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Abstract

:

Açaí (Euterpe oleracea) is a Brazilian typical fruit that is enveloped by natural fibers. This work investigated the effect of incorporating ground açaí fibers (in natura and chemically treated with NaOH and HCl) in 5–10 wt.% replacement of Portland cement on the rheology, hydration, and microstructure of pastes. Rotational rheometry, isothermal calorimetry, X-Ray Diffraction (XRD), and Scanning Electron Microscopy (SEM) were performed to evaluate the cement pastes, in addition to SEM-EDS, FTIR, zeta potential, and XRD for fiber characterization. The results showed that the chemical treatment reduced the cellulose and lignin contents in açaí fibers while increasing its surface roughness. The addition of 5% of either fiber slightly increased the yield stress and viscosity of paste, while 10% addition drastically increased these properties, reaching yield stress and viscosity values respectively 40 and 8 times higher than those of plain paste. The incorporation of 5% in natura fibers delayed the cement hydration by about 2.5 days while 10% in natura fibers delayed it by over 160 h. The chemical treatment significantly reduced this retarding effect, leading to a 3 h delay when 5% treated fibers were incorporated. Overall, the combined NaOH/HCl treatment was effective for açaí fibers functionalization and these fibers can be used in cementitious composites.
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1. Introduction


The reuse and recycling of waste, whether industrial or agro-industrial, in cement materials, represents in many cases economic, technological and environmental advantages [1]. An example of solid waste generated in large quantities around the world is rubber waste from tires: this material is widely studied for applications in asphalt coatings [2], waterproofing [3], and as fillers in masonry mortars [4]. A study by [4] evaluated the feasibility effect of using fly ash and rubber wastes with Portland cement in mortars to coat masonry, concluding that mixes containing 10% Portland cement, 70%, and 60% fly ash and 20% and 30% of tire rubber particles showed technological properties suitable for masonry applications. Another study evaluated the production of controlled low-strength material without cement (CLSM) as a function of the pozzolanic reaction between the waste glass powder (GP) and hydrated lime (HL). In this study, the various mixes were technologically characterized as to their durability and microstructure, concluding that there is the possibility of applying, on a large scale, waste glass in the cement industry, promoting the sustainability of this production chain [5]. Another possibility of applying glass waste is its addition as a finely ground powder in concrete, aiming at reducing the amount of cement and improving the internal filling of the matrix. Thus, [6] evaluated the effect of this addition on mechanical properties, water absorption, and durability in concrete, showing that the glass waste was beneficial in these applications, functioning as matrix filling.



The reinforcement of cementitious materials with fibers, whether natural or traditional, is the object of many studies that evaluated their technological properties, performance, and durability. Traditional fibers, such as glass, steel, and carbon, are used in order to improve flexural strength, as assessed by [7], who concluded that the use of glass fibers in mortars increased their flexural strength, as well as improved their fracture strength and ductility. A disadvantage of using fiberglass is the degradation resulting from the alkalinity of cementitious materials [8], which is also seen as a problem in the use of natural fibers without treatments [9]. Another study evaluated the use of other traditional fibers, such as basalt, which can help with durability in an alkaline environment but can represent high costs [10].



In the case of carbon fiber mortar reinforcement applications, they showed the ability to conduct electricity in mortars [11] and improve their performance against fire [12]. A great advantage of using natural fibers over traditional ones is its low cost of exploitation, due to its abundance, and lower energy consumption for its production, however, as a disadvantage there is the need for surface treatment to improve its durability in the cement matrix and great variability of its properties, depending on the type of fiber [12].



The wide diversity of natural fibers available in various parts of the world has contributed to the advancement of research on their reuse [13]. The applications of natural fibers can cover various types of filling matrices, such as ceramics [14], geopolymer [15], polymer [16], and Portland cement [17], behaving as a reinforcement material. Fiber-reinforced composites had their biggest development during and after the Second World War due to the great need to develop alternative materials with superior technological characteristics, such as greater lightness [18].



