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Abstract

:

The valorisation of lignocellulosic resources, such as oat husks, as components in cementitious composites presents challenges regarding their compatibility with the matrix due to the solubilisation of their surface components and products from alterations induced by the alkaline environment of lime-based matrices. These negatively affect the matrix. This study aims to fill the knowledge gap regarding the compatibility and effects of the extractives found in oat husks with the cement matrix. It intends to characterise oat husks’ structural composition, evaluate the extractive removal efficiency, assess their influence on cement matrix hydration using thermogravimetric techniques, and analyse mechanical strength development between 3 and 28 days. The study concludes that hot water is more efficient for extractive removal, and the immersion duration is more relevant than the number of washing cycles. Furthermore, it confirms that husks’ extractives inhibit cement matrix hydration products and mechanical strength development, especially in the presence of degradation products. These findings are essential for determining more efficient approaches to enhance compatibility between oat husks and cementitious matrices.
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1. Introduction


In recent decades, there has been growing concern and awareness about the consequences of climate change and its events due to the continuous impact of human activities on the planet. This has led to the establishment of international agreements and initiatives, such as the Paris Agreement [1] and the European Green Deal [2] initiative, which aim to reduce global warming and tackle climate change by acting in various sectors, including the construction industry.



As part of the European Green Deal and to guide the construction sector, programs such as Renovation Wave [3] and the European Bauhaus [4] initiative were launched to promote more environmentally friendly and energy-efficient construction. These initiatives highlight the significance of resource circularity and using renewable and nature-based materials, such as plant-based resources, to offset carbon emissions and reduce emissions to produce traditional construction materials [3,4].



In light of these recommendations, one strategy adopted by the scientific community was the development of materials focusing on valorising by-products from various production chains, including easily renewable lignocellulosic resources and their uses in composite materials [5,6,7]. Using lignocellulosic by-product materials is a well-known method for producing wood-based composites, joining particles together using a binder agent. One way to classify composites is based on the binder agent used, such as polymer-bound [8] and mineral-bound composites, and among them cement-bound composites [9].



Currently, studies are exploring the use of forest residues in the production of mineral-based composites, such as hemp hurds [10], for use in lime matrices [11], and the study of different types of wood chips [7,12] and sawdust [13] for use in wood-cement composites. Considering agricultural by-products, the studies are divided into investigations into residues as fillers or aggregate [14,15,16], exploring crushed stalks from different crops such as wheat straw [17] and rice straw [18], and the use of husks and hulls as in the case of rice [19] and hazelnut [20], and their use in the form of fibrous reinforcement [7,21], for example, flax [21,22], hemp [21] and jute [23].



One of the potential sources of lignocellulosic resources in Europe comes from the production of oat (Avena sativa L.), a member of the Poaceae family, which accounts for approximately 60% of the 25.18 million tons produced globally, providing a large volume of husks during the dehulling process that has no well-defined destination, being mostly discarded or buried [24,25,26]. While abundant across Europe, this resource remains underexplored within the scientific community. Current investigations have primarily focused on exploring its ashes and its potential application as a source of silica [27,28], applied as a bio-modifier in an asphalt binder [29], as well as its utility for cellulose extraction [30] and as a partial substitute in particleboard production [31].



Nevertheless, the adoption of this kind of resource in cement-based matrices faces well-known challenges regarding its compatibility due to the chemical composition variability of lignocellulosic resources. The solubilisation of its surface products, known as extractives, and the products of its degradation in the alkaline environment of lime-based matrices influence both the potential interaction dynamics between the lignocellulosic material and cement phases and the internal interactions intrinsic to the cement matrix, interfering with its hydration and consequently inhibiting its setting and strength development [15,32]. Additionally, as an organic material, oat husks present inherent composition variability. These include relative amounts of lignin, cellulose and ash and can be influenced by genetic type [33] and climate change [34], among other reasons.



Considering the inherent challenges in the production of wood–cement composites [15] and the existing research efforts aimed at facilitating and emphasising the potential use of analogous resources as aggregates in lime-based matrices, such as rice husks [19] and hemp hurds [11,14], there is a compelling opportunity to initiate a research trajectory focused on understanding the interaction between oat husks and lime-based matrices. This begins by gaining comprehensive insights into this material’s chemical composition and elucidating the interactive dynamics between its components and the binder [15].



While the presence of lignin has a minor retarding effect on the cement matrix compared to other saccharides, its pure concentration of 1% has been shown to delay cement hydration by more than two days [35]. However, the polysaccharides forming cellulose demonstrate resilience to strong alkaline solutions [10,15], consequently not significantly impeding cement hydration.



Hemicellulose, on the other hand, is a material that dissolves in weak alkaline solutions, releasing low-molecular-weight carbohydrates that can entirely hinder the cement setting process, depending on the concentration [10,15]. In the same way, as noted by Kochova et al. [35], also considering other extractives, more substantial predictive factors for retarding cement hydration lie in the chemical composition and the concentration of leached products.



The development of strength in Ordinary Portland Cement (OPC) is related to the hydration reaction, characterised by processes involving the dissolution and precipitation of anhydrous, soluble aluminates, silicates, and additives that constitute OPC, promoting the solidification of a paste and the densification of its crystalline microstructure. The mineral phases comprising OPC are classified as silicates, namely alite (C3S) and belite (C2S), and aluminates, including tricalcium aluminate (C3A) and calcium aluminoferrite (C4AF). Additionally, calcium sulphate dihydrate (gypsum) is added to control the velocity of reactions, thereby influencing the workability and setting. As a consequence of the hydration process, matrix solidification occurs, accompanied by the development of strength and the formation of primary reaction products—calcium silicate hydrates (C-S-H) and Portlandite (Ca(OH)2).



