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Abstract

:

Cellulose microfibrils (CMFs) and micronized rubber powder (MRP) can be derived from low or negative-cost agricultural/industrial waste streams and offer environment-friendly and cost-effective pathways to develop engineering products. This study investigated the efficacy of adding these micromodifiers on the performance characteristics of asphalt binders. In this work, samples were produced using a mixture of slow-setting anionic asphalt emulsion with various combinations of MRP (at 0, 2 and 10 wt %) and four types of CMFs (hydrophobic and hydrophilic with crystalline ratios of 86% and 95%) at 0, 2 and 5 wt %. The performance of modified asphalt samples was assessed by penetration depth (PD), softening point (SP), and penetration index (PI). Linear regression analysis showed that adding CMFs and/or MRP reduced PD and increased SP values. The type of CMFs significantly affected the performance, which becomes more distinct with the increased weight content of CMFs. While hydrophilic CMFs caused increases in SP and PI values, no clear trend was seen to determine the effect of CMF crystallinity. It was also discovered that the combined addition of CMF and MRP achieved similar PI values at lower total weight content compared to using MRP alone.
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1. Introduction


Increased traffic load combined with substantial temperature variations have been responsible for the asphalt pavement deterioration [1]. To mitigate or prevent pavement deteriorations, the development of modified asphalt binders by adding fibers, crumb rubbers, polymers, etc., has been the research focus over the past few decades [2,3,4,5,6,7]. Polymers can increase the viscosity of asphalt binders at high temperatures and increase their ductility at low temperatures. Studies have shown that adding polymer modifiers (e.g., polyphosphoric acid [2] and styrene–butadiene–styrene copolymer [3]) improves the viscoelastic properties of the asphalt binder by enlarging the temperature range over which asphalt mixtures can resist rutting and thermal cracking [1]. Crumb rubbers have been claimed to improve the viscosity, rheological properties, rutting resistance and thermal cracking of asphalt binders [8]. The performance of rubber modified asphalt binder depends mainly on the rubber type and binder and mixing condition. Fibers have also been found to stiffen asphalt by forming a fiber network [4]. The introduction of fibers into asphalt reinforces the binder system, thus increasing viscosity. The resulting modified asphalt binder has greater stability and possibly higher resistance to fatigue cracking than unmodified asphalt binders [4]. More recently, nanotechnology has emerged as a potential solution due to the small size and high surface area of nanoscale modifiers. Modifying asphalt with nano clay has been shown to reduce penetration depth and increase softening point, thus making modified binder to be more resistant to thermal cracking and rutting [9]. In general, the selection of an ideal modifier requires both engineering and economic considerations [10]. While the effects of various additives have been extensively investigated, only a few have been found to be satisfactory from both the performance and the cost points of view. For example, in the case of polymer modifiers, the phase separation issue of polymer-based additives [1], as well as their high cost [11], have made the use of polymers as modifiers restrictive. In recent years, sustainable asphalt modification technologies involving recycled waste materials have drawn growing attention and demands [12]. A range of recycled plastics was used to modify asphalt binders [13,14,15]. Kumar and Garg [16] investigated the rheology of waste plastic-fiber bitumen. It was found that the key properties of asphalt, such as penetration depth, softening point and ductility, improved with the addition of the waste fibers. In another study by S. Köfteci et al. [11], the optimum ratio of the fibers made of PVC waste was found to be as low as 3% to enhance asphalt performance. The utilization of discarded tires of vehicles was another step taken in this direction. The disposal of waste tires is a serious global environmental concern. In the past decades, many attempts have been made to modify asphalt binders using crumb rubbers made from discarded tires [2,4,5], and adequate positive results proved its viability to improve asphalt performance. Crumb rubbers with relatively large and inconsistent particle sizes were commonly used to modify asphalt in previous research [17,18,19]. Yet, micronized rubber powder (MRP) made from discarded tires with new processing technology can be thoroughly cleaned and consistently sized to less than 100 µm. It has the advantage of easy dispersion into many systems and applications, which may be more effective to be used modifying asphalt. Cellulose microfibrils (CMFs) extracted from agricultural wastes also have the potential to be used to modify asphalt properties. CMFs can be obtained from soybean hulls, which are agricultural byproduct with negative values when the soybeans have been harvested and separated from the hulls. CMFs are bio-based, green materials with versatile intrinsic properties, e.g., high specific surface area, high crystallinity, and rich hydroxyl groups [20,21,22]. Innovative researches were conducted to explore their potential to be used as functional microfillers in textile finishing [23], medical textiles [24,25] and bio-nonwovens [26]. However, the application of CMFs to modify asphalt binder has not been investigated. V.S. Punith et al. [4] have compared the performance of asphalt binders modified by macroscale cellulose fibers and micronized rubber and claimed the advantage of using rubbers over fibers. With the emergence of CMFs, its effect of modifying asphalt is worth studying. Since the influence of adding CMFs alone or the combination of CMFs and MRP on asphalt binder performance has rarely been researched. The objective of this work was to address the lack of research in this area by examining asphalt performance characteristics, such as softening point (SP), penetration depth (PD), and penetration index (PI). The novelty of this research lies in the investigation of possible combined effect of using CMF and MRP compared with the effect of adding either CMF or MRP alone. Meanwhile, since most of the previous research on modified asphalt were conducted using synthetic and macroscale fibers, the utilization of microfibrils derived from agricultural waste to improve the asphalt properties is a potential alternative as well as a novel approach to realize more sustainable development.




