
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The total N2O is 2.96E-05 kg N₂O per kg of harvested abaca plant tuxy, which also represents 

0.48 kg N2O ha-1, lower than other studies reported for banana crops of 1.35–1.6 kg N₂O ha-

1 for unfertilized soils (Xu et al., 2022; Yang et al., 2003; T. Zhu et al., 2015). 

Carbon dioxide, in air, captured during abaca plants growth is 0.34 kg per kg of harvested 

abaca plant tuxy, similar to that obtained by adapting the studies of Cortez et al., (2015) and 

Armecin & Gabon, (2008), which reported 0.34 kg of organic carbon per kg of harvested 

abaca plant tuxy. According to the results of ESPAC 2022 (Instituto Nacional de Estadística 

y Censos INEC, 2023c), the fiber production of abaca per hectare in this study is 1.3 tons, 

similar to yield values for Ecuador of 1.2–1.3 tons per hectare from FAO (FAO, 2022), higher 

than the range of 0.5 to 1 ton reported in other studies (Cortez et al., 2015; Dam & Bos, 

2004). 

In fiber production, tuxy is stripped using the mechanism shown in Figure 5.3.b, which 

involves diesel operation at a consumption rate of 0.02 liters of diesel per kg of dry fiber 

according to the farmers' survey. This value differs from Göltenboth & Mühlbauer, (2010), 

who reported higher consumption values ranging from 0.05 to 0.08 liters of diesel per kg of 

dry fiber. In terms of energy, the stripping mechanism uses 0.6936 MJ/kg of dry fiber (Table 

5.6), which is close to the reported range by González-García et al., (2010), of 1.2–1.49 MJ/kg 

of dry fiber for the scutching of hemp/flax fiber using electricity. 

Table 5.6. Input and output flows of abaca fiber production. 

Flow Process/Category Amount Unit 
Data 

Source 
Input     

Abaca plant tuxy, harvested This Study 12.17 kg 
(Cortez et 
al., 2015) 

Diesel, burned in agricultural 
machinery 

Market for diesel, burned in 
agricultural machinery | APOS, U 
- GLO 

0.6936 MJ This study 

Lubricating oil 
Market for lubricating oil | APOS, 
U - RoW 

0.002 kg This study 

Output     
Fiber, abaca This Study 1 kg This study 

Water 
Emission to air/low population 
density 

6.51E-03 m3 
(Cortez et 
al., 2015) 

GLO: Global     RoW: Rest-of-World 

Table 5.7 shows a comparison between all inventories: one cycle (T1) of conventional alkali 

treatment of abaca fibers (CT) and the option of treatment with the reuse of NaOH solution 

(RT) in eight washing cycles (T1–T8). The RT proposal generated a 70% reduction in NaOH 

and deionized water consumption, as well as the same reduction in NaOH transportation. 

Wastewater generation was reduced by 14%. There was a slight increase of 0.88% in wash 

water consumption. In both cases, the reduction in the mass of abaca fibers after treatment 

remained at an average of 20.5%, similar to that observed in other studies (Cai et al., 2015, 

2016). 

Table 5.7. Input and output flows of abaca alkali treated fiber production. 

Process/Category Unit CT RT 
Data 

Source 

Input     

Market for building, hall | APOS, U - GLO m2 1.56E-05 1.56E-05 
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Electricity, at supply, 2018 mix - EC kWh 1.55 1.55 

(Faist 
Emmeneg
ger, Bajaj, 

et al., 
2018; 

Ramirez 
et al., 
2019, 
2020; 

Wernet et 
al., 2016) 

Fiber, abaca kg 1.26 1.26 This study 

Chlor-alkali electrolysis, membrane cell | sodium 
hydroxide, without water, in 50% solution state | APOS, 
U - PE a 

kg 1.05 0.325 This study 

Market for tap water | APOS, U - CO kg 150.73 152.07 This study 

Market for water, deionised | APOS, U - RoW b kg 33.8 10.50 This study 

Market for transport, freight, sea, bulk carrier for dry 
goods | APOS, U - GLO c 

tkm 1.34 0.414 This study 

Output     

Fiber, abaca treated kg 1 1 This study 

Direct disposal of wastewater from textile production | 
APOS, U - GLO 

kg 0.165 0.142 This study 

Water, emission to air/low population density m3 1.06E-02 1.06E-02 This study 
a Sodium hydroxide and sodium chloride production are adapted with Peru’s electricity. 
b 50% sodium hydroxide solution state water was considered and removed from the flow. 
c Sodium hydroxide transport.  CT: Conventional alkali treatment (one cycle);  
RT: Reuse of NaOH solution per eight cycles of recirculation   EC: Ecuador 
PE: Peru   CO: Colombia  GLO: Global  RoW: Rest-of-World 

The inventories for polypropylene fiber (PPF) production are listed in Table 5.8. Electricity 

was the only input added to the inventory of Polypropylene and granulates to produce PPF. 

Table 5.8. Input and output flows of polypropylene fiber production. (Van den Heede et 
al., 2018; Yin et al., 2016) 
Flow Process/Category Amount Unit 
Input    

Electricity, medium voltage 
Market group for electricity, 
medium voltage | APOS, U - US 

1.517 kWh 

Polypropylene, granulate 
Market for polypropylene, 
granulate | APOS, U - GLO 

1.05 kg 

Output    
Polypropylene fiber This Study 1 kg 

Waste plastic, mixture 
Market group for waste plastic, 
mixture | APOS, U - RER 

0.05 kg 

GLO: Global     US: United States 
RER: Europe 

It requires 1.515 kWh per kg of PPF, which is similar to other values reported in LCA and 
environmental product declarations (EPDs) of micro and macro fibers, reporting energy 
consumption values between 1.51 to 4.73 kWh per kg of PPF (Athena Sustainable Materials 
Institute, 2022; Mapei AS, 2017; Master Builders Solutions, 2023; Thrace NG, 2022). 

5.4.3.2. Life Cycle Impact Assessment 
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Different processes of natural, treated, and synthetic fiber production were classified and 

compared. Figure 5.8 shows the main process contribution results in terms of the carbon 

footprint.  

The carbon footprint of natural abaca fiber (NAF) production was 0.47 kg CO2 eq./kg fiber 

(Figure 5.8. (a)), similar to the global warming potential (GWP) results of 0.4 to 1.9 kg CO2 

eq./kg of fiber analyzing flax, hemp, and jute from other studies (Duflou et al., 2012). The 

most significant contributing process was abaca production with 79% of GWP (Figure 5.8. 

(b)). 

Conventional alkaline treatment increased the carbon footprint of NAF, and the GWP of 

treated abaca fiber – conventional treatment (TAF-CT) production was 1.48 kg CO2 eq./kg 

fiber, 3 times higher than that of NAF, with the highest contributing process being sodium 

hydroxide production at 35%, followed by abaca production at 32%. Conventional alkaline 

treatment (sodium hydroxide, electricity, and other processes from the alkali treatment) 

represented 60% of the GWP of TAF-CT. Abaca fiber production in TAF-CT increased by 

26% compared to the abaca plant harvest in NAF, and in terms of CO2, it increased by 0.09 

kg CO2 eq./kg fiber owing to the mass reduction in the natural fiber during the alkaline 

treatment. 

The process of reusing the sodium hydroxide solution in the treated abaca fiber – reuse 

treatment (TAF-RT) is 1.11 kg CO2 eq./kg of fiber, a reduction in the carbon footprint of 0.37 

kg CO2 eq./kg fiber, or a 24.86% reduction compared with TAF-CT. The process with the 

greatest reduction in the GWP was NaOH production (25 %). This is mainly due to the 

reduction in NaOH consumption from 1.05 to 0.32 kg of NaOH/kg of fiber. The consumption 

of the other flows was reduced by reusing the NaOH solution; however, their influence on 

the final GWP did not exceed 0.52%. Polypropylene fiber (PPF) production has a carbon 

footprint of 3.30 kg CO2 eq./kg fiber. The process with the highest contribution to GWP was 

the production of granulated polypropylene (76 %), followed by the use of electricity in 

synthetic fiber production (22 %). The treatment of polypropylene waste from this process 

accounts for 2% of the total. 

When comparing the carbon footprint of PPF with that of the other fibers, PPF had the 

highest environmental impact. In contrast to abaca fibers, the GWP of NAF is 86% lower 

than that of PPF. TAF-CT has a 55% lower carbon footprint than PPF, indicating that 

although the treatment increases the environmental impact compared to NAF, it remains 

considerably lower than that of PPF. On the other hand, TAF-RT presented a 66% lower 

carbon footprint than PPF, highlighting the advantage of reusing NaOH solution in GWP over 

both PPF and TAF-CT; nevertheless, the TAF-RT GWP was still higher than that of NAF. 
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Figure 5.8. (a) Characterization results and (b) contribution analysis in Global Warming 
Potential (GWP) for natural abaca fiber (NAF) production, treated abaca fiber – 
conventional treatment (TAF-CT) production, treated abaca fiber – reuse treatment (TAF-
RT) production, and polypropylene fiber (PPF) production. 

However, to improve the GWP analysis, other properties, such as strengths, should be 

considered. When comparing the results of the carbon footprint and tensile strength (Figure 

5.9), NAF has a lower tensile strength than the traditional natural fibers reviewed in other 

studies (flax, jute, and kenaf) (Faist Emmenegger, Bajaj, et al., 2018; Peças et al., 2018; 

Wernet et al., 2016); however, natural abaca fibers still have a lower carbon footprint. 
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Figure 5.9. Global warming potential results of fibers in literature (Faist Emmenegger, 
Bajaj, et al., 2018; Peças et al., 2018; Yin et al., 2016) and this study. NAF: natural abaca fiber, 
TAF-CT: treated abaca fiber – conventional treatment (1 cycle), TAF-RT: treated abaca fiber 
– reuse treatment (reuse of NaOH solution per 8 cycles of recirculation), PPF: polypropylene 
fiber, EC: Ecuador, US: United States, IN: India. 

With the application of alkali treatment, the tensile strength performance of abaca fibers 

improved while maintaining a carbon footprint similar to that of other natural fibers. In 

terms of GWP/tensile strength between abaca and PPF, TAF-RT has one of the highest 

tensile strengths with one of the lowest carbon footprints, making TAF-RT a sustainable 
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option to be evaluated as a replacement for PPF in concrete where abaca is available. 

Natural fibers are competitive alternatives in terms of mechanical performance and 

environmental sustainability compared to synthetic alternatives such as PPF for use in 

concrete. PPF had the lowest tensile strength and the highest carbon footprint. 

5.4.4. Limitations and recommendations for further research  

The LCA results for agricultural products such as natural fibers are influenced by the use of 

fertilizers and pesticides (González-García et al., 2010). Although the global use of these 

products in abaca is negligible (Dam & Bos, 2004), 45.07% of the crops in Ecuador use 

chemical and organic fertilizers and pesticides. Therefore, it is recommended that the LCA 

calculations of these products be enhanced in future studies. 

The production of abaca fibers generates substantial residual biomass (Dam & Bos, 2004). 

A limitation of LCA studies on agricultural products is the decomposition conditions of 

biomass. This study was based on the aerobic decomposition of biomass as a common 

condition; however, the possibility of anaerobic conditions should be analyzed in future 

studies. 

The Ecoinvent LCI calculation tool for crop production was used to generate an inventory 

of the tuxy harvest of the abaca plant. One limitation of using this model is the selection of 

information from existing crops. In this study, banana was used as the base crop for abaca. 

The inventory of this study could be improved by investigating the properties of abaca 

cultivation in terms of carbon capture and content. However, the LCA results were not 

affected by capture because the methodology used in this study did not consider captured 

carbon in the GWP impact calculation. 

The process of using and recycling NaOH solution has been applied to abaca fibers only with 

the aim of determining the effectiveness of the solution in treating the fiber. It is 

recommended that this methodology be applied to other natural fibers, such as jute, kenaf, 

and hemp. 