The introduction of the use of natural fibers, which can be extracted from different parts of a plant, revolutionized the textile [19] and composites industries for ballistic purposes [20], guaranteeing significant performance improvements. However, the civil construction sector has been requesting new materials, more environmental-friendly and advantageous in terms of performance [17]. Countries that have great agricultural potential, such as Brazil, generate huge amounts of fibers that are often discarded as waste after some processing process, as is the case with açaí fibers [21].



Açaí (Euterpe oleracea) is a typical fruit from the Amazon region, located in South America, which is used in cosmetics, medicines, and food industries, being widely consumed in Brazil and currently exported to several countries such as the United States and Canada [22]. During its beneficiation process, two agro-industrial wastes are generated—the lump (Figure 1a) and the fibers (Figure 1b)—which are disposed of in large volumes in landfills, generating financial costs for the industries.



Some research has been developed over the last few years aiming at the reuse of these wastes in the development of alternative construction materials. For example, Barbosa et al. [24] investigated the use of ground lump in ceramic matrices for the production of structural blocks, proving that up to 15% lump incorporation in traditional ceramic mass burned at 1050 °C produced blocks with high mechanical and physical properties, which can be applied for the development of more ecological and economical materials.



Azevedo et al. [25] evaluated the application of natural açaí fibers in cement- and lime-based mortars, with addition ratios of 1.5%, 3.0%, and 5.0% by cement weight, both in natura (i.e., untreated) and treated with NaOH. In addition, the fibers were characterized regarding their physical, chemical, and morphological conditions, besides the fresh and hardened properties of the mortars [8]. The results revealed that additions of 3% of treated fibers provided good reinforcement in mortar, which is beneficial for its application in civil construction. However, such a study evidenced a usual problem of the application of natural fibers in cementitious matrices: their durability in high alkalinity medium (such as in Portland cement matrix) that can compromise the integrity of the composite. In this regard, Marvila et al. [26] evaluated issues and parameters related to the durability of mortars containing açaí fibers, such as their exposure to wetting and drying cycles, salt spray, and thermal shock. The authors observed that the addition of the treated fibers mitigated the mechanical strength reduction after the different exposure cycles, corroborating its reinforcement purpose. In addition, 1.5% fiber incorporation resulted in the best overall performance.



The main studies of cementitious materials reinforced with natural fibers are intended to evaluate mechanical parameters, such as strength and durability, due to the effect that fibers usually have on this type of matrix [17,27]. In turn, studies focusing on the condition of the fluid paste, such as rheological behavior or even its interaction with the heat release throughout the cement hydration process, are still few in the literature of cement materials with additions of natural fibers [28]. The rheological parameters are essential to the knowledge of pastes and their behavior regarding workability, which is related to the casting capacity of the fresh mix and can affect its performance parameters in the hardened state [29]. The use of natural fibers can reduce the workability of pastes and mortars [30]; however, treating these fibers can lead to positive changes in the rheology and hydration of the cementitious matrix.



The objective of this work is an experimental investigation on the rheology, hydration, and microstructure of Portland cement pastes with the addition of açaí fibers in different conditions (in natura and treated, in dry and saturated conditions), at different contents. It is noteworthy that because it is a fiber little explored in the literature, there are no consistent studies aimed at this type of addition in cementitious pastes.