The OPC hydration mechanisms are complex processes based on phase transformations that are not yet fully understood. However, from the calorimetric perspective, the phases can be generally classified as follows:




	
Initial period, occurring immediately after contact with water;



	
Induction or dormant period, a period of low reaction rate in which the matrix is still malleable;



	
Acceleration period, which can take hours, characterised by the re-acceleration of reaction rates, consequently solidifying the matrix, with the beginning of this phase corresponding to the initial setting time measured by the Vicat method (this can take hours), but the Vicat’s final setting marks a point before its end;



	
And the deceleration period, evidenced by a slowly descending reactivity period of no defined end [36,37].








Due to its complexity, OPC hydration can suffer interference by inhibition mechanisms in any phase, but despite the significant variability among materials, some of the inhibition mechanisms are already known. Among them are the absorption of sugars by cement grains, the precipitation of insoluble components, the complexation of essential ions, the nucleation inhibition of Ca(OH)2 crystals, and pH matrix changes [38,39,40]. As ways of mitigating the inhibitory effects of lignocellulosic resources, the strategies employed are mainly divided into pre-treatments for extracting inhibitory components from the material, preventing the release of compounds using particle coating, matrix selection and the use of additives to accelerate the matrix setting [15].



Considering the factors mentioned, this study aims to fill in the lacuna in the current understanding regarding the interaction between the cement matrix and extractives present in oat husks by investigating the medium-term effects of these extractives on cement hydration and exploring strategies for their removal. In this way, the work is committed to chemically characterising the oat husks, assessing the efficiency of various water washing cycles in extractives’ removal and investigating the effect of soluble products on cement setting time and the hydration and mechanical strength development under two curing conditions, but limiting the analysis to only between 3 and 28 days.




2. Materials and Methods


2.1. Materials


2.1.1. Binder


Rapid Hardening Portland Cement (RHPC) was chosen in this study because of its minimal secondary addition to emphasising only the interactions between extractives and cement. It was supplied by Irish Cement Ltd. (Platin, Drogheda, Ireland) and classified as CEM-I 42.5 R in compliance with the performance specifications outlined by EN 197-1:2011 Standard [41], according to the producers.




2.1.2. Fine Aggregates


Category 1 natural sand, according to EN 13139:2013 Standard [42], of 0/4 mm particle size range, specific gravity 2.56 g/cm3, exhibiting 2.70% fineness modulus and 2.35% fines, was used for the mortar mixing.




2.1.3. Oats Husks


As the lignocellulosic material, the same material as employed in a previous study conducted by Bonifacio and Archbold [27] was utilized. The material consisted of raw oat husks from the Co. Wexford region in the Republic of Ireland, harvested in July 2020. However, the particle size was restricted to only those retained by the 0.5 mm sieve to avoid incorporating extracted oat dust particles.





2.2. Procedures


2.2.1. Binder Chemical Characterization


The phase composition analysis was performed by a scan of anhydrous cement samples in an X-ray diffractometer (PANalytical Aeris, Malvern, UK) using Cu Kα radiation (Kα1 = 1.54060 Å | Kα2 = 1.54443 Å|0.5 ratio) at 40 kV, 7.5 mA through the continuous scan method using fixed divergent slit, PIXcel1D-Medipix3 detector, 0.0220 °2θ step size and 23.9700 s scan step time from 10.0 to 69.9 °2θ. The identification and estimate quantification of phases were performed in powder pattern analysis software (Panalytical X-Pert HighScore Plus Version 4.8), and the refinement of the crystalline structures was carried out using the Rietveld method [43] following adjustment procedures suggested by Santos Nobre et al. [44].




2.2.2. Husks’ Chemical Characterization


Considering the impact of polysaccharides on cement hydration kinetics, an analysis of the structural component proportions in the cell wall of lignocellulosic materials could provide insights into potential factors hindering cement setting.



The moisture content of the sieved husks was determined by drying four samples, each weighing 5 g, in an aerated laboratory chamber furnace at 60 °C for 42 h. Subsequently, the average percentage difference between the initial mass and the mass after cooling in a desiccator was calculated for each sample. To determine the ash content, six alumina crucibles, each containing 5 g of dried samples, following the above procedure, were calcined in an aerated laboratory chamber furnace at 950 °C for 6 h. The ash content was determined by calculating the average percentage difference between the initial mass and the mass after cooling in a desiccator for each sample using the loss on ignition (LOI) method described by Bonifacio and Archbold [27].



A cartridge containing an excess of 5 g of oat husks was introduced into the Soxhlet extraction system to determine the extractive content. The material underwent approximately 26 reflux cycles (6 h in total) using 150 mL of distilled water as solvent, as toluene/ethanol in a 2:1 ratio and pure ethanol, respectively, were found to be less effective. The determination of total extractives content involved measuring the mass retained in the round bottom flask after solvent evaporation, following drying in an electric oven at 60 °C for 42 h.



The lignin content, which is insoluble in 72% sulfuric acid (Klason lignin), was determined in triplicate, following the TAPPI T 222 om-02 Standard [45]. Nevertheless, adjustments were made to employ unground extractive-free oat husks and filter papers during filtration.



For the holocellulose determination in triplicate, 15 g of moisture-free and extractive-free material was split into three separate Erlenmeyer flasks, each containing 160 mL of distilled water. The flasks were then immersed in a water bath set at 70 °C. An addition cycle commenced with 1.5 g of sodium chlorite (NaClO2) of approximately 80% purity and 1 mL of glacial acetic acid with purity ≥99.85%, added per hour until the material achieved complete whitening. Subsequently, the material was allowed to cool for 30 min in an ice bath and then subjected to vacuum filtration using a sintered glass funnel assembled in a Kitassato flask. Filtration continued until the rinsed precipitate reached a neutral pH. The holocellulose percentage was determined by calculating the difference between the initial mass and the mass of the material collected after drying in an oven at 60 °C for 18 h and cooling in a desiccator.