This study compared the physical and environmental properties of abaca fibers, focusing on 

TGA, SEM, tensile strength, and LCA. It is recommended to conduct a study on the influence 

of these fibers and measure their cost and environmental impact when applied to cement 

composites, such as mortar and concrete. 

5.5. Conclusions 

This study investigated the impact of the recirculation and reuse of NaOH solution on the 

alkaline treatment of natural abaca fibers, including its effect on fiber properties and carbon 

footprint. The following conclusions are drawn from the experimental findings: 

- The TGA analysis revealed consistent internal composition across samples T1 to 

T10, with similar temperatures for vaporization of absorbed water (40°C) and 

an average mass loss of 4%. Notably, hemicellulose, cellulose, and lignin were 

lost at 340°C, resulting in equivalent behavior among samples treated with 

recirculated NaOH solution. 

- SEM observations showed uniform structures without impurities in samples 

T1–T7, forming elementary fibers by removing pectin, lignin, hemicellulose, and 
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cellulose. However, at T8, minor protrusions appeared insignificant, as the 

fibers remained elementary. By T9 and T10, the impurities became more visible 

and elementary fibers bonded, indicating the diminished effectiveness of the 

alkali treatment. 

- Despite these variations, all the samples exhibited increased tensile strength. Up 

to T8, the increase was greater than 34%, demonstrating the efficacy of 3% 

NaOH recirculation and reuse. Beyond T8, the tensile strength improvements 

were slightly reduced, with increases of 29% and 7%, respectively, compared to 

the NAF samples. Sample T8 suffered a reduction of 2% compared to T1, which 

is still acceptable and in the range of comparison. However, the T9 experiments 

showed a decrease of 6% compared to T1, while T10 suffered the highest 

decrease of 21% compared to T1. At this point, the variation between all 

samples indicated that there was a turning point between T8 and T9. Relying on 

conservativity, this research concludes that T8 is the turning point, and up to 

this cycle of using and recycling the alkali treatment could be considered 

effective.  

- In terms of titration, the results showed that up to T8, the NaOH concentration 

was relatively stable, maintaining its effectiveness in the recycling process. 

However, between T8 and T9, the critical turning point occurs, significantly 

dropping the concentration, thereby diminishing treatment efficacy. This result 

is related to those obtained in SEM and tensile tests, where impurities start to 

appear at T8 and the tensile strength starts decreasing. 

- Recirculation and reuse of the 3% NaOH solution were effective up to Treatment 

8, with consistent TGA results, SEM showing elementary fibers and no 

impurities up to T8, and nearly uniform tensile strength enhancement up to this 

point. 

- By utilizing the Ecoinvent LCI calculation tool for crop production, key insights 

were gained regarding the inventory of abaca cultivation and fiber treatment. 

Emissions to the air, water, soil, and land associated with abaca cultivation were 

quantified, providing data for understanding the environmental impacts of 

abaca production. Additionally, a comparison of the treatment options 

highlighted the potential benefits of reusing the NaOH solution, presenting a 

substantial reduction in resource consumption and wastewater generation. 

- Carbon footprint results show the environmental advantages of natural fibers, 

particularly abaca, over synthetic alternatives, with notable reductions in 

carbon footprint and higher tensile strength, especially with the proposed 

recirculation and reuse treatment (TAF-RT). The implementation of circular 

economy principles through the reuse of NaOH solution demonstrates not only 

environmental benefits but also resource efficiency. The reductions in NaOH 

consumption, wastewater generation, and overall environmental impact 

emphasize the potential for sustainable practices in industrial processes. 
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Chapter 6.  
Conclusions and future works 
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6.1. Future research 

Once the objectives of this doctoral thesis have been achieved, a series of future research 

directions are identified with the aim of further improving the addition of natural fiber to 

cement matrices. These directions provide a foundation for advancing the knowledge and 

application of fiber-reinforced materials, particularly in the context of sustainable 

construction practices. 

First, the present research focused exclusively on plaster mortar, with the addition of fiber 

as the principal component for enhancing the material’s properties. While this approach 

proved effective for plaster mortar applications, there is significant potential for expanding 

this study to other cement-based materials, such as concrete. By incorporating natural 

fibers into concrete, researchers can explore the material’s behavior in more demanding 

applications, such as structural elements like slabs, where controlling shrinkage and crack 

formation is critical. Concrete, being a fundamental material in construction, presents 

unique challenges and opportunities for integrating natural fibers. Future studies could 

investigate the mechanical properties, durability, and performance of fiber-reinforced 

concrete under various loading conditions and environmental factors. For example, the 

inclusion of natural fibers in concrete slabs could contribute to mitigating shrinkage-

induced cracking, which is a common issue in concrete structures. This expansion of 

research could lead to innovative solutions for both residential and commercial 

construction projects, improving their sustainability and resilience. 

Second, the practical application of the developed fiber-reinforced mortar was explored in 

this study through the construction of a wall, which was subsequently plastered with the 

mortar and subjected to seismic load testing. While the test setup demonstrated the 

potential of the material for such applications, the results were inconclusive due to the over-

designed nature of the wall. The absence of fissures or cracks during seismic load testing 

highlighted the need for a more appropriately designed test specimen that better reflects 

realistic conditions. Future research could revisit this experiment by constructing walls 

with optimized designs to allow for meaningful evaluation of the material’s performance 

under seismic loads. Additionally, different configurations of fiber content, wall thickness, 

and reinforcement patterns could be tested to identify the optimal design parameters for 

earthquake-resistant applications. This line of research is particularly relevant in regions 

prone to seismic activity, where innovative materials and construction methods are needed 

to enhance the safety and resilience of buildings. 

Beyond these initial steps, there is considerable scope for exploring other aspects of fiber-

reinforced cementitious materials. For instance, studies could assess the long-term 

durability of the materials in various environmental conditions, such as high humidity, 

freeze-thaw cycles, or exposure to chemical agents. Another area of interest could be the life 

cycle assessment (LCA) of fiber-reinforced materials to quantify their environmental 

benefits compared to traditional alternatives. By examining the carbon footprint, energy 

consumption, and waste reduction associated with these materials, researchers can build a 

stronger case for their adoption in sustainable construction. Furthermore, interdisciplinary 

approaches that integrate structural engineering, materials science, and environmental 

studies could pave the way for groundbreaking advancements in the field. 
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In conclusion, the achievements of this doctoral thesis lay the groundwork for a multitude 

of future research opportunities. Expanding the focus to include other cement-based 

materials, optimizing seismic load testing, and exploring additional aspects of performance 

and sustainability will contribute to the ongoing evolution of fiber-reinforced cementitious 

materials. These efforts will not only improve the material’s practical applications but also 

support the global push toward greener and more resilient construction practices. 

6.2. Conclusions 

According to the objectives set out on this thesis to analyze the influence of the addition of 

abaca fiber on the characteristics of cement agglomerates and their long term behavior and 

based on the research conducted whose methodology and most relevant results are 

documented in the articles: The effect of different treatments on abaca fibers used in 

cementitious composites, published in the journal Natural Fibers; Effect of aging process on 

mechanical performance of reinforced mortar with NaOH abaca fibers published in the 

journal Case Studies in Construction Materials; Characterization and life cycle assessment of 

alkali treated abaca fibers: the effect of reusing sodium hydroxide published in the journal 

Construction and Building Materials, the following conclusions are drawn:  

- This study evaluated the effect of three different treatments on abaca fiber: 

hornification (HR), NaOH-3% (HS) and coating with silica fume and natural latex 

(LS). The results revealed that NaOH-treated fibers exhibited the best performance 

in flexural and compressive strength, especially when using a 0.2% dosage and a 

fiber length of 30mm. All treatments effectively modified the fiber by removing 

lignin and hemicellulose, as confirmed by TGA, XRD, FT-IR and SEM analysis. While 

HS treatment showed the greatest improvement in mechanical properties, LS 

treatment performed the poorest, likely due to minimal internal changes. HR 

treatment showed high initial flexural strength but eventually had lower 

performance than HS.  

- In the second part of the research, the mechanical properties of alkali-treated abaca 

fiber reinforced mortar (MFTHS) and reference mortar (RM) were analyzed, after 

both were subjected to an accelerated wet/dry aging process (WD-1 and WD-2). 

Despite the aging process, the alkali treated fiber maintained its chemical 

composition, as shown by FT-IR and SEM analysis. The results indicated that WD-, 

with higher temperature and longer dipping time, was more aggressive, causing 

greater property deterioration compared to WD-1. However, MFTHS consistently 

showed better mechanical properties compared to RM, with significant 

improvements in flexural, compressive, and tensile strength: 20%, 28% and 26% 

higher, respectively. The addition of alkali treated fiber also improved shrinkage 

control, leading to more compact samples with better water retention.  

- The third part of the research, explored the effects of recirculating and reusing a 3% 

NaOH solution during the alkaline treatment of natural abaca fibers, focusing on 

fiber properties and environmental impact. Up to Treatment 8 (T8), consistent 

thermogravimetric analysis (TGA) results and scanning electron microscopy (SEM) 

showed uniform fiber structure and significant removal of pectin, lignin, and 

hemicellulose, enhancing tensile strength by over 34%. However, beyond T8, 
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impurities emerged, tensile strength improvements diminished, and NaOH 

concentration dropped, marking T8 as the optimal reuse cycle. Environmental 

analysis using the Ecoinvent tool revealed substantial reductions in resource 

consumption, wastewater generation, and carbon footprint through this circular 

approach, showcasing the environmental and resource efficiency advantages of 

reusing NaOH in abaca fiber treatment. This sustainable method highlights the 

potential for integrating circular economy principles into industrial processes. 

- Therefore, the study demonstrated that incorporating abaca fiber into cement 

agglomerates, combined with an alkaline treatment using recirculated NaOH 

solutions, significantly enhances the materials performance and sustainability. Up 

to the eight cycles of NaOH reuse, the alkali treatment effectively improved the 

tensile strength of the fibers. Additionally, for long terms, the process of W/D 

showed the effectiveness of treated abaca fibers incorporated to the matrix, where 

better mechanical behavior was achieved. Hence, it can be concluded that the 

addition of treated abaca fibers (alkali treatment) did improve the mechanical 

properties of the mortar. 

 



79 

Chapter 7.  
References 

 



80 

7.1. Bibliography 

A.Abusogi, M., & Bakri, M. (2022). Behaviour of cementitious composites reinforced with 
polypropylene fibres using restrained eccentric ring test. Case Studies in Construction 
Materials, 16(November 2021), e00841. 
https://doi.org/10.1016/j.cscm.2021.e00841 

Abdal-hay, A., Suardana, N. P. G., Jung, D. Y., Choi, K.-S., & Lim, J. K. (2012). Effect of 
diameters and alkali treatment on the tensile properties of date palm fiber reinforced 
epoxy composites. International Journal of Precision Engineering and Manufacturing, 
13(7), 1199–1206. https://doi.org/10.1007/s12541-012-0159-3 

Abdalla, J. A., Hawileh, R. A., Bahurudeen, A., Jyothsna, G., Sofi, A., Shanmugam, V., & 
Thomas, B. S. (2023). A comprehensive review on the use of natural fibers in 
cement/geopolymer concrete: A step towards sustainability. Case Studies in 
Construction Materials, 19, e02244. https://doi.org/10.1016/j.cscm.2023.e02244 

Agung, E. H., Sapuan, S. M., Hamdan, M. M., Zaman, H. M. D. K., & Mustofa, U. (2011). 
Optimization of the mechanical properties of abaca fibre-reinforced high impact 
polystyrene (HIPS) composites using box-behnken design of experiments. Polymers 
and Polymer Composites, 19(8). https://doi.org/10.1177/096739111101900811 

Akram Khan, M., Guru, S., Padmakaran, P., Mishra, D., Mudgal, M., & Dhakad, S. (2011). 
Characterisation Studies and Impact of Chemical Treatment on Mechanical 
Properties of Sisal Fiber. Composite Interfaces, 18(6), 527–541. 
https://doi.org/10.1163/156855411X610250 

Alcivar-Bastidas, S., Petroche, D. M., Cornejo, M. H., & Martinez-Echevarria, M. J. (2024). 
Effect of aging process on mechanical performance of reinforced mortar with NaOH 
abaca fibers. Case Studies in Construction Materials, 20, e03122. 
https://doi.org/10.1016/j.cscm.2024.e03122 

Alcivar-Bastidas, S., Petroche, D. M., & Martinez-Echevarria, M. J. (2023). The effect of 
different treatments on abaca fibers used in cementitious composites. Journal of 
Natural Fibers, 20(1). https://doi.org/10.1080/15440478.2023.2177235 

Alcivar-Bastidas, S., Petroche, D. M., Ramirez, A. D., & Martinez-Echevarria, M. J. (2024). 
Characterization and life cycle assessment of alkali treated abaca fibers: the effect of 
reusing sodium hydroxide. Construction and Building Materials, 449, 138522. 
https://doi.org/10.1016/j.conbuildmat.2024.138522 

Ali, B., Hawreen, A., Ben Kahla, N., Talha Amir, M., Azab, M., & Raza, A. (2022). A critical 
review on the utilization of coir (coconut fiber) in cementitious materials. 
Construction and Building Materials, 351, 128957. 
https://doi.org/10.1016/j.conbuildmat.2022.128957 

Almutairi, A. L., Tayeh, B. A., Adesina, A., Isleem, H. F., & Zeyad, A. M. (2021). Potential 
applications of geopolymer concrete in construction: A review. Case Studies in 
Construction Materials, 15, e00733. https://doi.org/10.1016/j.cscm.2021.e00733 

American Public Health Association, American Water Works Association, & Water 
Environment Federation. (2023). Standard Methods for the Examination of Water and 
Wastewater (W. C. Lipps, E. B. Braun-Howland, & T. E. Baxter (eds.); 24th ed.). APHA 
Press. 