2. Materials and Methods


2.1. Materials and Mixes


Ordinary Portland cement and deionized water were used in all mixes. Table 1 presents the chemical composition (obtained by X-ray fluorescence), the mineralogical composition (obtained by X-ray diffraction and Rietveld analysis, with Rwp of 7.4%), and the physical properties of the cement used. A quartz powder (>98 wt.% SiO2) was used as an inert filler. Açaí fibers were extracted from açaí waste (Figure 1a). The waste was ground in a planetary ball mill (PULVERISETTE 6, Fritsch) for 30 min at 300 rpm with 10 agate balls of 10 mm in diameter, and then was sieved in a 150 µm-opening mash to separate the seeds from the fibers (Figure 1b). Then, the fibers were ground in the same ball mill for another 180 min to reach a powder-like size (Figure 1c). The fibers were used in four ways: in natura and chemically treated, each one in a dry and saturated condition. The chemical treatment was based on that adopted by Azevedo et al. [17]. For this purpose, about 10 g of fibers were immersed in 300 mL of a previously prepared NaOH solution (with 10 wt.% concentration) for 30 min while stirring. Then, the fibers were washed with distilled water and subsequently immersed in HCl solution (1:10 in volume) for another 30 min while stirring to neutralize the pH of the fibers. Finally, the fibers were washed with distilled water again and dried in an oven at 60 °C until reaching constant weight. For the saturated application, about 10 mg of fibers were immersed in 200 mL of water, homogenized, rested for 1 h, and then kept in a room at 23 °C and 50% relative humidity.



Fourier-transform infrared spectroscopy (FTIR) was conducted using a Cary 600 Series (Agilent, Santa Clara, CA, United States) spectrometer, with an analysis range of 500–4000 cm−1, resolution of 16 cm−1, and 64 accumulations. X-ray diffraction (XRD) tests were conducted using a Miniflex II Desktop (Rigaku, Tokyo, Japan) diffractometer operating at 30 kV and 15 mA with CuKα radiation and wavelength of 1.5406 Å. Zeta potential tests were conducted using a Malvern Zetasizer Nano, at a size range of 3.8 nm–100 µm, temperature of 25 °C, and pH of 7. SEM images of the fibers and the hydrated pastes were acquired using a VEGA3 (TESCAN) microscope operating at 15 kV. Energy-dispersive X-ray spectroscopy (EDS) analysis was also conducted in these samples using an x-art (Oxford) detector. The characterization results are presented in Section 3.1.



A total of nine cement pastes were prepared, with a constant water-to-solid ratio of 0.50 by weight. A reference (i.e., control) paste was produced containing only cement and distilled water, while the fibers replaced cement at 5% and 10% by weight. Fibers are usually incorporated in amounts related to the overall composite; however, since ground açaí fibers were used here in a particle size distribution similar to that of a filler, they were classed in terms of cement replacement. Additionally, pastes with 5% and 10 wt.% replacement with inert quartz powder were produced. Table 2 details the composition of the pastes investigated, where the sample name is given by the content (5% and 10%) and type of fibers (“IN” for in natura, “T” for treated, and “S” for saturated) or quartz powder (QTZ), besides REF for the control mix. The percentages of addition of natural fiber were determined based on other studies in the literature [31,32].



The materials were mixed using a hand mixer (with 6000 rpm capacity) in batches of 15 mL. Firstly, the dry materials and water were added to the mixer container and mixed by hand for one minute. Then, the paste was mixed for 2 min.




2.2. Experimental Procedures


The rheological tests were conducted using a Haake MARS III (Thermo Fisher Scientific, Waltham, MA, USA) rheometer equipped with a parallel-plate geometry with a hatched surface to prevent wall slip. The geometry diameter and the axial gap were 35.00 and 1.00 mm, respectively, and the temperature was kept at 23.0 ± 0.1 °C. The rheological tests started 10 min after the first contact between the dry materials and water. The flow curves were obtained by increasing the shear rate from 0.1 to 100 s−1 in 10 steps and subsequently decreasing it down to 0.1 s−1 in the same steps. In each step, the shear rate was kept for 30 s (which was enough to reach a steady-state flow), and the final 3 s of each step were recorded. The rheological properties, i.e., yield stress τ0 (in Pa) and viscosity µ (in Pa.s), were determined using Equations (1) and (2) respectively, where τ is the shear stress (in Pa),    γ ˙    the shear rate (in s−1), K and n the consistency and pseudoplastic parameters of the Herschel-Bulkley model, and    γ ˙   max the maximum shear rate applied (in s−1).