The material obtained during the holocellulose determination was subjected to cellulose content analysis in triplicate. The material was mixed with 100 mL of 5% potassium hydroxide (KOH) solution and allowed to stand at 20 °C for 24 h. Following this period, the material was rinsed until it reached neutral pH, filtered, dried and subjected to cellulose content determination using the same method as for holocellulose. The hemicellulose percentage was calculated as the difference between the final holocellulose and the cellulose content percentages.




2.2.3. Extractives’ Removal


Oat husks were dried in an electric furnace at 60 °C for 42 h, and the material retained on the 1 mm mesh sieve was utilised to assess extractive removal. The methods used for 2 and 6 h cycles of extraction in hot water (~100 °C) and 1 h cycles using cold water (23 ± 2 °C) adhered to the ASTM D1110-21 [46], with the sample immersion period, the use of 5 g of unground samples and the use of the blue band qualitative filter paper and funnel instead of the alundum or fritted-glass crucible serving as the sole modifications.



To determine the maximum extractives removed in a single immersion cycle with the longest possible retention time (considering that the highest concentration of saccharides and uronic acid is obtained after 24 h, as noted by Page et al. and Sedan [22,47], 20 g of these husks were placed in a glass container filled with 200 mL of distilled water (0.1 husk/water ratio) at 20 ± 3 °C.



For extraction in an alkaline solution, 20 g of dried husks were immersed in 200 mL of a solution prepared by mixing Ca(OH)2 and distillate water (1.580 g/L) at 20 ± 2 °C in a glass container.



After 6 and 24 h of immersion, the glass container was drained using a 0.5 mm mesh for both mixtures. Subsequently, after four repetitions, all the containers were dried in an electric oven at 60 °C for 72 h. The percentage of extractives removed was calculated by determining the average percentage difference between the initial sample mass and the mass of the material retained in each container after drying and cooling in a desiccator.




2.2.4. Leached Mixing Water


Mixing water containing extractives was prepared by soaking oat husks in a solution at 20 °C for 24 h, using a 1:10 liquid/mass ratio and filtering them through the 0.25 mm mesh. For the Vicat test only, husks were kept for 6 h in boiling distillate water and immersed for more than 18 h until the water cooled to room temperature (Sample LBW).



Two types of solution were utilised during the extraction: distillate water (Sample CW) and a solution made of Ca(OH)2 mixed with distillate water at a concentration of 1.580 g/L (Sample CCH), reaching a theoretical pH of 12.63, intended to promote the removal of extractives and the degradation of husks in alkaline environment. The solutions obtained after extraction received the prefix “L”, and were named Sample LW and Sample LCH, respectively. The pH of each solution was measured using a pH meter (Model Jenway 3520, Cole-Parmer, Saint Neots, United Kingdom) before immersing the sample and after obtaining the filtered solution.




2.2.5. Mixing Procedure


All mixtures were prepared using an electric hammer drill (Black+Decker 710 W, Leinster, Ireland) controlled by a generic external speed controller and a plaster paddle mixer, replicating the procedure to prepare a standard-consistency cement paste [48]. The mixing process involved combining cement and mixing water in a 5-litre bowl. Initially, the mixer operated at 200 ~ 250 rpm for a 30 s mixing period, followed by a 30 s pause to scrape the paste from the bowl walls. Subsequently, mixing was resumed using 250 ~ 300 rpm for 60 s.




2.2.6. Vicat Testing for Monitoring Cement Setting


The procedure for assessing the cement setting time was executed in triplicate and adhered to the guidelines outlined in the EN 196-3 Standard [48]. A mixture of normal consistency, prepared using 500 g of cement and 130 mL of solution, was mixed according to the procedure mentioned in Section 2.2.5. The solutions used and their preparation consist of those previously indicated in Section 2.2.4, which consisted of control samples (Sample CW and Sample CCH) and solutions containing extracted material (Sample LW, Sample LBW and Sample LCH).



This mixture was then poured into a truncated cone-shaped mould 40 mm deep, as per the standard. The setting time evaluation was performed using an Automatic Vicat testing instrument (Controls Vicamatic 3 63-L2701, Hertfordshire, UK), which involved the free fall and penetration, at known intervals, of a 300 g set comprising a needle fixed to a moving part. The initial setting was determined when the needle penetrated only 37 mm into the specimen, while the final setting was defined when the needle penetrated only 0.5 mm into the inverted specimen.




2.2.7. Analysis of the Direct Contact between the Sample and the Matrix


To investigate the cement hydration at the interface between the matrix and oat husks, following the approach outlined by Diquélou et al. [11] when examining hemp shivs, a cylindrical tablet of 100 mm diameter and 40 mm thickness prepared by filling a 10 mm evacuable pellet die (Specac) with oat husks and compressing it for 2 min under 8 tons using a manual hydraulic press (15 Ton Atlas-Specac). The tablet was centred at the bottom of a transparent plastic Petri dish. Subsequently, the void space in the dish was filled using a paste made of 200 g cement and 100 g distilled water. The setup underwent a curing process at ~21 °C and >80% humidity using an improvised water mist chamber and generic ultrasonic humidifier.



Following the 28-day curing period, the bottom of the dish was scanned using a conventional scanner at 800 DPI resolution, using a black background (cover open). Subsequently, the obtained image underwent analysis utilising specialised software (ImageJ Version 1.54f Java). Additionally, two samples were collected from the matrix—one from the peripheral region of the tablet (Region 1) and another from a region distant from the tablet (Region 2), according to Figure 1. Both samples were immersed in liquid nitrogen for 20 min and then subjected to freeze-drying at −40 °C for 24 h using a freeze dryer (Heto PowerDry Lyolab 3000) and vacuum pump (ThermoSavant model RV3 A65213906). After the freeze-drying process, the samples were finely ground using a mortar and pestle and subsequently analysed.