Amran, M., Fediuk, R., Abdelgader, H. S., Murali, G., Ozbakkaloglu, T., Lee, Y. H., & Lee, Y. Y. 
(2022). Fiber-reinforced alkali-activated concrete: A review. Journal of Building 
Engineering, 45, 103638. https://doi.org/10.1016/j.jobe.2021.103638 

Anthony, R., Awasthi, S. Y., Singh, P., & Prasath Kumar, V. R. (2020). An Experimental and 



81 

Characteristic Study of Abaca Fiber Concrete. IOP Conference Series: Materials Science 
and Engineering, 912(3), 032077. https://doi.org/10.1088/1757-
899X/912/3/032077 

Araya-Gutiérrez, D., Garro Monge, G., Jiménez-Quesada, K., Arias-Aguilar, D., & Cordero, R. 
Q. (2023). Abaca: a general review on its characteristics, productivity, and market in 
the world Keywords: Crop management Extraction Fiber Polymeric matrix Varieties 
RESUMEN Palabras clave. Rev. Fac. Nac. Agron. Medellín, 76(1), 10263–10273. 

Araya-Letelier, G., Antico, F. C., Burbano-Garcia, C., Concha-Riedel, J., Norambuena-
Contreras, J., Concha, J., & Saavedra Flores, E. I. (2021). Experimental evaluation of 
adobe mixtures reinforced with jute fibers. Construction and Building Materials, 276, 
122127. https://doi.org/10.1016/j.conbuildmat.2020.122127 

Ardanuy, M., Claramunt, J., & Toledo Filho, R. D. (2015). Cellulosic fiber reinforced cement-
based composites: A review of recent research. Construction and Building Materials, 
79, 115–128. https://doi.org/10.1016/j.conbuildmat.2015.01.035 

Armecin, R. B. (2008). Nutrient Composition of Abaca ( Musa textilis Nee) at Seedling, 
Vegetative, and Flagleaf Stages of Growth. Journal of Natural Fibers, 5(4), 331–346. 
https://doi.org/10.1080/15440470802457136 

Armecin, R. B., & Gabon, F. M. (2008). Biomass, organic carbon and mineral matter 
contents of abaca (Musa textilis Nee) at different stages of growth. Industrial Crops 
and Products, 28(3), 340–345. https://doi.org/10.1016/j.indcrop.2008.03.014 

Arshad, S., Sharif, M. B., Irfan-ul-Hassan, M., Khan, M., & Zhang, J. L. (2020). Efficiency of 
Supplementary Cementitious Materials and Natural Fiber on Mechanical 
Performance of Concrete. Arabian Journal for Science and Engineering, 45(10), 8577–
8589. https://doi.org/10.1007/s13369-020-04769-z 

Ashik, K. P., & Sharma, R. S. (2015). A Review on Mechanical Properties of Natural Fiber 
Reinforced Hybrid Polymer Composites. In Journal of Minerals and Materials 
Characterization and Engineering (Vol. 03, Issue 05, pp. 420–426). 
https://doi.org/10.4236/jmmce.2015.35044 

ASTM International. (2017). ASTM C157/C157M-17, Standard Test Method for Length 
Change of Hardened Hydraulic-Cement Mortar and Concrete. Annual Book of ASTM 
Standards, 04.02. https://doi.org/10.1520/C0157_C0157M-17 

ASTM International. (2018). ASTM C144-18, Standard Specification for Aggregate for 
Masonry Mortar. Annual Book of ASTM Standards, 04.05. 
https://doi.org/10.1520/C0144-18 

ASTM International. (2023a). ASTM C1116/C1116M-23, Standard Specification for Fiber-
Reinforced Concrete. Annual Book of ASTM Standards, 04.02. 
https://doi.org/10.1520/C1116_C1116M-23 

ASTM International. (2023b). ASTM C1157/C1157M-23, Standard Performance 
Specification for Hydraulic Cement. Annual Book of ASTM Standards, 04.01. 
https://doi.org/10.1520/C1157_C1157M-23 

Athena Sustainable Materials Institute. (2022). A Life Cycle Assessment of FORTA-FERRO® 
Manufactured by FORTA. https://forta-ferro.com/wp-content/uploads/LCA-Life-
Cycle-Assessment-FORTA-FERRO-2022.pdf 

Avet, F., & Scrivener, K. (2018). Investigation of the calcined kaolinite content on the 
hydration of Limestone Calcined Clay Cement (LC3). Cement and Concrete Research, 
107, 124–135. https://doi.org/10.1016/j.cemconres.2018.02.016 

Awais, H., Nawab, Y., Amjad, A., Anjang, A., Md Akil, H., & Zainol Abidin, M. S. (2021). 



82 

Environmental benign natural fibre reinforced thermoplastic composites: A review. 
Composites Part C: Open Access, 4, 100082. 
https://doi.org/10.1016/j.jcomc.2020.100082 

Awoyera, P., & Adesina, A. (2019). A critical review on application of alkali activated slag 
as a sustainable composite binder. Case Studies in Construction Materials, 11, e00268. 
https://doi.org/10.1016/j.cscm.2019.e00268 

Azevedo, A. R. G., Lima, T. E. S., Reis, R. H. M., Oliveira, M. S., Candido, V. S., & Monteiro, S. N. 
(2022). Guaruman fiber: A promising reinforcement for cement-based mortars. Case 
Studies in Construction Materials, 16, e01029. 
https://doi.org/10.1016/J.CSCM.2022.E01029 

Azevedo, A. R. G., Rocha, D. L., Lima, T. E. S., Marvila, M. T., Zanelato, E. B., Alexandre, J., 
Monteiro, S. N., & Colorado, H. (2022). Characterization of Mortar in Fresh State with 
the Addition of Açai Fiber. In Minerals, Metals and Materials Series (pp. 247–255). 
Springer Science and Business Media Deutschland GmbH. 
https://doi.org/10.1007/978-3-030-92373-0_23 

Azevedo, A. R. G. de, Klyuev, S., Marvila, M. T., Vatin, N., Alfimova, N., Lima, T. E. S. de, 
Fediuk, R., & Olisov, A. (2020). Investigation of the Potential Use of Curauá Fiber for 
Reinforcing Mortars. Fibers, 8(11), 69. https://doi.org/10.3390/fib8110069 

Ballesteros, J. E. M., Santos, S. F., Mármol, G., Savastano, H., & Fiorelli, J. (2015). Evaluation 
of cellulosic pulps treated by hornification as reinforcement of cementitious 
composites. Construction and Building Materials, 100, 83–90. 
https://doi.org/10.1016/j.conbuildmat.2015.09.044 

Banco Central del Ecuador. (2018). Información Estadística Mensual (IEM). 
https://contenido.bce.fin.ec/home1/estadisticas/bolmensual/IEMensual.html 

Benaimeche, O., Carpinteri, A., Mellas, M., Ronchei, C., Scorza, D., & Vantadori, S. (2018). 
The influence of date palm mesh fibre reinforcement on flexural and fracture 
behaviour of a cement-based mortar. Composites Part B: Engineering, 152(July), 292–
299. https://doi.org/10.1016/j.compositesb.2018.07.017 

Benyahia, A., Merrouche, A., Rokbi, M., Kouadri, Z., Benyahia, A., Merrouche, A., Rokbi, M., 
Kouadri, Z., & Ce, D. (2013). Étude de l’effet du traitement alcalin des fibres végétales 
sur le comportement mécanique du composite Polyester insaturée-Fibre Alfa. UFAS 
Sétif. https://hal.science/hal-03439860 

Beroual, M., Trache, D., Mehelli, O., Boumaza, L., Tarchoun, A. F., Derradji, M., & Khimeche, 
K. (2021). Effect of the Delignification Process on the Physicochemical Properties and 
Thermal Stability of Microcrystalline Cellulose Extracted from Date Palm Fronds. 
Waste and Biomass Valorization, 12(5), 2779–2793. 
https://doi.org/10.1007/s12649-020-01198-9 

Bheel, N., Ali, M. O. A., Kirgiz, M. S., de Sousa Galdino, A. G., & Kumar, A. (2021). Fresh and 
mechanical properties of concrete made of binary substitution of millet husk ash and 
wheat straw ash for cement and fine aggregate. Journal of Materials Research and 
Technology, 13, 872–893. https://doi.org/10.1016/j.jmrt.2021.04.095 

Borges, P. M., Schiavon, J. Z., da Silva, S. R., Rigo, E., Neves Junior, A., Possan, E., & Andrade, 
J. J. de O. (2023). Mortars with recycled aggregate of construction and demolition 
waste: Mechanical properties and carbon uptake. Construction and Building Materials, 
387, 131600. https://doi.org/10.1016/j.conbuildmat.2023.131600 

Boulos, L., Foruzanmehr, M. R., Tagnit-Hamou, A., Elkoun, S., & Robert, M. (2017). Wetting 
analysis and surface characterization of flax fibers modified with zirconia by sol-gel 
method. Surface and Coatings Technology, 313, 407–416. 