2. Materials and Methods


2.1. Materials


This work used four grades of CMFs and one type of MRP to modify a slow-setting anionic asphalt emulsion of 40/50 penetration grade (sourced from Dalton Enterprise Inc., Cheshire, CT, USA) to study the impact of micromodifiers on the performance of asphalt. The flashpoint of this grade of asphalt emulsion is above 177 °C, and the specific gravity at 16 °C is between 0.98–1.02 g/cc. The four grades of CMF (supplied by TensTech, Inc., Matthews, NC, USA) included hydrophilic (HPL) and hydrophobic (HPB) grades with crystalline ratios of 86% (LC) and 95% (HC). The MRP (MicroDyneTM 75-TR acquired from Lehigh Technologies, Inc., Atlanta, GA, USA) is a 200-mesh grade with an average particle size of ~75 µm. CMFs and MRP, shown in Figure 1a,b, is in powder form and easily dispersed in various systems. Additionally, both CMF (derived from soybean hull) and MRP (made from discarded tires) are inexpensive and sustainable materials.



A total number of 27 control and modified asphalt samples were made according to the design of experiments shown in Table 1.




2.2. Asphalt Modification


The most challenging part of preparing asphalt samples from asphalt emulsion is to effectively remove all water from the emulsion. In a previous work [27], asphalt emulsions were cast on pans and dried for three days, followed by forced air heating in an oven. However, in addition to being time-consuming, this method also does not guarantee the complete elimination of water in thick samples and maintaining uniform dispersion of modifiers during the drying period. Consequently, in this work, a new method was developed to efficiently produce control and modified samples with consistent quality. The method involved heating asphalt emulsion (mixed with additives in case of modified asphalt) in eliminating all water content and in melting the asphalt, followed by casting the melt in sample molds. To achieve and maintain uniform dispersion of additives in the emulsion, vigorous agitation (with a Thermo ScientificTM (Waltham, MA, USA) CimarecTMdigital stirring hotplate) was applied during the addition of modifiers to the emulsion and continued through the rest of the heating process. The heating process started with water evaporation in asphalt emulsion, followed by the eventual melting of the asphalt. With the increase in temperature, the mixtures with high concentration MRP (>5 wt %) tended to become highly viscose, posing a challenge to thoroughly blending asphalt and modifiers. As a result, it took longer durations to prepare these samples. The temperature and weight of the sample were recorded every 15 min to determine the complete evaporation of water. The sample preparation was considered complete when weight remains equal for three consecutive readings indicating complete evaporation of water. The temperature recorded at this point was generally ~300 °C, which ensured that the asphalt was in melt form and ready to be cast in sample molds for penetration depth and softening point tests (Figure 2).




2.3. Characterization of Modified Asphalt


Physical properties of the modified asphalt (and control) samples were characterized using standard test methods. Penetration depth tests were conducted at 25 °C following ASTM D5-05 standard [28] using a Humboldt Mfg. Co. (Norridge, IL, USA) H-1250 Penetrometer. Per the ASTM standard, three readings were obtained from different locations of each specimen. Softening point tests were completed following the ASTM D36-06 standard [29] with a Humboldt Mfg. Co. H-1569 Ring and Ball Apparatus. For the softening point test, two readings were obtained for each specimen since the double-ring frame was used. Additionally, the penetration index (PI) was calculated according to Equation (1) [27] to determine the temperature susceptibility of the modified asphalt samples:


PI = [1952 − 500 ∗ (Pen25 − 20 * SP)]/[50 ∗ log (Pen25 − SP) − 120]



(1)




where Pen25 is penetration depth at 25 °C and SP is softening point.