2.2.8. Hydration Analysis


Following the methodology proposed by Diquélou et al. [11] and utilising the mixing procedure outlined in Section 2.2.5, a mixture consisting of 300 g of cement and 150 mL from one of the solutions presented in Section 2.2.4 was prepared. Subsequently, the mixture was poured into six 2 mL plastic microcentrifuge tubes, and each set (six samples) received the same name as the solution used. The process was systematically repeated until one set of samples was obtained for each of the four existing solutions.



Subsequently, one sample for each type of solution used was subjected to immersion in liquid nitrogen for 20 min and freeze-dried at −40 °C for 24 h at different time intervals (7 days and 28 days after the cement and solution mixing), resulting in a total of 6 samples. Following the aforementioned freeze-drying process, the samples were finely ground using a mortar and pestle and then submitted for thermal gravimetric analysis (TGA) and Fourier transform infrared spectroscopy (FT-IR) analyses.



Approximately 12 mg of each one of the ground samples was used in the thermal gravimetric analysis measurement, carried out in an alumina crucible heated from 30 °C to 940 °C at 10 °C/min under a 20.0 mL/min nitrogen flow in a thermogravimetric analyser (Pyris 1 TGA Thermogravimetric Analyzer). The data analysis was performed using specialised software (Pyris Software version 10); the mass loss before 120 °C was discarded to avoid free water influence, and the range from 120 °C to 350 °C was considered to be the dehydration of hydrates (LDH), including C-S-H; the range between 350° and 550 °C was considered to be indicative of the dehydroxylation of Portlandite (LDX), and between 550 °C and 940 °C (LDC) as the decarbonation of calcium carbonate (CaCO3) indicative [49,50]. The percentage of hydrates, Portlandite and CaCO3 can be quantified by applying Equations (1)–(3), respectively [11], in which the mass loss observed for each range is multiplied by the quotient of the molar mass of Portlandite (74), pure water (18.01528), CaCO₃ (100.0869) and carbon dioxide (44.01).


Bound Water (%) = LDH (%)



(1)






Portlandite (%) = LDX (%) × (74/18.01528)



(2)






CaCO3 (%) = LDC (%) × (100.0869/44.01)



(3)







Fourier transform infrared spectroscopy analyses were conducted at room temperature using an infrared spectrometer (PerkinElmer Spectrum One) equipped with a universal attenuated total reflection (ATR) sampling accessory, applying a consistent fixed universal compression force of 85 N. Each sample underwent four scans in the spectral range examined, from 650 to 4000 cm−1.




2.2.9. Mechanical Tests


Using the mixing procedure presented in Section 2.2.5, mortars were prepared by combining 1350 g of cement, 4050 g of sand and 675 mL of one of the solutions presented in Section 2.2.4. Subsequently, the mortar was transferred to three sets of three prisms, each measuring 40 × 40 × 160 mm, following the specifications outlined in the EN 196-1 [51] Standard, forming 2 cm thick layers with each layer vibrated for 5 s on a vibrating table. The process was repeated, and the samples were given names corresponding to the solution used, among those listed in Section 2.2.4.



The mortars were left to cure for 24 h under 50% humidity and 21 °C until demolding. The entire procedure was repeated, configuring a set of nine samples curing under ~50% humidity (positioned over the water) and ~21 °C environment (Sample name—A), and another set immersed in water at 21 °C (Sample name—B). Both sets were kept curing until the test ages (3, 7, and 28 days) and were submitted to specific density evaluation using an industrial specific gravity balance (Stable Micro Systems SG/15-395).



The flexural and compression tests were conducted in accordance with EN 196-1 Standard [51] guidelines, employing a universal testing machine of capacity 300 kN (Instron 300DX-B1-G4-G1A, INSTRON, Norwood, MA, USA) for the flexural test and the 2000 kN capacity compression machine (ELE ADR Touch SOLO 2000, ELE International, Leighton Buzzard, UK) for the compression test.




2.2.10. Statistical Analysis and Chart Production


The statistical analyses were performed using built-in programs in statistical software (Minitab Version 20.3) that calculated the mean and standard deviation (S.D), checked for outliers and calculated the confidence interval (C.I), implementing the two-tailed Student’s T-distribution with a 95% confidence level and degrees of freedom equal to the number of samples minus one. According to criteria adapted from observations made by the American Concrete Institute [52] for the overall variation of laboratory trial batches, samples with S.D values less than 5 were accepted as valid results for mechanical tests. All charts were produced using interactive scientific graphing software (OriginPro Version 2023).






3. Results and Discussions


3.1. Binder Mineral Phases Composition


The potential phases and concentration of the cement utilised are summarised in Table 1. The statistical indices for the analysis of the diffractogram calculated by the software used present values for assessing data noise using the Rexpected index (Rexp) equal to 5.23, with lower values indicating greater quality. Weighted adjustment indices of the residual difference between observed and calculated plots, known as weighted profile R-factor (Rwp), had a value of 4.01 and goodness of fit (Gof) was 0.58, where indices less than 4 indicate good fit, coming from the quotient of the two preceding indices squared.



Assuming the material is in accordance with the specifications outlined by EN 197-1:2011 Standard [41], we consider the values presented only as approximate indications of the identified phases since, according to Toby [53], despite lower values for profile fitting are frequently presented as indicative of a better quality of the analysis carried out, the indices are subject to several discrepancies, requiring the execution of more complex and detailed analyses, which go beyond the scope of this study, to obtain more precise results.




3.2. Oat Husk Composition and Removal of Extractives


The examination of oat husk composition, as detailed in Table 2, highlights the high lignocellulosic content, constituting 91.19% of the total dried husks’ mass.



As the primary composition consisted of holocellulose, making up about two-thirds of the dry mass, and with hemicellulose accounting for approximately 52.56% of this fraction, further consideration is warranted. Moreover, considering the material was neither ground nor cleaned before analysis, the reported percentages of extractives, ashes and other components may overlap due to hot water reflux that carries away water-soluble constituents and other elements found in the pores and surface of the oat husks, including dust and chemical elements outlined in Table 3.