83 

https://doi.org/10.1016/j.surfcoat.2017.02.008 

Boulos, L., Foruzanmehr, M. R., Tagnit-Hamou, A., & Robert, M. (2019). The effect of a 
zirconium dioxide sol-gel treatment on the durability of flax reinforcements in 
cementitious composites. Cement and Concrete Research, 115(December 2017), 105–
115. https://doi.org/10.1016/j.cemconres.2018.10.004 

Cai, M., Takagi, H., Nakagaito, A. N., Katoh, M., Ueki, T., Waterhouse, G. I. N., & Li, Y. (2015). 
Influence of alkali treatment on internal microstructure and tensile properties of 
abaca fibers. Industrial Crops and Products, 65, 27–35. 
https://doi.org/10.1016/j.indcrop.2014.11.048 

Cai, M., Takagi, H., Nakagaito, A. N., Li, Y., & Waterhouse, G. I. N. (2016). Effect of alkali 
treatment on interfacial bonding in abaca fiber-reinforced composites. Composites 
Part A: Applied Science and Manufacturing, 90, 589–597. 
https://doi.org/10.1016/j.compositesa.2016.08.025 

Candamano, S., Crea, F., Coppola, L., De Luca, P., & Coffetti, D. (2021). Influence of acrylic 
latex and pre-treated hemp fibers on cement based mortar properties. Construction 
and Building Materials, 273, 121720. 
https://doi.org/10.1016/j.conbuildmat.2020.121720 

Cao, Y., Shibata, S., & Fukumoto, I. (2006). Mechanical properties of biodegradable 
composites reinforced with bagasse fibre before and after alkali treatments. 
Composites Part A: Applied Science and Manufacturing, 37(3), 423–429. 
https://doi.org/10.1016/j.compositesa.2005.05.045 

Castoldi, R. de S., de Souza, L. M. S., Souto, F., Liebscher, M., Mechtcherine, V., & de Andrade 
Silva, F. (2022). Effect of alkali treatment on physical–chemical properties of sisal 
fibers and adhesion towards cement-based matrices. Construction and Building 
Materials, 345, 128363. https://doi.org/10.1016/j.conbuildmat.2022.128363 

Cheung, H., Ho, M., Lau, K., Cardona, F., & Hui, D. (2009). Natural fibre-reinforced 
composites for bioengineering and environmental engineering applications. 
Composites Part B: Engineering, 40(7), 655–663. 
https://doi.org/10.1016/j.compositesb.2009.04.014 

Choi, Y. C. (2022). Hydration and internal curing properties of plant-based natural fiber-
reinforced cement composites. Case Studies in Construction Materials, 17, e01690. 
https://doi.org/10.1016/j.cscm.2022.e01690 

Choo, Y. M., Muhamad, H., Hashim, Z., Subramaniam, V., Puah, C. W., & Tan, Y. (2011). 
Determination of GHG contributions by subsystems in the oil palm supply chain using 
the LCA approach. The International Journal of Life Cycle Assessment, 16(7), 669–681. 
https://doi.org/10.1007/s11367-011-0303-9 

Cid, S. C. G., Cardoso, D. C. T., Silva, F. de A., & Krause, J. Q. (2020). Influence of hornification 
on the physical and flexural properties of Moso bamboo. Construction and Building 
Materials, 248, 118701. https://doi.org/10.1016/j.conbuildmat.2020.118701 

Çomak, B., Bideci, A., & Salli Bideci, Ö. (2018). Effects of hemp fibers on characteristics of 
cement based mortar. Construction and Building Materials, 169, 794–799. 
https://doi.org/10.1016/j.conbuildmat.2018.03.029 

Cortez, C. V., Alcantara, A. J., Pacardo, E. P., & Rebancos, C. M. (2015). Life cycle assessment 
of manila hemp in Catanduanes, Philippines. Journal of Environmental Science and 
Management, 18(2), 53–61. https://doi.org/10.47125/jesam/2015_2/06 

da Silva, R. B., Matoski, A., Neves Junior, A., & Kostrzewa-Demczuk, P. (2022). Study of 
compressive strength of sand-lime bricks produced with coal tailings using mixture 
design. Construction and Building Materials, 344, 127986. 



84 

https://doi.org/10.1016/j.conbuildmat.2022.127986 

Dam, J. Van, & Bos, H. (2004). The environmental impact of fibre crops in industrial 
applications. FAO: Consultation on Natural Fibres. 
https://www.fao.org/economic/est/est-commodities/jute-hard-fibres/jute-hard-
fibres-meetings/consultations-on-natural-fibres/en/ 

Das, M., & Chakraborty, D. (2006). Influence of alkali treatment on the fine structure and 
morphology of bamboo fibers. Journal of Applied Polymer Science, 102(5), 5050–5056. 
https://doi.org/10.1002/app.25105 

de Lima, T. E. S., de Azevedo, A. R. G., Marvila, M. T., Candido, V. S., Fediuk, R., & Monteiro, S. 
N. (2022). Potential of Using Amazon Natural Fibers to Reinforce Cementitious 
Composites: A Review. Polymers, 14(3), 647. 
https://doi.org/10.3390/polym14030647 

de Oliveira, L. B., de Azevedo, A. R. G., Marvila, M. T., Pereira, E. C., Fediuk, R., & Vieira, C. M. 
F. (2022). Durability of geopolymers with industrial waste. Case Studies in 
Construction Materials, 16, e00839. https://doi.org/10.1016/j.cscm.2021.e00839 

Deng, F., Cao, C., Xu, L., & Chi, Y. (2022). Interfacial bond characteristics of polypropylene 
fiber in steel/polypropylene blended fiber reinforced cementitious composite. 
Construction and Building Materials, 341(May), 127897. 
https://doi.org/10.1016/j.conbuildmat.2022.127897 

Dittenber, D. B., & GangaRao, H. V. S. (2012). Critical review of recent publications on use 
of natural composites in infrastructure. Composites Part A: Applied Science and 
Manufacturing, 43(8), 1419–1429. 
https://doi.org/10.1016/j.compositesa.2011.11.019 

Duflou, J. R., Deng, Y., Van Acker, K., & Dewulf, W. (2012). Do fiber-reinforced polymer 
composites provide environmentally benign alternatives? A life-cycle-assessment-
based study. MRS Bulletin, 37(4), 374–382. https://doi.org/10.1557/mrs.2012.33 

Ecoinvent. (2018). Ecoinvent LCI calculation tool for crop production. 
https://agritool.ecoinvent.org/ 

Eremin, A., Pustovgar, A., Pashkevich, S., Ivanova, I., & Golotina, A. (2016). Determination 
of Calcium Sulfate Hemihydrate Modification by X-ray Diffraction Analysis. Procedia 
Engineering, 165(495), 1343–1347. https://doi.org/10.1016/j.proeng.2016.11.862 

European Committee for Standardization. (2012). EN 15804:2012+A2:2019 Sustainability 
of construction works - Environmental product declarations - Core rules for the 
product category of construction products. In CEN/TC 350 - Sustainability of 
construction works. 

Faist Emmenegger, M., Bajaj, S., Datta, A., Nigam, M., Hossain, M. M., & Hossain, M. N. 
(2018). Life Cycle Inventories of textile products in India and Bangladesh. Ecoinvent 
SRI Project Results. https://sri-lci.ecoinvent.org/ 

Faist Emmenegger, M., Délerce-Mauris, C., & Porté, C. (2018). Models integrated in 
Ecoinvent LCI calculation tool for crop production. 
https://agritool.ecoinvent.org/Ecoinvent_Tool_Model_Description_20180130.pdf 

FAO. (2012). Future Fibres. https://www.fao.org/economic/futurefibres 

FAO. (2022). Crops and livestock products. License: CC BY-NC-SA 3.0 IGO. 
https://www.fao.org/faostat/en/#data/QCL 

Ferreira, S. R., Pepe, M., Martinelli, E., de Andrade Silva, F., & Toledo Filho, R. D. (2018). 
Influence of natural fibers characteristics on the interface mechanics with cement 
based matrices. Composites Part B: Engineering, 140(September 2017), 183–196. 



85 

https://doi.org/10.1016/j.compositesb.2017.12.016 

Ferreira, S. R., Silva, F. D. A., Lima, P. R. L., & Toledo Filho, R. D. (2015). Effect of fiber 
treatments on the sisal fiber properties and fiber-matrix bond in cement based 
systems. Construction and Building Materials, 101, 730–740. 
https://doi.org/10.1016/j.conbuildmat.2015.10.120 

Ferreira, S. R., Silva, F. de A., Lima, P. R. L., & Toledo Filho, R. D. (2017). Effect of 
hornification on the structure, tensile behavior and fiber matrix bond of sisal, jute 
and curauá fiber cement based composite systems. Construction and Building 
Materials, 139, 551–561. https://doi.org/10.1016/j.conbuildmat.2016.10.004 

Ferreira, S. R., Silva, L. E., McCaffrey, Z., Ballschmiede, C., & Koenders, E. (2021). Effect of 
elevated temperature on sisal fibers degradation and its interface to cement based 
systems. Construction and Building Materials, 272, 121613. 
https://doi.org/10.1016/j.conbuildmat.2020.121613 

Fiallos-Cárdenas, M., Pérez-Martínez, S., & Ramirez, A. D. (2022). Prospectives for the 
development of a circular bioeconomy around the banana value chain. Sustainable 
Production and Consumption, 30, 541–555. 
https://doi.org/10.1016/j.spc.2021.12.014 

Fidelis, M. E. A., Toledo Filho, R. D., Silva, F. de A., Mechtcherine, V., Butler, M., & Hempel, S. 
(2016). The effect of accelerated aging on the interface of jute textile reinforced 
concrete. Cement and Concrete Composites, 74, 7–15. 
https://doi.org/10.1016/j.cemconcomp.2016.09.002 

Franke, N., Hoekstra, A. Y., & Boyacioglu, H. (2013). Grey water footprint accounting: Tier 1 
supporting guidelines. In Value of Water Research: Vol. N° 65. 
https://www.waterfootprint.org/resources/Report65-GreyWaterFootprint-
Guidelines.pdf 

Fu, S., Song, P., & Liu, X. (2017). Thermal and flame retardancy properties of 
thermoplastics/natural fiber biocomposites. In Advanced High Strength Natural Fibre 
Composites in Construction (pp. 479–508). Elsevier. https://doi.org/10.1016/B978-0-
08-100411-1.00019-4 

Fu, Z., & Yao, Y. (2022). Pyrolysis mechanism of natural fiber in cement-based composites 
at high temperatures. Construction and Building Materials, 351, 128986. 
https://doi.org/10.1016/j.conbuildmat.2022.128986 

Ganapathy, T., Sathiskumar, R., Senthamaraikannan, P., Saravanakumar, S. S., & Khan, A. 
(2019). Characterization of raw and alkali treated new natural cellulosic fibres 
extracted from the aerial roots of banyan tree. International Journal of Biological 
Macromolecules, 138, 573–581. https://doi.org/10.1016/j.ijbiomac.2019.07.136 

George, M., & Bressler, D. C. (2017). Comparative evaluation of the environmental impact 
of chemical methods used to enhance natural fibres for composite applications and 
glass fibre based composites. Journal of Cleaner Production, 149, 491–501. 
https://doi.org/10.1016/j.jclepro.2017.02.091 

George, M., Sathyan, D., & Mini, K. M. (2020). Investigations on effect of different fibers on 
the properties of engineered cementitious composites. Materials Today: Proceedings, 
42, 1417–1421. https://doi.org/10.1016/j.matpr.2021.01.149 

Göltenboth, F., & Mühlbauer, W. (2010). Abacá – Cultivation, Extraction and Processing. In 
Industrial Applications of Natural Fibres (pp. 163–179). Wiley. 
https://doi.org/10.1002/9780470660324.ch7 

González-García, S., Hospido, A., Feijoo, G., & Moreira, M. T. (2010). Life cycle assessment of 
raw materials for non-wood pulp mills: Hemp and flax. Resources, Conservation and 



86 

Recycling, 54(11), 923–930. https://doi.org/10.1016/j.resconrec.2010.01.011 

Goud, G., & Rao, R. N. (2011). Effect of fibre content and alkali treatment on mechanical 
properties of Roystonea regia-reinforced epoxy partially biodegradable composites. 
Bulletin of Materials Science, 34(7), 1575–1581. https://doi.org/10.1007/s12034-
011-0361-4 

GreenDelta. (2023). openLCA 2.1.1. https://www.openlca.org/ 

Guo, R., Wang, J., Bing, L., Tong, D., Ciais, P., Davis, S. J., Andrew, R. M., Xi, F., & Liu, Z. (2021). 
Global CO2 uptake by cement from 1930 to 2019. Earth System Science Data, 13(4), 
1791–1805. https://doi.org/10.5194/essd-13-1791-2021 

Gupta, M. K., Gond, R. K., & Bharti, A. (2018). Effects of treatments on the properties of 
polyester based hemp composite. Indian Journal of Fibre and Textile Research, 43(3), 
313–319. https://doi.org/10.56042/ijftr.v43i3.17139 

Huijbregts, M. A. J., Steinmann, Z. J. N., Elshout, P. M. F., Stam, G., Verones, F., Vieira, M., Zijp, 
M., Hollander, A., & van Zelm, R. (2017). ReCiPe2016: a harmonised life cycle impact 
assessment method at midpoint and endpoint level. The International Journal of Life 
Cycle Assessment, 22(2), 138–147. https://doi.org/10.1007/s11367-016-1246-y 

INEN. (2015). NTE INEN 2615:2012, Cemento para Mortero. Requisitos. Instituto 
Ecuatoriano de Normalización. 