  τ =  τ 0  + K .    γ ˙   n   



(1)






   μ    =   3 K   n + 2     ·     (  γ ˙    m a x   )   n − 1    



(2)







The cement hydration kinetics was evaluated through isothermal calorimetry, conducted using a TAM Air (TA Instruments) calorimeter at 23 °C. Immediately after mixing, about 10 g of fresh paste was placed into the calorimeter container, and the heat release was recorded for up to 160 h. The calorimetry results (i.e., the heat flow and cumulative heat) were normalized for the weight of dry material. After the calorimetry test, the samples were removed from the container, ground until passing through a 75 µm-opening mesh, and immediately tested through XRD under the testing conditions detailed in Section 2.1. At this age, a broken piece of paste was also analyzed through SEM using the equipment and conditions detailed in Section 2.1.





3. Results and Discussion


3.1. Fiber Characterization


Figure 2a shows the FTIR spectra of in natura and treated açaí fibers. The broad band at 3600–3200 cm−1 is associated with the O–H stretching of both lignin and cellulose: while the band attributed to lignin is placed around 3560 cm−1, those associated with cellulose are placed at around 3280–3220 cm−1 [33]. The band at 2920 cm−1 is associated with C–H starching of methyl and methylene groups of cellulose [33,34]. The 1735 cm−1 band is associated with C=O carboxyl and acetyl groups from (hemi)cellulose and the 1619 cm−1 band is associated with C=C starching of groups in lignin [34]. The bands at 1380 and 1045 cm−1 are associated with stretching vibrations of different carbohydrate groups, and the band at 1253 cm−1 is associated with C–O stretching of lignin [33]. Figure 2b presents the XRD patterns of in natura and treated açaí fibers. Both fibers showed a broad peak at around 22.1° 2θ associated with the combined amorphous contribution of lignin [35] and cellulose [36], in addition to minor peaks at 16.8 and 34.3° 2θ associated with the latter.



It is worth noting that lignin removal with alkaline treatment has already been reported in the literature. Wunna et al. [37] treated sugarcane bagasse with 0.5–2.0% of NaOH for 10–120 min for this purpose. Popescu [38] partially removed lignin from Eucalyptus and Norway spruce woods with 0.3% NaOH for 1 h. In turn, acid treatment is known for promoting cellulose hydrolysis [39], as observed by Dagnino et al. [40] when treated rice hulls with 0.3–2.4% H2SO4 solution for 33 min. Considering that a coupled treatment with NaOH and HCl was used in this work, it can affect both lignin and cellulose from the açaí fibers. The FTIR results revealed that the chemical treatment reduced the bands at 3280–3220, 2920, 1735, and 1253 cm−1 associated with cellulose, while evidenced the “shoulder” band at 3560 cm−1 and kept the band at 1619 cm−1 associated with lignin. These results indicate a cellulose removal with the treatment while no major changes in lignin content seem to have occurred. As for the XRD results, the chemical treatment narrowed the main diffuse peak at 22.1° 2θ, while evidencing two minor peaks at about 16.8° and 34.3° 2θ. It is stressed that XRD evaluates the long-range order (i.e., the crystalline structure) of the material, while spectroscopy techniques (such as FTIR and Raman) evaluate the local order of the material on the scale of atomic bonds [41,42]. Thus, XRD suggests that the chemical treatment disrupted the long-range order of lignin structure, but apparently without substantially reducing its content (from FTIR results).



Figure 2c shows the zeta potential of the fibers before and after the treatment. The chemical treatment reduced the absolute zeta potential value from −36.2 to −25.7 mV, indicating an increased agglomeration trend with the chemical treatment.



Figure 3 shows the SEM-EDS results of the açaí fibers characterization. The EDS results correspond to the average wt.% and standard deviation of 6–8 area measurements randomly selected, while one representative spectrum is shown for each sample. The chemical treatment made the fiber surface less smooth, increasing its roughness on a scale of a few micrometers (Figure 3b,e). In addition, the EDS results showed that the carbon content was significantly reduced (from 75.3 to 60.4 wt.% on average) with the chemical treatment. These trends can be attributed to lignin and cellulose removal.