The lignocellulosic percentage is similar to results observed by other authors. However, similarly to results observed by Neitzel et al. [54], the cellulose percentage is lower than lignin, differing from the results observed by Schmitz et al. [34], who argued that oat hulls typically have a higher percentage of lignin in relation to cellulose.



High percentages of cellulose contribute by competition to the natural reduction of other components with a more significant potential for dissolution in alkaline environments and for delaying or interfering with the hydration process, considering that cellulose does not significantly influence the process [10,15]. However, lignin [35] and hemicellulose [10,15] can retard or entirely hinder the cement setting process by dissolving in weak alkaline solutions.



The relatively low ash proportion, even when comparing results observed by other authors, suggests a minor mineral content compared to the lignocellulosic fraction. However, an elemental analysis of these ashes, presented in Table 3, reveals a notable presence of silicon (Si), followed by potassium (K), compared to other elements. According to Bonifacio and Archbold [27], this ash content variation can be attributed to calcination conditions, such as oxygen availability, exposure time, temperature, heating ramp and the presence of elements like potassium. Specifically, the presence of potassium oxide observed by the authors can promote the formation of a surface film, confining the carbon and preventing its volatilisation [55].



Oat Husks and the Removal of Extractives


The immersion of oat husks in hot water (~100 °C) for 6 h led to the removal of 5.34% more than the total extractives removed during 24 h immersion in cold water (23 ± 2 °C), also presenting higher percentages after 2 h immersion, as shown in Table 4, obtained during Soxhlet extraction using hot water reflux. When considering the gradual removal of extractives, conducting washing cycles using cold water pointed to a gradual reduction in extractives responsible for the colour, as seen in Figure 2, in addition to the decrease in the material’s characteristic odour immediately after the second wash.



Numerically, there was a 13.41% difference in material removed using cold water after a single 24 h cycle over five 1-h cycles, representing 7.59 times more efficiency. The 1 h cycles together removed approximately 2.03% of the material mass, within which the first cycle (1 cycle) removed about 67% of these the extractives and surface products (67%). Subsequent cycles removed materials at considerably reduced rates.



Results obtained regarding hot or cold water use were similar to those observed by other authors, who indicated a more significant amount of extractives when using hot water than in tests using cold water [54,56]. The method used might have contributed to some of the difference between hot water extraction and Soxhlet extraction, as one is based on the mass of material accumulated in the solution bottle after drying, which is sensitive to particle retention by the filter, and the other on the mass of material lost by the sample. Extraction with Ca(OH)2 showed a more significant removal of extractives than other methods, although corresponding to a lower mass reduction than the effect of exposure during the same time interval to a solution made of a strong base, such as the potassium hydroxide (KOH), used to remove hemicellulose during the chemical characterisation process.





3.3. Extractives’ Influence on Cement Setting Time and Solutions’ pH


The pH measurements performed during the preparation of all solutions revealed, as shown in Table 5, that extractives exhibit an acidic character, as evidenced by the reduction in pH. In terms of setting, results presented in Table 6 indicate a longer setting time in samples containing extractives, in which cold water extractives caused a 31.74% overall delay and hot water extractives caused a 52.40% delay relative to the control specimen (Sample CW).



When considering the hydration stages, the delay in the induction stage increased by 14.62% when using cold water extractives, compared to a 22.93% increase when using hot water extractives, representing an 8.31% difference between the two. On the other hand, to reach the final Vicat’s setting time, part of the hydration’s acceleration stage, cold water extractives, caused 164.35% delay, which is 116.31% less than that caused by using hot water extractives, resulting in 280.66% delay.



The induction stage and final setting time when using Sample CCH increased by 3.5% and 21.1%, respectively, compared to Sample CW. Furthermore, there was a 20.9% and 26.8% difference in the Sample CCH for the same stages when it contained extractives.



It is known that pH variation impacts the solubility and stability of hydration elements, promoting detrimental effects on strength development [57]; for this reason, associated with the presence of saccharides, it may be one of the inhibition mechanisms acting to reduce the reaction rate. Furthermore, the extended setting interval and strength development delay may indicate interference in the hydration product development, which is well known when in the presence of components that act as nucleation/surface adsorption poisoners and favour chelating mechanisms [58].



Based on the setting delay and the fact that the mass of oat husks used to prepare the solutions only makes up 2.6% of the total cement used, the findings may be considered significant if assuming, in basic terms, that each gram of oat husks utilised caused the overall delay of 2.44% and 4.03% for cold and hot water extractives, respectively.




3.4. Impact of Extractives on Hydration Product Formation


3.4.1. Identification of Functional Groups in the Presence of Extractive Solutions


The setting time delay indicates changes in the mechanism or the hydration progress. Alterations in the formation of hydration products can be observed through the analysis of FT-IR spectra of samples after 3 days of hydration in Figure 3 by the absence or lower intensity of some characteristic functional groups compared to the control samples.



The samples containing extractives presented lower-intensity absorbance peaks at 3638 cm−1, indicative of Ca(OH)2, present as a hydration product of silicate phases during the cement hydration [59,60]. It is also possible to visualise a significant difference in peaks at 3412 cm−1, which may correspond to the vibration of functional groups in adsorbed water molecules, and specifically O-H stretching vibrations (v1 and v3) [59,60].



In the lower wavenumber region, it is possible to identify divergences in adsorbed water band peaks located at 1645 cm−1 of the four spectra, related to the bending vibration (v2) of the H-O-H groups [60], and also some sharp and broad peaks at 1412, 874 and 712 cm−1, linked to anhydrous CaCO3 present as a filler or carbonated calcium hydroxide [61].