Instituto Nacional de Estadística y Censos INEC. (2023a). Base de datos ESPAC 2022. In 
Encuesta de Superficie y Producción Agropecuaria Continua ESPAC. 
https://www.ecuadorencifras.gob.ec/documentos/web-
inec/Estadisticas_agropecuarias/espac/espac_2022/2_DD_DATOS_ABIERTOS_ESPAC
_2022.zip 

Instituto Nacional de Estadística y Censos INEC. (2023b). Diseño Muestral ESPAC 2022. In 
Encuesta de Superficie y Producción Agropecuaria Continua ESPAC. 
https://www.ecuadorencifras.gob.ec/documentos/web-
inec/Estadisticas_agropecuarias/espac/espac_2022/Diseno_muestral_espac_202.zip 

Instituto Nacional de Estadística y Censos INEC. (2023c). Metodología ESPAC 2022. In 
Encuesta de Superficie y Producción Agropecuaria Continua ESPAC. 
https://www.ecuadorencifras.gob.ec/documentos/web-
inec/Estadisticas_agropecuarias/espac/espac_2022/Metodologia_ESPAC_2022.pdf 

Instituto Nacional de Meteorología e Hidrología INAMHI. (2017). Anuario Meteorológico 
No 53-2013. Publicaciones Meteorológicas. https://www.inamhi.gob.ec/biblioteca/ 

International Organization for Standardization. (2006a). ISO 14040:2006 Environmental 
management — Life cycle assessment — Principles and framework. ISO/TC 207. 

International Organization for Standardization. (2006b). ISO 14044:2006 Environmental 
management — Life cycle assessment — Requirements and guidelines. ISO/TC 207. 

IPCC. (2019). N2O Emissions From Managed Soils, and CO2 Emissions From Lime and 
Urea Application. 2019 Refinement to the 2006 IPCC Guidelines for National 
Greenhouse Gas Inventories, 4(Chapter 11). https://www.ipcc-
nggip.iges.or.jp/public/2006gl/pdf/4_Volume4/V4_11_Ch11_N2O&CO2.pdf 

Islam, S., Ahmed, S., Parvin, F., Urmy, Z., Arifuzzaman, M., Yasmin, J., & Islam, F. (2020). A 
Study on the Human Health Benefits, Human Comfort Properties and Ecological 
Influences OF Natural Sustainable Textile Fibers. European Journal of Physiotherapy 
and Rehabilitation Studies, 1(1). https://doi.org/10.5281/zenodo.3778984 

Ismail, S. O., Akpan, E., & Dhakal, H. N. (2022). Review on natural plant fibres and their 
hybrid composites for structural applications: Recent trends and future perspectives. 



87 

Composites Part C: Open Access, 9, 100322. 
https://doi.org/10.1016/j.jcomc.2022.100322 

Ita-Nagy, D., Vázquez-Rowe, I., Kahhat, R., Quispe, I., Chinga-Carrasco, G., Clauser, N. M., & 
Area, M. C. (2020). Life cycle assessment of bagasse fiber reinforced biocomposites. 
Science of The Total Environment, 720, 137586. 
https://doi.org/10.1016/j.scitotenv.2020.137586 

Iucolano, F., Caputo, D., Leboffe, F., & Liguori, B. (2015). Mechanical behavior of plaster 
reinforced with abaca fibers. Construction and Building Materials, 99, 184–191. 
https://doi.org/10.1016/j.conbuildmat.2015.09.020 

Japan Society of Civil Engineers. (2008). Recommendations for Design and Construction of 
High Performance Fiber Reinforced Cement Composites with Multiple Fine Cracks 
(HPFRCC). Concrete Engineereing Series, 82, 10–18. 
http://www.jsce.or.jp/committee/concrete/e/index.html 

Jia, E., Mou, H., Liu, Z., Wang, J., Zeng, L., Yang, X., & Liu, P. (2021). Surface Hydrophilic 
Modification of Polypropylene Fibers and Their Application in Fiber-Reinforced 
Cement-Based Materials. Journal of Macromolecular Science, Part B, 60(4), 286–298. 
https://doi.org/10.1080/00222348.2020.1846953 

Jiang, D., An, P., Cui, S., Xu, F., Tuo, T., Zhang, J., & Jiang, H. (2018). Effect of leaf fiber 
modification methods on mechanical and heat-insulating properties of leaf fiber 
cement-based composite materials. Journal of Building Engineering, 19, 573–583. 
https://doi.org/10.1016/j.jobe.2018.05.028 

Junior, A. N., Parsekian, G. A., & Fortunato, L. R. (2021). CO2 capture of concrete units for 
pavement through accelerated carbonation cure. International Journal of Masonry 
Research and Innovation, 1(1), 1. https://doi.org/10.1504/IJMRI.2021.10042057 

Júnior Carvalho Machado, P., Alberto dos Reis Ferreira, R., Aparecida de Castro Motta, L., & 
Pasquini, D. (2020). Characterization and properties of cementitious composites with 
cellulose fiber, silica fume and latex. Construction and Building Materials, 257. 
https://doi.org/10.1016/j.conbuildmat.2020.119602 

Juradin, S., Jozić, D., Netinger Grubeša, I., Pamuković, A., Čović, A., & Mihanović, F. (2023). 
Influence of Spanish Broom Fibre Treatment, Fibre Length, and Amount and Harvest 
Year on Reinforced Cement Mortar Quality. Buildings, 13(8), 1910. 
https://doi.org/10.3390/buildings13081910 

Kathirselvam, M., Kumaravel, A., Arthanarieswaran, V. P., & Saravanakumar, S. S. (2019). 
Characterization of cellulose fibers in Thespesia populnea barks: Influence of alkali 
treatment. Carbohydrate Polymers, 217(February), 178–189. 
https://doi.org/10.1016/j.carbpol.2019.04.063 

Kesikidou, F., & Stefanidou, M. (2019). Natural fi ber-reinforced mortars. Journal of 
Building Engineering, 25(April), 100786. 
https://doi.org/10.1016/j.jobe.2019.100786 

Khair, S., Rahman, S. A., Shaikh, F. U. A., & Sarker, P. K. (2024). Evaluating lithium slag for 
geopolymer concrete: A review of its properties and sustainable construction 
applications. Case Studies in Construction Materials, 20, e02822. 
https://doi.org/10.1016/j.cscm.2023.e02822 

Kim, H. S., Kumbar, S. G., & Nukavarapu, S. P. (2023). Amorphous silica fiber matrix 
biomaterials: An analysis of material synthesis and characterization for tissue 
engineering. Bioactive Materials, 19(April 2022), 155–166. 
https://doi.org/10.1016/j.bioactmat.2022.04.002 

Kim, S., Dale, B. E., Drzal, L. T., & Misra, M. (2008). Life Cycle Assessment of Kenaf Fiber 



88 

Reinforced Biocomposite. Journal of Biobased Materials and Bioenergy, 2(1), 85–93. 
https://doi.org/10.1166/jbmb.2008.207 

Kim, S., Park, J. M., Seo, J.-W., & Kim, C. H. (2012). Sequential acid-/alkali-pretreatment of 
empty palm fruit bunch fiber. Bioresource Technology, 109, 229–233. 
https://doi.org/10.1016/j.biortech.2012.01.036 

Kumar Sinha, A., Narang, H. K., & Bhattacharya, S. (2017). Effect of Alkali Treatment on 
Surface Morphology of Abaca Fibre. Materials Today: Proceedings, 4(8), 8993–8996. 
https://doi.org/10.1016/j.matpr.2017.07.251 

Kurda, R., de Brito, J., & Silvestre, J. D. (2020). A comparative study of the mechanical and 
life cycle assessment of high-content fly ash and recycled aggregates concrete. Journal 
of Building Engineering, 29, 101173. https://doi.org/10.1016/j.jobe.2020.101173 

La Rosa, A. D., & Grammatikos, S. A. (2019). Comparative Life Cycle Assessment of Cotton 
and Other Natural Fibers for Textile Applications. Fibers, 7(12), 101. 
https://doi.org/10.3390/fib7120101 

Labib, W. A. (2018). Fibre Reinforced Cement Composites. In Cement Based Materials. 
InTech. https://doi.org/10.5772/intechopen.75102 

Lalusin, A. G., & Villavicencio, M. L. H. (2015). Abaca (Musa textilis Nee) Breeding in the 
Philippines. In Industrial Crops: Breeding for Bioenergy and Bioproducts (pp. 265–
289). Springer New York. https://doi.org/10.1007/978-1-4939-1447-0_12 

Laverde, V., Marin, A., Benjumea, J. M., & Rincón Ortiz, M. (2022). Use of vegetable fibers as 
reinforcements in cement-matrix composite materials: A review. Construction and 
Building Materials, 340, 127729. 
https://doi.org/10.1016/j.conbuildmat.2022.127729 

Lee, G.-W., & Choi, Y.-C. (2022). Effect of abaca natural fiber on the setting behavior and 
autogenous shrinkage of cement composite. Journal of Building Engineering, 56, 
104719. https://doi.org/10.1016/j.jobe.2022.104719 

Leng, Y., Xu, Q., Chen, L., Wang, M., Harries, K. A., & Chen, X. (2023). Mechanical 
performance of engineered bamboo subjected to accelerated aging with single and 
multiple durability exposures. Construction and Building Materials, 388(75), 131725. 
https://doi.org/10.1016/j.conbuildmat.2023.131725 

Li, M., Pu, Y., Thomas, V. M., Yoo, C. G., Ozcan, S., Deng, Y., Nelson, K., & Ragauskas, A. J. 
(2020). Recent advancements of plant-based natural fiber–reinforced composites 
and their applications. Composites Part B: Engineering, 200, 108254. 
https://doi.org/10.1016/j.compositesb.2020.108254 

Li, X., Tabil, L. G., & Panigrahi, S. (2007). Chemical Treatments of Natural Fiber for Use in 
Natural Fiber-Reinforced Composites: A Review. Journal of Polymers and the 
Environment, 15(1), 25–33. https://doi.org/10.1007/s10924-006-0042-3 

Lilargem Rocha, D., Tambara Júnior, L., Marvila, M., Pereira, E., Souza, D., & de Azevedo, A. 
(2022). A Review of the Use of Natural Fibers in Cement Composites: Concepts, 
Applications and Brazilian History. Polymers, 14(10), 2043. 
https://doi.org/10.3390/polym14102043 

Lima, T. E. S., Oliveira, L. B., Candido, V. S., Silva, A. C. R., Marvila, M. T., Monteiro, S. N., & 
Azevedo, A. R. G. (2023). Study of Cement-Based Mortars Reinforced with Guaruman 
Fibers in the Fresh State. In Minerals, Metals and Materials Series (pp. 561–569). 
Springer Science and Business Media Deutschland GmbH. 
https://doi.org/10.1007/978-3-031-22576-5_57 

Lima, T. E. S., Tambara Júnior, L. U. D., Nascimento, L. F. C., Demosthenes, L. C. C., Monteiro, 



89 

S. N., & Azevedo, A. R. G. (2023). Evaluation of the feasibility application of Malva 
fibers in cement-based composites. Journal of Materials Research and Technology, 23, 
6274–6286. https://doi.org/10.1016/j.jmrt.2022.11.014 

Lin, C., Kanstad, T., Jacobsen, S., & Ji, G. (2023). Bonding property between fiber and 
cementitious matrix: A critical review. Construction and Building Materials, 378, 
131169. https://doi.org/10.1016/j.conbuildmat.2023.131169 

Liu, K., Takagi, H., & Yang, Z. (2013). Dependence of tensile properties of abaca fiber 
fragments and its unidirectional composites on the fragment height in the fiber stem. 
Composites Part A: Applied Science and Manufacturing, 45, 14–22. 
https://doi.org/10.1016/j.compositesa.2012.09.006 

Liu, K., Zhang, X., Takagi, H., Yang, Z., & Wang, D. (2014). Effect of chemical treatments on 
transverse thermal conductivity of unidirectional abaca fiber/epoxy composite. 
Composites Part A: Applied Science and Manufacturing, 66, 227–236. 
https://doi.org/10.1016/j.compositesa.2014.07.018 

Liu, Y., Ma, Y., Yu, J., Zhuang, J., Wu, S., & Tong, J. (2019). Development and characterization 
of alkali treated abaca fiber reinforced friction composites. Composite Interfaces, 
26(1), 67–82. https://doi.org/10.1080/09276440.2018.1472456 

Lomerio, E. O., & Oloteo, E. O. (2000). Collection, evaluation and characterization of abaca 
varieties, hybrids and strain. In FIDA 5 Annual Report. 