3.2. Rheological Tests


Figure 4 shows the flow curves (i.e., shear stress vs. shear rate) of the pastes. The flow curves can be divided into two groups: the REF mix, the mixes containing 5% of either fiber and the mixes with 5% and 10% quartz powder (marked a) presented shear stresses within 10–90 Pa, while the mixes containing 10% of either fiber (marked b) showed significantly higher shear stresses, within 180–600 Pa. In addition, two flow curve profiles can be noted. In the (a) group, viscosity (visually assessed by the slope of the flow curve) was approximately constant at low shear rates (marked (i) in Figure 4), followed by a shear thickening region (marked (ii)) that is characterized by an increase in viscosity as the shear rate increases. In contrast, the mixes of the (b) group showed a shear-thinning response at low shear rates (marked (iii)) that corresponds to a viscosity decrease with the shear rate increase, followed by a shear thinning behavior at higher shear rates as for (a) group. The shear thickening response at high shear rates has already been reported for cement-based materials [43,44,45,46]. This corresponds to the transition from a shear-ordered structure (e.g., in (i)) to a state of hydrodynamic clustering: as the shear rate increases, the hydrodynamic forces become enough to remove the particles from the layer-like flow, disturbing the ordered state and consequently clustering the particles [47]. Since these clusters are formed by hydrodynamic forces, this phenomenon is ended with a decrease in the flow rate [45].



In turn, the shear-thinning response at low shear rates for the (b) group may be associate with two phenomena. The increasing shear rate can release the water absorbed by the fibers during mixing (for dry fibers) or previously added (for saturated fibers). The occurrence of water release with shearing was previously reported by Mechtcherine et al. [48] for cement mortar containing superabsorbent polymers (SAP). Also, the fibers that are initially randomly oriented can align with the increasing shear, facilitating the flow and thus reducing viscosity.



Figure 5 shows the rheological properties of the pastes. The incorporation of 5% of either replacement material increased the yield stress of the paste from 6.2 Pa (REF) to 24.3 Pa (5% T) and its viscosity from 0.3 Pa.s (REF) to 0.8 Pa.s (5% T). In turn, the incorporation of 10% fibers drastically improved the rheological properties of the paste, reaching a yield stress of 250 Pa and a viscosity of 2.8 Pa.s for the mix with 10% in natura fibers. This can be associated with the elongated shape of the fibers (Figure 3a,d), which hinders the flow of cement particles during shear. These results are consistent with those reported by Gwon and Shin [49], which incorporated 0–2% of cellulose microfibers in cement paste and observed progressive yield stress increases with the increase in fiber content. Moreover, for the same addition ratio, incorporating treated fibers slightly increased the yield stress of paste compared to the in natura fibers: 24.3 Pa for 5% T vs. 17.1 Pa for 5% IN, and 14.8 Pa for 5% T-S vs. 13.5 Pa for 5% IN-S. This can be associated with the partial removal of cellulose and the structural order disruption of lignin promoted by the chemical treatment, as per the FTIR and XRD results (Figure 2a,b). Lignin is one of the main constituents of lignosulphonate-based plasticizer admixtures, which promotes the dispersion of cement particles through electrostatic repulsion [50]. Montes et al. [51] found that cellulose nanocrystals can act like water-reducing agents by adsorbing on cement surfaces and improving the dispersion of the particles. Thus, the removal/disruption of these compounds may negatively affect the rheology of the fresh paste. Furthermore, the zeta potential results (Figure 2c) showed that the chemical treatment decreased its absolute value from −32.2 to −25.7 mV, indicating a higher agglomeration trend (and consequently worse dispersion) for the treated fibers, which can negatively impact the rheological properties of the cementitious composite. Finally, the rougher surface of the chemically treated fibers (Figure 3e) tends to increase the friction between the particles during flow, which can also hinder the rheological properties of the fresh mix.