Some weak peaks are also visible at 1110 cm−1, corresponding to SO42− vibration (v3) in sulphates, and also in the region of 950 cm−1, which lowers intensity when extractives are added and may be related to the polymerisation of SiO4 and the formation of C-S-H, generally associated at 960 cm−1, that tends to shift position to a higher wavelength the greater the degree of polymerisation [59,61].



Especially when examining the peak associated with C-S-H formation within the 970 to 920 cm−1 range, Sample LW demonstrated the lowest absorbance, evidencing that the samples employing leached solutions exhibited a reduced absorbance compared to Sample CW. If validated by additional experimental techniques applied to quantifying cement hydration products, this observation may indicate the level of inhibition resulting from extractives removed during the extraction process.




3.4.2. Analysis of the Thermal Degradation of Cement Hydration Products


The thermogravimetric assessment results for the decomposition of chemically bonded water and hydration products, such as Portlandite and its carbonated form, CaCO3, indicate an increase in bound water content within the 25-day interval for all samples except Sample CW (−0.24%), as shown in Figure 4. Notably, there was a 0.91% increase in Sample LCH. Considering that the bound water temperature range corresponds to some products of the final hydration (C-S-H), but also intermediate phases (as Ettringite) [62], when considering the use of components with the potential to influence the velocity and mechanisms of reactions, the results are significant only when associated with the observation of other products.



The results also indicate lower portlandite content in samples made using extractives compared to the control samples, as observed in Figure 5. Additionally, it is evident that after 25 days, Sample CW exhibited a decrease in the percentage of Portlandite, in contrast to Sample CCH and Sample LCH, which showed a percentage increase. However, as presented in Figure 6, concerning the presence of CaCO3 there was only a percentage increase in Sample CW (+2.55%) and Sample LW (+1.10%).



Considering that Portlandite is one of the products generated during the formation of C-S-H during cement hydration, the percentage increase indicates the reaction development. However, the formation of CaCO3 derived from a possible carbonation of Portlandite must be evaluated. Considering this, the findings suggest an excess of CaCO3, more significant than the possible carbonated Portlandite, totalling 1.43% for Sample CW, 0.38% for Sample CCH, 1.33% for Sample LW and 1.06% for Sample LCH.



The appearance of excessive CaCO3 may be related to the interaction between Portlandite and carbon dioxide (CO2) from the atmosphere, from the hydration products observed, from the composition of the cement used, as presented in Table 1, or due to previous hydration promoted by early contact with moisture and the consequent carbonation of the OPC components.



In general, the summed values observed for Portlandite and CaCO3 in the samples after 3 and 28 days represent, respectively, 22.14% and 23.57% for CW, 20.81% and 21.19% for CCH, 19.95% and 21.28% for LW and 19.58% and 20.64% for LCH.



The presence of compounds capable of modifying the velocity of hydration reactions can be noted by observing that after 3 days, samples without extractives (Sample CW and Sample CCH) showed superior results. However, with the progressive development of the reactions, all samples (Sample CCH, LW and LCH) reached similar values at 28 days but were still lower than those observed in Sample CW at 3 days.



It is supposed that the additional particles present in the mixture act as nucleation/surface adsorption poisoners and favour the chelating mechanism [58], which may also be associated with a reduction in the mobility of the compounds since it is not possible to differentiate the partial or non-hydrated material that could be trapped and present different hydration ages.



The late reaction of cement components due to the change in the reaction velocity by the mechanisms described previously may be one of the justifications for the difference in the overall mass loss over the 25-day interval after excluding free water, representing 1.89% for Sample LW and 1.97% for Sample LCH, compared to 1.19% for Sample CW and 0.64% for Sample CCH.



The interference of oat husk components in the hydration process becomes evident when, as shown in Figure 1, when looking at the effects of direct husk contact with the matrix after 28 days of hydration, a light-coloured halo of 4.22 mm thickness from the edge of the husk tablet can be seen. Additionally, the thermogravimetric examination presented in Figure 7 reveals differences between the two locations examined, totalling the combined difference of 10.09% in CaCO3, 83.26% in Portlandite concentration and 86.52% in bound water related to C-S-H formation. The leaching of extractives and degradation compounds from the husks into the matrix may have caused these variations, which point to changes in cement hydration.



A halo formation in the transition region, as observed by Diquélou et al. [11] when testing hemp shivs after 3 days of hydration, indicates non-hydrated cement. This is evidenced by the absence of C-S-H and Ca(OH)2 peaks observed by the authors in FTI-R analysis, aligning with the low quantity of hydration products observed in the TGA analysis in the present study.





3.5. Influence of Extractives on Mechanical Properties


When considering the macrostructure development, as observed in Figure 8, both Sample CW and Sample CCH exhibited overall specific densities of 93.1% at 3 days and 96% at 7 days, respectively, relative to the density observed at 28 days. When comparing Group A and Group B, the analysis revealed that Group B exhibited an average difference of 16% for Sample CW, 10% for Sample CCH, 0.4% for Sample LW and 0.1% for Sample LCH compared to Group A. Conversely, when observing individual groups, Group A demonstrated an average difference of 5.79% for Sample CCH, −8.5% for Sample LW and −7.9% for Sample LCH in contrast to Sample CW. Furthermore, comparing Sample CW, Group B demonstrated an average difference of −0.2% for Sample LW, −6.49% for Sample LCH and −6.79% for Sample LCH.



Upon analysis, only approximately 7% of the total volume was attained after the first 3-day hydration period. The samples containing extractives (LW and LCH) developed lower densities than the control groups (CW and CCH) and, unlike these, did not show significantly favourable effects on density gain when increasing water availability through water immersion.



Regarding flexural strength, as depicted in Figure 9, averages of 73.9% and 87.3% of the 28-day results were observed at 3 and 7 days, respectively. Compared to Group A, Group B exhibited average differences of 2% for Sample CW, 5% for Sample CCH, 8% for Sample LW and 20% for Sample LCH. Additionally, Group A displayed an average difference of 3.98% for Sample CCH, −2.55% for Sample LW and −20.17% for Sample LCH. In contrast to Sample CW, Group B exhibited an average difference of 8.24% for Sample CCH, −7.70% for Sample LW and −4.73% for Sample LCH.