Lou, Y., Khan, K., Amin, M. N., Ahmad, W., Deifalla, A. F., & Ahmad, A. (2023). Performance 
characteristics of cementitious composites modified with silica fume: A systematic 
review. Case Studies in Construction Materials, 18, e01753. 
https://doi.org/10.1016/j.cscm.2022.e01753 

Luo, S., & Netravali, A. N. (1999). Mechanical and thermal properties of environment‐
friendly “green” composites made from pineapple leaf fibers and 
poly(hydroxybutyrate‐co‐valerate) resin. Polymer Composites, 20(3), 367–378. 
https://doi.org/10.1002/pc.10363 

Machner, A., Zajac, M., Ben Haha, M., Kjellsen, K. O., Geiker, M. R., & De Weerdt, K. (2018a). 
Chloride-binding capacity of hydrotalcite in cement pastes containing dolomite and 
metakaolin. Cement and Concrete Research, 107, 163–181. 
https://doi.org/10.1016/j.cemconres.2018.02.002 

Machner, A., Zajac, M., Ben Haha, M., Kjellsen, K. O., Geiker, M. R., & De Weerdt, K. (2018b). 
Stability of the hydrate phase assemblage in Portland composite cements containing 
dolomite and metakaolin after leaching, carbonation, and chloride exposure. Cement 
and Concrete Composites, 89, 89–106. 
https://doi.org/10.1016/j.cemconcomp.2018.02.013 

Maiti, S., Islam, M. R., Uddin, M. A., Afroj, S., Eichhorn, S. J., & Karim, N. (2022). Sustainable 
Fiber‐Reinforced Composites: A Review. Advanced Sustainable Systems, 6(11), 
2200258. https://doi.org/10.1002/adsu.202200258 

Mamun, A. A., Heim, H. P., Faruk, O., & Bledzki, A. K. (2015). The use of banana and abaca 
fibres as reinforcements in composites. In Biofiber Reinforcements in Composite 
Materials (pp. 236–272). Elsevier. https://doi.org/10.1533/9781782421276.2.236 

Mapei AS. (2017). EPD PP-fibre M6. Epd-Norway. https://www.epd-
norge.no/getfile.php/137667-
1679572432/EPDer/Byggevarer/Fiberarmering/NEPD-1382-447_PP-fibre-M6.pdf 

Mármol, G., & Savastano, H. (2017). Study of the degradation of non-conventional MgO-
SiO2 cement reinforced with lignocellulosic fibers. Cement and Concrete Composites, 
80, 258–267. https://doi.org/10.1016/j.cemconcomp.2017.03.015 



90 

Master Builders Solutions. (2023). EPD MasterFiber Micro Monofilament PP Fibers. EPD 
Hub. https://manage.epdhub.com/?epd=HUB-0626 

Mazurana, L., Bittencourt, P. R. S., Scremin, F. R., Neves Junior, A., & Possan, E. (2022). 
Determination of CO2 capture in rendering mortars produced with recycled 
construction and demolition waste by thermogravimetry. Journal of Thermal Analysis 
and Calorimetry, 147(2), 1071–1080. https://doi.org/10.1007/s10973-020-10436-0 

Mendes, S., Hugen, L. N., DOS Santos, R. D., Toledo Filho, R. D., & Ferreira, S. R. (2021). 
Influence of Water Amount and Immersion Time on the Sisal Fibers Hornification 
Process. Journal of Natural Fibers, 18(11), 1712–1721. 
https://doi.org/10.1080/15440478.2019.1697990 

MERNNR, Ministerio de Ambiente y Agua MAAE, Agencia de Regulación y Control de 
Energía y Recursos Naturales No, Renovables ARCERNNR, & Operador Nacional de 
Electricidad CENACE. (2020). Factor de Emisión de CO2 del Sistema Nacional 
Interconectado de Ecuador 2019. https://www.ambiente.gob.ec/wp-
content/uploads/downloads/2020/11/factor_de_emision_de_co2_del_sistema_nacio
nal_interconectado_de_ecuador_-_informe_2019.pdf 

Miah, M. J., Li, Y., Paul, S. C., Babafemi, A. J., & Jang, J. G. (2023). Mechanical strength, 
shrinkage, and porosity of mortar reinforced with areca nut husk fibers. Construction 
and Building Materials, 363, 129688. 
https://doi.org/10.1016/j.conbuildmat.2022.129688 

Morton, J. H., Cooke, T., & Akers, S. A. S. (2010). Performance of slash pine fibers in fiber 
cement products. Construction and Building Materials, 24(2), 165–170. 
https://doi.org/10.1016/j.conbuildmat.2007.08.015 

Munawar, S. S., Umemura, K., Tanaka, F., & Kawai, S. (2008). Effects of alkali, mild steam, 
and chitosan treatments on the properties of pineapple, ramie, and sansevieria fiber 
bundles. Journal of Wood Science, 54(1), 28–35. https://doi.org/10.1007/s10086-
007-0903-y 

Neves Junior, A., Dweck, J., Filho, R. D. T., Ellis, B., & Li, V. (2019). Determination of CO2 
capture during accelerated carbonation of engineered cementitious composite pastes 
by thermogravimetry. Journal of Thermal Analysis and Calorimetry, 138(1), 97–109. 
https://doi.org/10.1007/s10973-019-08210-y 

Neves Junior, A., Ferreira, S. R., Toledo Filho, R. D., Fairbairn, E. de M. R., & Dweck, J. 
(2019). Effect of early age curing carbonation on the mechanical properties and 
durability of high initial strength Portland cement and lime-pozolan composites 
reinforced with long sisal fibres. Composites Part B: Engineering, 163(November 
2018), 351–362. https://doi.org/10.1016/j.compositesb.2018.11.006 

Onuaguluchi, O., & Banthia, N. (2016). Plant-based natural fibre reinforced cement 
composites: A review. Cement and Concrete Composites, 68, 96–108. 
https://doi.org/10.1016/j.cemconcomp.2016.02.014 

Ortiz-Ulloa, J. A., Abril-González, M. F., Pelaez-Samaniego, M. R., & Zalamea-Piedra, T. S. 
(2021). Biomass yield and carbon abatement potential of banana crops (Musa spp.) 
in Ecuador. Environmental Science and Pollution Research, 28(15), 18741–18753. 
https://doi.org/10.1007/s11356-020-09755-4 

Ouajai, S., Hodzic, A., & Shanks, R. A. (2004). Morphological and grafting modification of 
natural cellulose fibers. Journal of Applied Polymer Science, 94(6), 2456–2465. 
https://doi.org/10.1002/app.21191 

Ouajai, S., & Shanks, R. A. (2005). Composition, structure and thermal degradation of hemp 
cellulose after chemical treatments. Polymer Degradation and Stability, 89(2), 327–



91 

335. https://doi.org/10.1016/j.polymdegradstab.2005.01.016 

Oushabi, A., Sair, S., Oudrhiri Hassani, F., Abboud, Y., Tanane, O., & El Bouari, A. (2017). The 
effect of alkali treatment on mechanical, morphological and thermal properties of 
date palm fibers (DPFs): Study of the interface of DPF–Polyurethane composite. South 
African Journal of Chemical Engineering, 23, 116–123. 
https://doi.org/10.1016/j.sajce.2017.04.005 

Pacheco-Torgal, F., & Jalali, S. (2011). Cementitious building materials reinforced with 
vegetable fibres: A review. Construction and Building Materials, 25(2), 575–581. 
https://doi.org/10.1016/j.conbuildmat.2010.07.024 

Peças, P., Carvalho, H., Salman, H., & Leite, M. (2018). Natural Fibre Composites and Their 
Applications: A Review. Journal of Composites Science, 2(4), 66. 
https://doi.org/10.3390/jcs2040066 

Peña, C., Civit, B., Gallego-Schmid, A., Druckman, A., Pires, A. C.-, Weidema, B., Mieras, E., 
Wang, F., Fava, J., Canals, L. M. i., Cordella, M., Arbuckle, P., Valdivia, S., Fallaha, S., & 
Motta, W. (2021). Using life cycle assessment to achieve a circular economy. The 
International Journal of Life Cycle Assessment, 26(2), 215–220. 
https://doi.org/10.1007/s11367-020-01856-z 

Petroche, D. M., & Ramirez, A. D. (2022). The Environmental Profile of Clinker, Cement, and 
Concrete: A Life Cycle Perspective Study Based on Ecuadorian Data. Buildings, 12(3), 
311. https://doi.org/10.3390/buildings12030311 

Pickering, K. L., Efendy, M. G. A., & Le, T. M. (2016). A review of recent developments in 
natural fibre composites and their mechanical performance. Composites Part A: 
Applied Science and Manufacturing, 83, 98–112. 
https://doi.org/10.1016/j.compositesa.2015.08.038 

Pickering, K. L., Li, Y., Farrell, R. L., & Lay, M. (2007). Interfacial Modification of Hemp Fiber 
Reinforced Composites Using Fungal and Alkali Treatment. Journal of Biobased 
Materials and Bioenergy, 1(1), 109–117. https://doi.org/10.1166/jbmb.2007.1984 

Poletanovic, B., Janotka, I., Janek, M., Bacuvcik, M., & Merta, I. (2021). Influence of the 
NaOH-treated hemp fibres on the properties of fly-ash based alkali-activated mortars 
prior and after wet/dry cycles. Construction and Building Materials, 309(August), 
125072. https://doi.org/10.1016/j.conbuildmat.2021.125072 

Prasad, N., Agarwal, V. K., & Sinha, S. (2016). Banana fiber reinforced low-density 
polyethylene composites: effect of chemical treatment and compatibilizer addition. 
Iranian Polymer Journal, 25(3), 229–241. https://doi.org/10.1007/s13726-016-
0416-x 

Prasad, S. V., Pavithran, C., & Rohatgi, P. K. (1983). Alkali treatment of coir fibres for coir-
polyester composites. Journal of Materials Science, 18(5), 1443–1454. 
https://doi.org/10.1007/BF01111964 

Punyamurthy, R., Sampathkumar, D., Srinivasa, C. V., & Bennehalli, B. (2012). Effect of 
alkali treatment on water absorption of single cellulosic abaca fiber. BioResources, 
7(3), 3515–3524. https://doi.org/10.15376/biores.7.3.3515-3524 

Quimpac. (2021). SODA CÁUSTICA ESCAMAS. https://quimpac.com.pe/producto/soda-
caustica-solida/ 

Rajeshkumar, G. (2020). An experimental study on the interdependence of mercerization, 
moisture absorption and mechanical properties of sustainable Phoenix sp. fibre-
reinforced epoxy composites. Journal of Industrial Textiles, 49(9), 1233–1251. 
https://doi.org/10.1177/1528083718811085 



92 

Rajeshkumar, G., Hariharan, V., Indran, S., Sanjay, M. R., Siengchin, S., Maran, J. P., Al-Dhabi, 
N. A., & Karuppiah, P. (2021). Influence of Sodium Hydroxide (NaOH) Treatment on 
Mechanical Properties and Morphological Behaviour of Phoenix sp. Fiber/Epoxy 
Composites. Journal of Polymers and the Environment, 29(3), 765–774. 
https://doi.org/10.1007/s10924-020-01921-6 