Furthermore, dry fibers (both in natura and treated) led to further increases in yield stress and viscosity than the respective saturated fibers for the same incorporation level. This can be justified by the water absorption of the dry fibers: since both yield stress and viscosity are directly related to the inter-particle distance, the partial removal of mixing water caused by absorption increases the friction and probability of collision between particles. This behavior had already been reported in the literature for other absorbing materials. Liu et al. [52] incorporated dry and pre-saturated SAP in ultra-high performance concrete, observing that the incorporation of pre-saturated SAP had a marginal effect on the yield stress and viscosity of concrete while the incorporation of dry SAP significantly affected it. Mechtcherine et al. [48] investigated the use of four types of SAP in cement mortar, finding that the water uptake by SAP was the major factor that governed the rheological properties of fresh mortar.



Finally, the incorporation of quartz powder also increased the yield stress and viscosity of the paste. These results are in agreement with those previously reported by Cyr et al. [53] and de Matos et al. [54] for quartz filler incorporation, and de Matos for other mineral fillers [55].




3.3. Hydration and Microstructure


Figure 6 presents the isothermal calorimetry curves of the pastes. Incorporating 5% of either in natura fiber delayed the occurrence of the main heat flow peak from 11.3 h (REF) up to 71.8 and 75.5 h, respectively, for 5% IN and 5% IN-S. In turn, the incorporation of 10% of either in natura fiber (10% IN and 10% IN-S) delayed the main heat flow peak for over 160 h, which was the maximum testing time. De Lima et al. [56] characterized açaí fibers, observing that they are usually composed of about 9% moisture, 2% incombustible (i.e., ash), and 89% volatile matter, the latter corresponding mainly to sugars. The volatile fraction was composed of 30% glucose, 19% xylose, 45% polysaccharides (27% cellulose + 18% hemicellulose), and 35% lignin. In this regard, Kochova et al. [57] investigated the effect of different saccharides on the hydration of cement pastes. The authors observed that the addition of 0.2% and 0.5% glucose delayed the main heat flow peak by about 2 and 5 days, respectively, compared with plain cement paste; 0.2% sucrose addition was enough to delay it for 5 days. According to these authors, saccharides change the surface of the hydrating cement particles and hydration products, promoting the formation of a temporary barrier and therefore hindering further reaction. In addition, the authors observed that the increase in saccharide content reduces the concentration of Ca2+ ions in pore solution. It is well accepted that the Ca2+ supersaturation (and consequent precipitation of Ca(OH)2) is the trigger for the main cement reactions [58,59]. Thus, a reduction in the Ca2+ concentration delays cement’s hydration kinetics. Similar trends were reported when different natural microfibers were added to the cementitious paste. Gwon et al. [60] incorporated 0.3–2.0% of cellulose microfiber over the cement weight in paste, observing that the main heat flow peak delayed from 16.6 h (control mix) up 28.9 h (2% fiber). Delannoy et al. [61] incorporated ground hemp shives in 1–10% over the cement weight, observing that 5% addition delayed the main peak of heat release by 24 h, while 10% addition delayed it by over 144 h (the maximum testing time), similarly to that observed in the current work. One can expect that the reduction in the cement content caused by its replacement would delay the hydration due to the lower release of Ca2+ ions in the pore solution. However, the incorporation of the quartz inert filler did not significantly affect the occurrence of the main heat flow peak for either replacement levels, indicating that the delay observed in the mixes with the fibers was not related with the cement reduction.



The chemical treatment considerably reduced the delay in cement hydration caused by açaí fiber incorporation, leading to the occurrence of the main hydration peak at 14.2 h when either treated fibers were added at 5% (5% T and 5%-S, Figure 6a). This behavior can be attributed to the reduction in lignin and cellulose contents discussed in Section 3.1. In addition, isothermal calorimetry curves showed that the hydration kinetics of pastes with 5% of either treated fibers was slower than that of plain cement paste within the first days (Figure 6a) but practically matched its cumulative heat at 160 h (with a difference of 2.8%, Figure 6b). These results indicate that the combined NaOH/HCl treatment used was effective in reducing the delay in cement hydration caused by açaí fiber incorporation.