The results indicated that approximately 26% of flexural strength developed within 25 days, and flexural strength development was favoured by immersing the samples in water, especially in samples containing extractives (LW and LCH).



Regarding compressive strength performance, as illustrated in Figure 10, 59.7% and 82.1% of the 28-day overall results were observed at 3 and 7 days, respectively. When comparing Group A to Group B, notable differences emerged; Group B exhibited an average difference of 9% for Sample CW, 11% for Sample CCH, 5% for Sample LW and 48% for Sample LCH. Additionally, Group A displayed an average difference of 1.4% with Sample CCH, −9.41% with Sample LW and −36.4% with Sample LCH. In contrast, compared to Sample CW, Group B exhibited an average difference of 3.24% for Sample CCH, −19.50% for Sample LW and −13.71% for Sample LCH.



It is possible to observe that the initial 3-day interval after cement hydration contributes to the compressive strength development more than the approximately 40% of strength developed in the subsequent 25-day interval. In general, samples containing extractives (LW and LCH) developed less compressive strength than control samples (CW and CCH). However, excluding LW, all benefited from immersion in water, in which samples containing or exposed to portlandite (CCH and LCH) showed a significant gain in strength compared to non-immersed samples (CW and LW). In general, an increase of approximately 3.71% in flexural strength and 5.71% in compressive strength per percentage increase in volume was observed within 25 days.



Considering that there is a moderate to strong positive correlation between the density and flexural strength (0.578 Pearson, 0.711 Spearman) and compressive strength (0.657 Pearson, 0.829 Spearman) of Sample CW, despite developing higher densities, samples containing extractives showed a reduction in mechanical performance in the range of 8% to 32% in compressive terms and 2% to 21% in flexural terms, which indicates failures in the development of hydration mechanisms and microstructure development or composition.



The increase in the mechanical performance of samples immersed in water is already known [63]. However, in addition to the thermal stability needed for the reactions to occur, this improvement may be related to the better hydration of the innermost regions of the samples due to the greater or longer supply of water to the development of reactions and ion mobility, promoting more significant densification and organisation of the microstructure.



The microstructure densification and leaching of Ca(OH)2 from samples [64] may be among the reasons for the lower densities observed in Sample CW at 3 and 7 days, hindering the penetration of water into deep regions by blocking pores, thereby affecting the density assessment conducted through the applied methodology.



A similar hypothesis can explain the slight variation in density but lower development of strength in samples containing extractives, in which the inhibitory components present in the extractives prevent or delay the hydration of central regions, while the densification of the sample occurs in the superficial regions due to the interaction of these agents with external humidity.



The strength increase observed in LCH when immersed in water may be another indication of inhibitory agent dissolution, contributing to an improvement in the mechanical behaviour of samples exposed to Ca(OH)2. This observation can also be associated with the idea that the addition of small amounts of Ca(OH)2 is favourable for reducing the reaction delay and increasing the availability of nucleation sites [37].



When considering the concentration of inhibitory agents and samples not cured in water, preventing the possible dissolution of inhibitory components, Sample LCH, unlike Sample CCH, which showed an improvement in mechanical performance, indicates lower results, pointing to the existence or greater concentration of inhibitory substances, possibly from the degradation of husks in an alkaline environment [10,15], in line with the results obtained in the analysis of hydration products at the interface between the matrix and the tablet made of oat husks.





4. Conclusions


This study provided a better understanding of the medium-term effects of interactions between cementitious matrices and oat husk constituents, with particular emphasis on extractives. These extractives were found to delay and limit the setting and strength development of the cementitious matrix, indicating a more pronounced limiting effect in the presence of products resulting from oat husk degradation. The study also allows for the extrapolation of several additional conclusions, namely:




	
The examined oat husks exhibited high lignocellulosic content, primarily holocellulosic cellulose content, greater than lignin;



	
Hot water proved to be more effective than cold water in removing extractives;



	
The duration of immersion is more relevant than the number of washing cycles for the effective removal of extractives;



	
Cold water extractives resulted in a setting delay of 2.44% per gram of cement, while hot water extractives caused a delay of 4.03% per gram of cement;



	
The presence of extractives significantly influences the duration to reaching the final setting of the matrix.








The insights derived from this research are crucial for guiding treatment strategies to improve the compatibility of oat husks and cementitious matrices, including methods to prevent degradation at early stages and extractive removal. Expanding on the limits of this work for a deeper understanding of the inhibition mechanism associated with the use of this material, complementary studies involving evaluating the composition of the extractives and investigating hydration at early stages using analytical techniques such as calorimetry, TGA, XRD and scanning electron microscopy are suggested.
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Figure 1. Cement matrix with an oat husk tablet in the centre, with a red projection of the tablet limits and numbers representing the regions from which samples were extracted. 
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Figure 2. Indicating (A) the control solution made from pure water, and the solutions after 1 washing cycle using cold water (B), 2 cycles (C), 3 cycles (D), 4 cycles (E) and 5 cycles (F). 
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Figure 3. FT-IR spectra of cement samples after 3 days of hydration. 
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Figure 4. Percentages of chemically bonded water present in each sample as a function of hydration time. 
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Figure 5. Percentage of Portlandite present in each sample as a function of hydration time. 
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Figure 6. Percentage of CaCO3 present in each sample as a function of hydration time. 






Figure 6. Percentage of CaCO3 present in each sample as a function of hydration time.