Ramakrishna, G., & Sundararajan, T. (2005). Impact strength of a few natural fibre 
reinforced cement mortar slabs: A comparative study. Cement and Concrete 
Composites, 27(5), 547–553. https://doi.org/10.1016/j.cemconcomp.2004.09.006 

Ramirez, A. D., Boero, A., Rivela, B., Melendres, A. M., Espinoza, S., & Salas, D. A. (2020). Life 
cycle methods to analyze the environmental sustainability of electricity generation in 
Ecuador: Is decarbonization the right path? Renewable and Sustainable Energy 
Reviews, 134. https://doi.org/10.1016/j.rser.2020.110373 

Ramirez, A. D., Rivela, B., Boero, A., & Melendres, A. M. (2019). Lights and shadows of the 
environmental impacts of fossil-based electricity generation technologies: A 
contribution based on the Ecuadorian experience. Energy Policy, 125, 467–477. 
https://doi.org/10.1016/j.enpol.2018.11.005 

Ray, D., Sarkar, B. K., Rana, A. K., & Bose, N. R. (2001a). Effect of alkali treated jute fibres on 
composite properties. Bulletin of Materials Science, 24(2), 129–135. 
https://doi.org/10.1007/BF02710089 

Ray, D., Sarkar, B. K., Rana, A. K., & Bose, N. R. (2001b). The mechanical properties of 
vinylester resin matrix composites reinforced with alkali-treated jute fibres. 
Composites Part A: Applied Science and Manufacturing, 32(1), 119–127. 
https://doi.org/10.1016/S1359-835X(00)00101-9 

Ren, B., Wang, J., Zhou, Z., Du, P., & Zhang, X. (2023). Regulation of the composition of 
metakaolin-based geopolymer: Effect of zeolite crystal seeds. Case Studies in 
Construction Materials, 19, e02421. https://doi.org/10.1016/j.cscm.2023.e02421 

Richter, S., Stromann, K., & Müssig, J. (2013). Abacá (Musa textilis) grades and their 
properties-A study of reproducible fibre characterization and a critical evaluation of 
existing grading systems. Industrial Crops and Products, 42(1), 601–612. 
https://doi.org/10.1016/j.indcrop.2012.06.025 

Riofrio, A., Cornejo, M., & Baykara, H. (2022). Environmental performance of bamboo 
fibers and sugarcane bagasse reinforced metakaolin-based geopolymers. Case Studies 
in Construction Materials, 17, e01150. https://doi.org/10.1016/j.cscm.2022.e01150 

Roibás, L., Elbehri, A., & Hospido, A. (2016). Carbon footprint along the Ecuadorian banana 
supply chain: methodological improvements and calculation tool. Journal of Cleaner 
Production, 112, 2441–2451. https://doi.org/10.1016/j.jclepro.2015.09.074 

Romli, F. I., Alias, A. N., Rafie, A. S. M., & Majid, D. L. A. A. (2012). Factorial Study on the 
Tensile Strength of a Coir Fiber-Reinforced Epoxy Composite. AASRI Procedia, 3, 242–
247. https://doi.org/10.1016/j.aasri.2012.11.040 

Rong, M. Z., Zhang, M. Q., Liu, Y., Yang, G. C., & Zeng, H. M. (2001). The effect of fiber 
treatment on the mechanical properties of unidirectional sisal-reinforced epoxy 
composites. Composites Science and Technology, 61(10), 1437–1447. 
https://doi.org/10.1016/S0266-3538(01)00046-X 

Rueda-Ordóñez, Y. J., & Tannous, K. (2018). Drying and thermal decomposition kinetics of 
sugarcane straw by nonisothermal thermogravimetric analysis. Bioresource 
Technology, 264, 131–139. https://doi.org/10.1016/j.biortech.2018.04.064 

Saini, K., Matsagar, V. A., & Kodur, V. R. (2024). Recent advances in the use of natural fibers 
in civil engineering structures. Construction and Building Materials, 411, 134364. 



93 

https://doi.org/10.1016/j.conbuildmat.2023.134364 

Salas, D. A., Ramirez, A. D., Rodríguez, C. R., Petroche, D. M., Boero, A. J., & Duque-Rivera, J. 
(2016). Environmental impacts, life cycle assessment and potential improvement 
measures for cement production: a literature review. Journal of Cleaner Production, 
113, 114–122. https://doi.org/10.1016/j.jclepro.2015.11.078 

Salas, D. A., Ramirez, A. D., Ulloa, N., Baykara, H., & Boero, A. J. (2018). Life cycle 
assessment of geopolymer concrete. Construction and Building Materials, 190, 170–
177. https://doi.org/10.1016/j.conbuildmat.2018.09.123 

Samanth, M., & Subrahmanya Bhat, K. (2023). Conventional and unconventional chemical 
treatment methods of natural fibres for sustainable biocomposites. Sustainable 
Chemistry for Climate Action, 3, 100034. https://doi.org/10.1016/j.scca.2023.100034 

San Andrés, G., Aguilar-Sierra, S., & Graziella, B. (2023). Morphological, physical, and 
chemical characterization of coconut residues in Ecuador. Heliyon, 9(9), e19267. 
https://doi.org/10.1016/j.heliyon.2023.e19267 

Sarkar, B. K., & Ray, D. (2004). Effect of the defect concentration on the impact fatigue 
endurance of untreated and alkali treated jute–vinylester composites under normal 
and liquid nitrogen atmosphere. Composites Science and Technology, 64(13–14), 
2213–2219. https://doi.org/10.1016/j.compscitech.2004.03.017 

Sawpan, M. A., Pickering, K. L., & Fernyhough, A. (2011). Effect of various chemical 
treatments on the fibre structure and tensile properties of industrial hemp fibres. 
Composites Part A: Applied Science and Manufacturing, 42(8), 888–895. 
https://doi.org/10.1016/j.compositesa.2011.03.008 

Scalici, T., Fiore, V., & Valenza, A. (2016). Effect of plasma treatment on the properties of 
Arundo Donax L. leaf fibres and its bio-based epoxy composites: A preliminary study. 
Composites Part B: Engineering, 94, 167–175. 
https://doi.org/10.1016/j.compositesb.2016.03.053 

Scrivener, K., Martirena, F., Bishnoi, S., & Maity, S. (2018). Calcined clay limestone cements 
(LC3). Cement and Concrete Research, 114, 49–56. 
https://doi.org/10.1016/j.cemconres.2017.08.017 

Segal, L., Creely, J. J., Martin, A. E., & Conrad, C. M. (1959). An Empirical Method for 
Estimating the Degree of Crystallinity of Native Cellulose Using the X-Ray 
Diffractometer. Textile Research Journal, 29(10), 786–794. 
https://doi.org/10.1177/004051755902901003 

Sepe, R., Bollino, F., Boccarusso, L., & Caputo, F. (2018). Influence of chemical treatments 
on mechanical properties of hemp fiber reinforced composites. Composites Part B: 
Engineering, 133, 210–217. https://doi.org/10.1016/j.compositesb.2017.09.030 

Shahril, S. M., Ridzuan, M. J. M., Majid, M. S. A., Bariah, A. M. N., Rahman, M. T. A., & 
Narayanasamy, P. (2022). Alkali treatment influence on cellulosic fiber from Furcraea 
foetida leaves as potential reinforcement of polymeric composites. Journal of 
Materials Research and Technology, 19, 2567–2583. 
https://doi.org/10.1016/j.jmrt.2022.06.002 

Sharma, M., Bishnoi, S., Martirena, F., & Scrivener, K. (2021). Limestone calcined clay 
cement and concrete: A state-of-the-art review. Cement and Concrete Research, 149, 
106564. https://doi.org/10.1016/j.cemconres.2021.106564 

Sheeba, K. R. J., Priya, R. K., Arunachalam, K. P., Avudaiappan, S., Flores, E. S., & Kozlov, P. 
(2023). Enhancing structural, thermal, and mechanical properties of Acacia pennata 
natural fibers through benzoyl chloride treatment for construction applications. Case 
Studies in Construction Materials, 19, e02443. 



94 

https://doi.org/10.1016/j.cscm.2023.e02443 

Shobeiri, V., Bennett, B., Xie, T., & Visintin, P. (2023). Mix design optimization of concrete 
containing fly ash and slag for global warming potential and cost reduction. Case 
Studies in Construction Materials, 18, e01832. 
https://doi.org/10.1016/j.cscm.2023.e01832 

Sika Colombia. (2022). SikaFiber® Hoja de Datos del Producto. 
https://col.sika.com/dam/dms/co01/x/sikafiber_.pdf 

Silva, E. J. da, Marques, M. L., Velasco, F. G., Fornari Junior, C., Luzardo, F. M., & Tashima, M. 
M. (2017). A new treatment for coconut fibers to improve the properties of cement-
based composites – Combined effect of natural latex/pozzolanic materials. 
Sustainable Materials and Technologies, 12(January 2016), 44–51. 
https://doi.org/10.1016/j.susmat.2017.04.003 

Simbaña, E. A., Ordóñez, P. E., Ordóñez, Y. F., Guerrero, V. H., Mera, M. C., & Carvajal, E. A. 
(2020). Abaca: cultivation, obtaining fibre and potential uses. In Handbook of Natural 
Fibres (Vol. 1, pp. 197–218). Elsevier. https://doi.org/10.1016/B978-0-12-818398-
4.00008-6 

Singh, M. K., Mohanty, A. K., & Misra, M. (2023). Upcycling of waste polyolefins in natural 
fiber and sustainable filler-based biocomposites: A study on recent developments 
and future perspectives. Composites Part B: Engineering, 263, 110852. 
https://doi.org/10.1016/j.compositesb.2023.110852 

Skodvin, T. (1999). Making climate change negotiable: The development of the Global 
Warming Potential index. CICERO Working Papers, 9. 
https://pub.cicero.oslo.no/cicero-xmlui/handle/11250/192428 

Snellings, R., Machner, A., Bolte, G., Kamyab, H., Durdzinski, P., Teck, P., Zajac, M., Muller, A., 
de Weerdt, K., & Haha, M. Ben. (2022). Hydration kinetics of ternary slag-limestone 
cements: Impact of water to binder ratio and curing temperature. Cement and 
Concrete Research, 151, 106647. https://doi.org/10.1016/j.cemconres.2021.106647 

Song, H., Liu, J., He, K., & Ahmad, W. (2021). A comprehensive overview of jute fiber 
reinforced cementitious composites. Case Studies in Construction Materials, 15, 
e00724. https://doi.org/10.1016/j.cscm.2021.e00724 

Sood, M., & Dwivedi, G. (2018). Effect of fiber treatment on flexural properties of natural 
fiber reinforced composites: A review. Egyptian Journal of Petroleum. 
https://doi.org/10.1016/j.ejpe.2017.11.005 

Sreenivasan, S., Ibraheem, S. A., Sulaiman, S., Baharudin, B. T. H. T., Ariffin, M. K. A., & 
Abdan, K. (2014). Evaluation of Combined Treatments of Natural Fibers: Kenaf, Abaca 
and Oil Palm Fibers Using Micromechanical and SEM Methods. Advanced Materials 
Research, 912–914, 1932–1939. 
https://doi.org/10.4028/www.scientific.net/AMR.912-914.1932 

Stapper, J. L., Gauvin, F., & Brouwers, H. J. H. (2021). Influence of short-term degradation 
on coir in natural fibre-cement composites. Construction and Building Materials, 
306(July), 124906. https://doi.org/10.1016/j.conbuildmat.2021.124906 

Tampi, R., Parung, H., Djamaluddin, R., & Amiruddin, A. A. (2020). Reinforced concrete 
mixture using abaca fiber. IOP Conference Series: Earth and Environmental Science, 
419(1), 012060. https://doi.org/10.1088/1755-1315/419/1/012060 

Thrace NG. (2022). EPD Polypropylene Multifilament Yarns & Fibers for Concrete. EPD 
International. https://environdec.com/library/epd5536 

Tolêdo Filho, R. D., Ghavami, K., England, G. L., & Scrivener, K. (2003). Development of 