3. Results and Discussion


3.1. Penetration Depth and Softening Point


Regression models for penetration depth (Equation (2)) and softening point (Equation (3)) were developed using 81 (27 × 3) penetration depth and 54 (27 × 2) softening point readings obtained in Section 2.3, respectively. The regression models for penetration depth (PD) and softening point (SP) with R-squared values of 0.80 and 0.96, respectively, showed that all variables, including CMF type, CMF weight content (F) and MRP content (R), significantly affected penetration depth and softening point:


PD = − 0.965 ∗ HPL_LC ∗ F − 0.919 ∗ HPL_HC ∗ F − 0.479 ∗ HPB_LC ∗ F − 1.218 ∗ HPB_HC ∗ F − 0.862 ∗ R + 46.766



(2)






SP = 1.053 ∗ HPL_LC ∗ F + 0.915 ∗ HPL_HC ∗ F + 0.498 ∗ HPB_LC ∗ F + 0.680 ∗ HPB_HC ∗ F + 1.135 ∗ R + 39.217



(3)







The effect of variables, including MRP content and CMF type at different CMF weight contents (0%, 2% and 5%) on PD, is shown in Figure 3 and Figure 4, respectively. The effect of these variables on the SP is shown in Figure 5 and Figure 6.



The penetration depth (PD) at 25 °C and softening point (SP) of unmodified asphalt were found to be 47.7 (units 0.1 mm) and 39.3 °C, respectively. The addition of MRP and/or CMF to asphalt significantly modified its penetration depth and softening point characteristics. With the increase in MPR and/or CMF content, penetration depth decreased, whereas the softening point increased proportionately. These phenomena can be explained by the interaction mechanism of asphalt with MPR and CMF. When the MRPs are immersed in hot asphalt, the lighter molecular weight component of asphalt is absorbed into the rubber particle, making them swell up to 5 times their original volume [30]. The absorption of the lighter components not only results in reduced interparticle space (due to swelling) but also stiffens in the binder present in the interparticle space [31]. The addition of CMF resulted in the further stiffening of the higher molecular component (asphaltene) present in the interparticle space. Additionally, PD and SP were also significantly affected by the type of CMF, with the effect becoming more distinct in modified asphalt with higher CMF content. However, despite the regression analysis showing a significant effect of CMF type on penetration depth, a clear trend explaining the effect of hydrophilicity and crystallinity could not be established. In contrast, regression analysis of the softening point results clearly showed that the addition of hydrophilic CMF, compared to hydrophobic CMF, resulted in a higher softening point. This can be attributed to the higher affinity between the hydrophilic CMF and the polar asphaltene component. However, the effect of CMF crystallinity did not show a clear trend. The lack of clarity on the specific effect of hydrophilicity and crystallinity is attributed to the variation in results caused by specimen uniformity and measurement errors. However, the distinctive nature of the result pertaining to CMF type provides strong evidence indicating the significance of CMF type on the PD and SP characteristics of modified asphalt.



Comparison of asphalt samples with only MRP or CMF showed that the addition of some types of CMF resulted in lower penetration depth compared to that resulting from the addition of MRP. This may be attributed to the three-dimensional spatial networking effect of CMFs [32]. As shown in Figure 7, rod-like CMFs with higher length-to-width ratios have better spatial network formation capability than spherical or irregular-shaped MRPs. This effect can be more significant as the additive contents in the asphalt mixture were below 10% in this work. The stereomicroscopic images in Figure 7 show that CMFs are smaller and have larger specific surface area compared with MRPs. In contrast, modified samples with only MRP resulted in a higher softening point than that of samples modified with only CMF. Although MRPs have smaller specific surface areas, they are still effective in stabilizing asphalt and provide good interfacial adhesion, which may be due to the solubility law [32] since the chemical affinity between MRPs and asphalt is much higher. Stronger interactions between additives and asphalt would result in better high-temperature stability and, therefore, the higher softening point of the mixtures.




3.2. Penetration Index


The effect of CMF type, CMF content and MRP content on the penetration index (PI) was investigated using the regression model shown in Equation (4). The regression model had an R-squared value of 0.95 with variables CMF type, CMF content and MRP content significantly affecting penetration index (at 95% confidence level).