[image: Constrmater 04 00006 g006]







[image: Constrmater 04 00006 g007] 





Figure 7. Percentage of each hydrate found in samples extracted from each region after 28 days of hydration. 
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Figure 8. Specific gravity for each sample type as a function of hydration time with standard deviations indicated by error bars. 
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Figure 9. Average flexural strength for each sample type as a function of hydration time with standard deviations indicated by error bars. 
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Figure 10. Average compressive strength for each sample type as a function of hydration time with standard deviations indicated by error bars. 
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Table 1. Cement CEM I 42.5 R possible mineral phase composition.






Table 1. Cement CEM I 42.5 R possible mineral phase composition.





	Mineral Phase
	Cement Chemist Notation
	(%)
	Chemical Formula
	ICSD Code





	Alite
	C3S(monoclinic)
	58.0
	Ca3SiO5-Mg, Al
	94742



	Belite
	C2S(monoclinic)
	17.2
	Ca2SiO4
	81096



	Aluminate
	C3A(cubic)
	4.6
	Ca3Al2O6
	1841



	Aluminate
	C3A(orthorhombic)
	0.1
	Ca8.5NaAl6O18
	100220



	Ferrite
	C4AF
	9.2
	Ca2AlFeO5
	9197



	Gypsum
	CŠH2
	2.4
	CaSO4.2H2O
	151692



	Anhydrite
	CŠ
	2.3
	CaSO4
	24473



	Hemihydrate
	CŠH0.5
	0.5
	CaSO4.0.5H2O
	79528



	Portlandite
	CH
	2.8
	Ca(OH)2
	15471



	Calcite
	CČ
	2.9
	CaCO3
	80869










 





Table 2. Chemical composition of oats husks based on sample dry weight compared to data adapted from Neitzel et al. [54] and also adapted from Schmitz et al. [34].






Table 2. Chemical composition of oats husks based on sample dry weight compared to data adapted from Neitzel et al. [54] and also adapted from Schmitz et al. [34].





	
Components

	
(% of Dry Weight Mass)

	
C.I (95%)

	
Adapted from Neitzel et al. [54]

	
Adapted from Schmitz et al. [34]




	
(%)

	
(%)






	
Lignin (Acid Soluble)

	
20.28

	
±0.47

	
25.44

	
25.40




	
Holocellulose

	
70.90

	
±1.96

	
66.19

	
50.30




	
Cellulose

	
33.65

	
±2.07

	
29.80

	
17.20




	
Hemicellulose

	
37.25

	

	
36.39

	
33.10




	
Soxhlet extractives

(Water as solvent)

	
5.01

	
±0.26

	
16.98 b

	




	
Ash

	
1.99 c

	
±0.01

	
6.27 b

	
6.00 b




	
Others

	
1.81

	
±0.00

	
2.10 a

	
18.30 a








(a) Include extractives and other substances; (b) not Soxhlet and carried out in an analysis separate from the composition analysis; (c) analysis carried out separately using 950 °C as final temperature.













 





Table 3. Chemical elements identified on the surface of oat husks, according to data adapted from Bonifacio and Archbold [27].






Table 3. Chemical elements identified on the surface of oat husks, according to data adapted from Bonifacio and Archbold [27].





	Component
	C
	O
	Al
	Si
	K
	Ca





	Weight husk (%)
	35.21
	59.65
	0.59
	3.47
	0.97
	0.11



	Weight ash (%)
	0
	46.94
	0.64
	23.84
	15.17
	4.79










 





Table 4. Extractive removal summary by number of washing cycles and immersion time.






Table 4. Extractive removal summary by number of washing cycles and immersion time.














	Washing

Cycles
	Duration
	Extraction Method
	Extractives Removed (%)
	C.I (95%)
	Number of Samples
	S.D





	1
	2 h
	Hot Water
	8.702
	±0.349
	5
	0.281



	1
	6 h
	Hot Water
	16.266
	±0.353
	5
	0.285



	1
	12 h
	Cold Water
	13.385
	±0.179
	5
	0.144



	1
	24 h
	Cold Water
	15.441
	±0.107
	5
	0.086



	1
	6 h
	Ca(OH)2
	9.517
	±0.961
	4
	0.774



	1
	24 h
	Ca(OH)2
	27.345
	±0.519
	5
	0.326



	1
	1 h
	Cold Water
	1.362
	±0.537
	4
	0.338



	2
	1 h
	Cold Water
	0.275
	±0.080
	4
	0.050



	3
	1 h
	Cold Water
	0.162
	±0.076
	4
	0.048



	4
	1 h
	Cold Water
	0.150
	±0.113
	4
	0.071



	5
	1 h
	Cold Water
	0.083
	±0.313
	3
	0.126



	Σ_{i = 1}^{5} i
	
	Cold Water
	2.033
	
	
	










 





Table 5. Summary of the pH of solutions at the beginning and end of preparation.






Table 5. Summary of the pH of solutions at the beginning and end of preparation.





	Measurement
	Sample CW
	Sample CCH
	Sample LW
	Sample LCH





	Initial pH
	6.532
	12.855
	6.954
	12.855



	Final pH
	6.421
	12.741
	5.652
	10.245










 





Table 6. Vicat test start and end times using different mixing water.






Table 6. Vicat test start and end times using different mixing water.





	Formulation
	Initial Setting Time

(Hour:Minute:Second)
	C.I (95%)
	Final Setting Time

(Hour:Minute:Second)
	C.I (95%)





	Distilled water (Sample CW)
	02:19:02
	±00:14:21
	02:36:59
	±00:18:18



	Cold-water leached (Sample LW)
	02:39:21
	±00:19:03
	03:26:48
	±00:10:32



	Hot-water leached (Sample LBCW)
	02:50:55
	±00:16:53
	03:59:14
	±00:22:54



	Ca(OH)2 solution (Sample CCH)
	02:24:04
	±00:01:00
	03:19:04
	±00:08:04



	Ca(OH)2 leached (Sample LCH)
	03:02:03
	±00:05:26
	04:32:03
	±00:03:02
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