95 

vegetable fibre–mortar composites of improved durability. Cement and Concrete 
Composites, 25(2), 185–196. https://doi.org/10.1016/S0958-9465(02)00018-5 

Trochoutsou, N., Di Benedetti, M., Pilakoutas, K., & Guadagnini, M. (2021). Bond of Flax 
Textile-Reinforced Mortars to Masonry. Construction and Building Materials, 284, 
122849. https://doi.org/10.1016/j.conbuildmat.2021.122849 

UNE. (2000). UNE-EN 1015-3:2000. Métodos de ensayo para morteros de albañilería. Parte 
3: Determinación de la consistencia del mortero fresco (por la mesa de sacudidas). 
https://www.une.org/encuentra-tu-norma/busca-tu-norma/norma/?c=N0023381 

UNE. (2018). UNE-EN 196-1:2018. Métodos de ensayo de cementos. Parte 1: Determinación 
de resistencias. https://www.une.org/encuentra-tu-norma/busca-tu-
norma/norma/?c=N0060675 

UNE. (2020a). UNE-EN 1015-10:2000. Métodos de ensayo de los morteros para albañilería. 
Parte 10: Determinación de la densidad aparente en seco del mortero endurecido. 
https://www.une.org/encuentra-tu-norma/busca-tu-norma/norma/?c=N0022409 

UNE. (2020b). UNE-EN 1015-11:2020. Métodos de ensayo de los morteros para albañilería. 
Parte 11: Determinación de la resistencia a flexión y a compresión del mortero 
endurecido. https://www.une.org/encuentra-tu-norma/busca-tu-
norma/norma/?c=N0063703 

Valášek, P., Müller, M., Šleger, V., Kolář, V., Hromasová, M., D’Amato, R., & Ruggiero, A. 
(2021). Influence of Alkali Treatment on the Microstructure and Mechanical 
Properties of Coir and Abaca Fibers. Materials, 14(10), 2636. 
https://doi.org/10.3390/ma14102636 

Van den Heede, P., Mignon, A., Habert, G., & De Belie, N. (2018). Cradle-to-gate life cycle 
assessment of self-healing engineered cementitious composite with in-house 
developed (semi-)synthetic superabsorbent polymers. Cement and Concrete 
Composites, 94, 166–180. https://doi.org/10.1016/j.cemconcomp.2018.08.017 

Vasiliki Pachta, Maria Stefanidou, Stavroula Konopisi, & Ioanna Papayianni. (2014). 
Technological Evolution of Historic Structural Mortars. Journal of Civil Engineering 
and Architecture, 8(7), 846–854. https://doi.org/10.17265/1934-7359/2014.07.005 

Vilaseca, F., Mendez, J. A., Pèlach, A., Llop, M., Cañigueral, N., Gironès, J., Turon, X., & Mutjé, 
P. (2007). Composite materials derived from biodegradable starch polymer and jute 
strands. Process Biochemistry, 42(3), 329–334. 
https://doi.org/10.1016/j.procbio.2006.09.004 

Vilay, V., Mariatti, M., Mat Taib, R., & Todo, M. (2008). Effect of fiber surface treatment and 
fiber loading on the properties of bagasse fiber–reinforced unsaturated polyester 
composites. Composites Science and Technology, 68(3–4), 631–638. 
https://doi.org/10.1016/j.compscitech.2007.10.005 

Vo, L. T. T., & Navard, P. (2016). Treatments of plant biomass for cementitious building 
materials – A review. Construction and Building Materials, 121, 161–176. 
https://doi.org/10.1016/j.conbuildmat.2016.05.125 

Wei, J. (2018). Degradation behavior and kinetics of sisal fiber in pore solutions of 
sustainable cementitious composite containing metakaolin. Polymer Degradation and 
Stability, 150, 1–12. https://doi.org/10.1016/j.polymdegradstab.2018.01.027 

Wei, J., Ma, S., & Thomas, D. G. (2016). Correlation between hydration of cement and 
durability of natural fiber-reinforced cement composites. Corrosion Science, 106, 1–
15. https://doi.org/10.1016/j.corsci.2016.01.020 

Wei, J., & Meyer, C. (2014). Degradation rate of natural fiber in cement composites exposed 



96 

to various accelerated aging environment conditions. Corrosion Science, 88, 118–132. 
https://doi.org/10.1016/j.corsci.2014.07.029 

Wei, J., & Meyer, C. (2015). Degradation mechanisms of natural fiber in the matrix of 
cement composites. Cement and Concrete Research, 73, 1–16. 
https://doi.org/10.1016/j.cemconres.2015.02.019 

Wei, J., & Meyer, C. (2017). Degradation of natural fiber in ternary blended cement 
composites containing metakaolin and montmorillonite. Corrosion Science, 120, 42–
60. https://doi.org/10.1016/j.corsci.2016.12.004 

Wernet, G., Bauer, C., Steubing, B., Reinhard, J., Moreno-Ruiz, E., & Weidema, B. (2016). The 
ecoinvent database version 3 (part I): overview and methodology. The International 
Journal of Life Cycle Assessment 2016 21:9, 21(9), 1218–1230. 
https://doi.org/10.1007/S11367-016-1087-8 

Wiloso, E. I., Bessou, C., & Heijungs, R. (2015). Methodological issues in comparative life 
cycle assessment: treatment options for empty fruit bunches in a palm oil system. The 
International Journal of Life Cycle Assessment, 20(2), 204–216. 
https://doi.org/10.1007/s11367-014-0815-1 

Wötzel, K., Wirth, R., & Flake, M. (1999). Life cycle studies on hemp fibre reinforced 
components and ABS for automotive parts. Die Angewandte Makromolekulare Chemie, 
272(1), 121–127. https://doi.org/10.1002/(SICI)1522-
9505(19991201)272:1<121::AID-APMC121>3.0.CO;2-T 

Woydich, E., Heisig, A., Hilbig, H., & Machner, A. (2023). Effect of Selected Process 
Parameters During Carbonation Hardening on the CO2-Binding Potential of 
Cementitious Materials. In RILEM Bookseries (Vol. 44, pp. 616–627). Springer Science 
and Business Media B.V. https://doi.org/10.1007/978-3-031-33187-9_57 

Xu, P., Li, Z., Wang, J., & Zou, J. (2022). Fertilizer-induced nitrous oxide emissions from 
global orchards and its estimate of China. Agriculture, Ecosystems & Environment, 328, 
107854. https://doi.org/10.1016/j.agee.2022.107854 

Yan, L. (2012). Effect of alkali treatment on vibration characteristics and mechanical 
properties of natural fabric reinforced composites. Journal of Reinforced Plastics and 
Composites, 31(13), 887–896. https://doi.org/10.1177/0731684412449399 

Yan, L., Chouw, N., Huang, L., & Kasal, B. (2016). Effect of alkali treatment on 
microstructure and mechanical properties of coir fibres, coir fibre reinforced-
polymer composites and reinforced-cementitious composites. Construction and 
Building Materials, 112, 168–182. 
https://doi.org/10.1016/j.conbuildmat.2016.02.182 

Yang, S.-S., Liu, C.-M., Lai, C.-M., & Liu, Y.-L. (2003). Estimation of methane and nitrous 
oxide emission from paddy fields and uplands during 1990–2000 in Taiwan. 
Chemosphere, 52(8), 1295–1305. https://doi.org/10.1016/S0045-6535(03)00029-8 

Yaseen, N., Alcivar-Bastidas, S., Irfan-ul-Hassan, M., Petroche, D. M., Qazi, A. U., & Ramirez, 
A. D. (2024). Concrete incorporating supplementary cementitious materials: 
Temporal evolution of compressive strength and environmental life cycle 
assessment. Heliyon, 10(3), e25056. https://doi.org/10.1016/j.heliyon.2024.e25056 

Yaseen, N., Irfan-ul-Hassan, M., Saeed, A.-R., Rizwan, S. A., & Afzal, M. (2022). Sustainable 
Development and Performance Assessment of Clay-Based Geopolymer Bricks 
Incorporating Fly Ash and Sugarcane Bagasse Ash. Journal of Materials in Civil 
Engineering, 34(4), 04022036. https://doi.org/10.1061/(ASCE)MT.1943-
5533.0004159 

Yin, S., Tuladhar, R., Sheehan, M., Combe, M., & Collister, T. (2016). A life cycle assessment 



97 

of recycled polypropylene fibre in concrete footpaths. Journal of Cleaner Production, 
112, 2231–2242. https://doi.org/10.1016/j.jclepro.2015.09.073 

Zampori, L., Dotelli, G., & Vernelli, V. (2013). Life Cycle Assessment of Hemp Cultivation 
and Use of Hemp-Based Thermal Insulator Materials in Buildings. Environmental 
Science & Technology, 47(13), 7413–7420. https://doi.org/10.1021/es401326a 

Zannen, S., Ghali, L., Halimi, M. T., & Hssen, M. Ben. (2014). Effect of Chemical Extraction on 
Physicochemical and Mechanical Properties of Doum Palm Fibres. Advances in 
Materials Physics and Chemistry, 04(10), 203–216. 
https://doi.org/10.4236/ampc.2014.410024 

Zhang, K., Wang, F., Liang, W., Wang, Z., Duan, Z., & Yang, B. (2018). Thermal and 
Mechanical Properties of Bamboo Fiber Reinforced Epoxy Composites. Polymers, 
10(6), 608. https://doi.org/10.3390/polym10060608 

Zhang, L., Chen, Z., Chen, R., Zhu, S., Lin, J., & Tai, P. (2023). Compressive strength of fly ash 
based geopolymer utilizing waste completely decomposed granite. Case Studies in 
Construction Materials, 19, e02667. https://doi.org/10.1016/j.cscm.2023.e02667 

Zhao, L., Ding, Y., Li, S., Song, Y., Gong, H., & Zhang, Y. (2024). Silane treatment for sisal 
fibers to improve the degradation resistance and interface with cement matrix. 
Construction and Building Materials, 429, 136435. 
https://doi.org/10.1016/j.conbuildmat.2024.136435 

Zhao, X., Wang, H., & Zhao, X. (2024). Sustainable activation of sisal fiber-reinforced slag 
composites: Mechanical strength and microstructural insights through recycling of 
alkali-treated wastewaters. Construction and Building Materials, 424, 135971. 
https://doi.org/10.1016/j.conbuildmat.2024.135971 

Zhao, Z., Qu, X., Li, F., & Wei, J. (2018). Effects of steel slag and silica fume additions on 
compressive strength and thermal properties of lime-fly ash pastes. Construction and 
Building Materials, 183, 439–450. 
https://doi.org/10.1016/j.conbuildmat.2018.05.220 

Zhou, C., Shi, S. Q., Chen, Z., Cai, L., & Smith, L. (2018). Comparative environmental life cycle 
assessment of fiber reinforced cement panel between kenaf and glass fibers. Journal 
of Cleaner Production, 200, 196–204. https://doi.org/10.1016/j.jclepro.2018.07.200 

Zhu, D., Mu, D., Tang, A., Wan, C., Gao, R., & Gao, J. (2023). Experimental study on the 
properties and shear toughness of strain-hardening cementitious composite of the 
combined use of polypropylene fiber and clinoptilolite. Journal of Building 
Engineering, 74, 106560. https://doi.org/10.1016/j.jobe.2023.106560 

Zhu, T., Zhang, J., Huang, P., Suo, L., Wang, C., Ding, W., Meng, L., Zhou, K., & Hu, Z. (2015). 
N2O emissions from banana plantations in tropical China as affected by the 
application rates of urea and a urease/nitrification inhibitor. Biology and Fertility of 
Soils, 51(6), 673–683. https://doi.org/10.1007/s00374-015-1018-z 

Zukowski, B., dos Santos, E. R. F., dos Santos Mendonça, Y. G., de Andrade Silva, F., & Toledo 
Filho, R. D. (2018). The durability of SHCC with alkali treated curaua fiber exposed to 
natural weathering. Cement and Concrete Composites, 94(September), 116–125. 
https://doi.org/10.1016/j.cemconcomp.2018.09.002 

 