Figure 7 shows the XRD patterns of the hydrated pastes at 160 h. Regarding the mixes with açaí fibers, the incorporation of 5% in natura fibers led to low portlandite (18.1, 34.1 and 47.1° 2θ) and ettringite (8.9, 15.8 and 23.0° 2θ) peak appearances, while the main alite peaks (29.3, 32.1, 41.2 and 51.7° 2θ) were much more intense than in the other samples. This indicates the lower consumption of the main clinker phase (alite) and the lower formation of hydrated products (portlandite and ettringite) at this age. Such behavior is explained by the delay in the cement hydration caused by the incorporation of in natura fibers, identified by the calorimetry results. In contrast, the incorporation of 5% treated fibers (5% T) led to a similar XRD pattern than plain cement paste did, in agreement with their close 160 h cumulative heat results in calorimetry (Figure 6b). This was also found for the 5% QTZ mix, in line with the calorimetry results. Finally, the calcite (39.2° 2θ) and periclase (42.9° 2θ) peaks were similar for all the mixes since these phases were not consumed, while the 5% QTZ mix showed additional reflections at 23.6 and 36.6° 2θ attributed to quartz.



Figure 8 shows SEM images of the hydrated pastes at 7 days. The cementitious matrix of the REF mix was dense with few pores (Figure 8a,b), while the fibers incorporation visually increased its macroporosity (Figure 8c,d), as evidenced by the presence of several voids in the scale of a few tens of micrometers. The increased air content of cementitious composite with lignin-based admixture incorporation is well documented in the literature [50]. In addition, the fiber incorporation reduced the flowability (i.e., increased the yield stress and viscosity) of the paste, which can prevent the air from leaving the mix during the fresh state. [62,63]. Nonetheless, for further conclusions on porosity, additional characterization is needed (e.g., by mercury intrusion porosimetry).





4. Conclusions


This work investigated the effect of açaí ground fiber incorporation on the rheology, hydration, and microstructure of Portland cement pastes. In natura and chemically treated (with NaOH and HCl) fibers were used, in dry and saturated conditions. The FTIR, XRD, and SEM-EDS results revealed that the chemical treatment reduced the cellulose and lignin contents in açaí fibers while increasing their surface roughness. The treatment also reduced the zeta potential (in absolute value), increasing the agglomeration trend.



When incorporated in cement paste, 5% addition of either fiber slightly increased the yield stress and viscosity of the paste, while 10% addition drastically increased these properties, reaching yield stress and viscosity values respectively 40 and 8 times higher than those of plain paste. The highest incorporation level led to shear-thinning response at low shear rates, probably associated with the water release and fiber alignment with the increasing shear rate.



The incorporation of 5% in natura fibers delayed the cement hydration kinetics by about 2.5 days while 10% in natura fibers delayed it by over 160 h, which was the maximum testing time. In contrast, the chemical treatment significantly reduced this retarding effect, leading to a 3 h delay when 5% treated fibers were incorporated. At 160 h, in natura fibers significantly reduced the cumulative heat (314–348 J/g compared with 432 J/g for plain paste), while the chemical treatment led to a 420 J/g cumulative heat at this age. In line with these results, XRD measurements at 160 h of hydrated pastes revealed comparable compositions for both plain and 5% treated fiber pastes, while the paste with 5% in natura fibers had lower alite consumption and low hydrates (i.e., portlandite and ettringite) formation. SEM of 7-day-old pastes revealed that the incorporation of açaí fibers increased the macroporosity of the cementitious matrix.