PI = 0.243 ∗ HPL_LC ∗ F + 0.212 ∗ HPL_HC ∗ F + 0.137 ∗ HPB_LC ∗ F + 0.174 ∗ HPB_HC ∗ F + 0.218 ∗ R − 3.665



(4)







PI is an important metric that is used to assess the temperature susceptibility of asphalt binders with lower PI values indicating higher temperature susceptibility. As an example, the PI values in the range from −2 to +2 are considered suitable for use in pavement application. Asphalt binders with PI values below −2 are highly susceptible to temperature and are prone to becoming brittle at low temperatures, which results in a higher tendency to thermal cracking and rutting [33].



The effect of variables, including MRP content and CMF type at different CMF weight contents (0%, 2% and 5%) on PI is shown in Figure 8 and Figure 9, respectively. Unmodified asphalt binder had a PI value less than −3.7 and is, therefore, prone to becoming brittle at low temperatures. Modifying asphalt with the addition of MRP and/or CMF significantly improved its temperature susceptibility, with PI linearly increasing as the additive content increased. The PI value was also significantly affected by the type of CMF. However, the PI value differences were not significant at 2% but more distinct at 5% CMF weight content.



Additionally, regression analysis showed that hydrophilic CMFs resulted in higher PI values. However, a clear trend describing the effect of the degree of crystallinity could not be established. It was also found that combined addition of CMF and MRP achieved similar PI values at lower total additive weight content compare to the addition of MRP alone. For example, asphalt binder modified with MRP alone required 8% or higher additive weight content to achieve PI in the −2 to +2 PI range. In comparison, asphalt modified by combined addition of CMF and MRF required 6% (2% CMF and 4% MRP) or more total additive weight content to achieve the same range of PI value. Moreover, the addition of high content of rubbers in the asphalt binder resulted in a substantial increase in the viscosity of their modified asphalt due to the swelling of rubber, which would negatively affect the processability performance for the asphalt. In contrast, the addition of CMF did not have any significant effect on the viscosity of the modified asphalt.





4. Conclusions


The efficacy of modifying asphalt performance characteristics by additives, including four types of cellulose microfibrils (CMFs) and micronized rubber powder (MRP), was investigated. Linear regression analysis showed that the addition of CMFs and/or MRP reduced the penetration depth and increased softening point values; however, the higher weight content of the MRP resulted in a higher viscosity of the mixture, which could present processing challenges. The type of CMF was found to significantly affect the performance characteristics of the modified asphalt, which become more distinct with the increased content of CMFs. While hydrophilic CMFs in general increased the softening point and penetration index, no clear trend was seen to determine the effect of CMF crystallinity. The penetration index of unmodified asphalt was found to be −3.7. It was possible to achieve a penetration index in the range of −2 to 2 (suitable for asphalt applications) by the addition of MRP and/or CMFs. It was also found that combined addition of CMFs and MRP achieved similar PI values at lower total additive weight content compare to the addition of MRP alone. Our work sheds light on opportunities of designing enhanced asphalt performance using inexpensive additives while addressing environmental issues. To further validate the efficacy of CMF and MRP modifications on asphalt binder performance, more future research work is recommended. SEM imaging analysis and chemistry analysis via FTIR need to be done to evaluate the fiber–asphalt and rubber–asphalt interfaces and better understand the bonding mechanism. Contact angle measurements and systematic thermal analysis are required to examine the key performances of asphalt to be properly used in civil applications and verify our PI value findings in this work.
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Figure 1. Images of (a) CMF and (b) MRP. 
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Figure 2. Asphalt in melt form being cast in sample molds for penetration depth and softening point tests. 
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Figure 3. Effect of micronized rubber powder (MRP) content and cellulose microfibrils (CMF) type on penetration depth at 0% and 2% CMF content. 
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Figure 4. Effect of MRP content and CMF type on penetration depth at 0% and 5% CMF content. 
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Figure 5. Effect of MRP content and CMF type on softening point at 0% and 2% CMF content. 
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Figure 6. Effect of MRP content and CMF type on softening point at 0% and 5% CMF content. 
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Figure 7. Stereomicroscopic images of (a) CMFs and (b) MRPs at different magnifications. 
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Figure 8. Effect of MRP content and CMF type on penetration index at 2% CMF content. 
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Figure 9. Effect of MRP content and CMF type on penetration index at 5% CMF content. 
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Table 1. Material variables for asphalt samples.
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	Material Variables
	Values





	MRP wt %, R
	0, 2, 10



	CMF wt %, F
	0, 2, 5



	CMF type
	HPL_LC, HPL_HC, HPB_LC, HPB_HC



	Number of samples
	3 × (1 + 4 + 4) = 27
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