Overall, the combined NaOH/HCl treatment was effective for açaí fiber functionalization, and the incorporation of 5% treated fibers led to fresh and hardened performances comparable to those of plain cement paste, indicating the feasibility of using such fibers in cementitious composites. As a general requirement to be used as reinforcement in a cementitious matrix, natural fibers should have a proper surface chemical composition (even if it requires chemical treatment), with controlled contents of lignin and cellulose.
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Figure 1. Açaí waste: (a) Lump; (b) Natural açaí fibers [23]; (c) Ground açaí fibers. 
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Figure 2. Characterization of the açaí fibers. (a) FTIR spectra; (b) XRD patterns; (c) Zeta potential (average ± standard deviation of three measurements). 
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Figure 3. SEM-EDS results of the açaí fibers. In natura: (a) [×1000; scale = 50 µm]; (b) [×5000; scale = 10 µm]; (c) EDS spectrum. Treated: (d) [×1000; scale = 50 µm]; (e) [×5000; scale = 10 µm]; (f): EDS spectrum. 
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Figure 4. Flow curves of the pastes. Note: IN = in natura, S = saturated; T = treated; QTZ = quartz. 
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Figure 5. Rheological properties of the pastes: (a) yield stress; (b) viscosity. Note: IN = in natura, S = saturated; T = treated; QTZ = quartz. 
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Figure 6. Isothermal calorimetry curves of the pastes up to 160 h: (a) heat flow; (b) cumulative heat. Note: IN = in natura, S = saturated; T = treated; QTZ = quartz. 
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Figure 7. XRD pattern of the pastes at 160 h of hydration. A: alite; C: calcite; E: ettringite; F: ferrite; P: portlandite; P’: periclase; Q: quartz. 
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Figure 8. SEM images of the pastes at 7 days of hydration. REF: (a) [×100; scale = 500 µm]; (b) [×500; scale = 100 µm]. 5% T: (c) [×100; scale = 500 µm]; (d) [×500; scale = 100 µm]. 
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Table 1. Composition and properties of the Portland cement used.
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Chemical Composition (%)

	
Physical Properties






	
SiO2

	
18.87

	
Specific gravity (g/cm3)

	
3.12




	
Al2O3

	
4.29

	
Blaine fineness (m2/kg)

	
447.4




	
Fe2O3

	
2.97

	
28-day compressive strength (MPa)

	
51.2




	
CaO

	
58.92

	

	




	
K2O

	
0.85

	
Mineralogical Composition (wt.%)




	
Na2O

	
0.27

	
C3S

	
54.3




	
MgO

	
5.90

	
C2S

	
14.9




	
SO3

	
3.10

	
C3A

	
1.8




	
TiO2

	
0.63

	
C4AF

	
8.97




	
BaO

	
0.19

	
Calcite

	
10.1




	
PbO

	
<0.05

	
Dolomite

	
1.7




	

	

	
Periclase

	
5.4




	
LOI

	
4.17

	
Gypsum

	
2.4




	
LOI: loss on ignition (CO2)
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Table 2. Detailed composition of the pastes investigated (in weight basis).
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	Mix
	Cement
	Fibers
	Quartz Powder
	Water
	Description





	REF
	1.00
	-
	-
	0.50
	Plain cement paste



	5 IN
	0.95
	0.05
	-
	0.50
	5% dry in natura fibers addition



	10 IN
	0.90
	0.10
	-
	0.50
	10% dry in natura fibers addition



	5 IN-S
	0.95
	0.05
	-
	0.50
	5% saturated in natura fibers addition



	10 IN-S
	0.90
	0.10
	-
	0.50
	10% saturated in natura fibers addition



	5 T
	0.95
	0.05
	-
	0.50
	5% dry chemically-treated fibers addition



	5 T-S
	0.90
	0.10
	-
	0.50
	5% saturated chemically-treated fibers addition



	5 QTZ
	0.95
	-
	0.05
	0.50
	5% quartz powder addition



	10 QTZ
	0.90
	-
	0.10
	0.50
	10% quartz powder addition
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