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Abstract

:

The effect of sargassum particle size on the final properties of sargassum-modified asphalt is investigated in this article. Seaweed sargassum particles were first obtained and characterized through elemental analysis, thermogravimetric analysis (TGA), X-ray diffraction, and FTIR spectroscopy. Additionally, pure and sargassum-modified asphalt blends were evaluated through physical and rheological tests such as penetration, softening point, thermal stability, dynamic viscosity, failure temperature, and epifluorescence microscopy. Modified asphalt blends were prepared by the hot mixing technique using different proportions of sargassum particles of two maximum sizes: 500 μm and 850 μm. Incorporating 3.0 wt.% of sargassum particles under 500 μm into the asphalt increased the viscosity of the original binder by a factor of 2.5 and its complex modulus by a factor of 1.9. At the same time, its failure temperature was 11 °C higher than the reference asphalt, which implies an improved viscoelastic behavior and rutting resistance at high temperatures. The study results suggest that the particles under 500 μm were responsible for the most significant effect on the final properties of the asphalt. Moreover, the storage stability test revealed that the modified asphalt blends are stable when the sargassum particle content was kept below 3.0 wt.%. The statistical analysis of the effect of sargassum particle size and concentration on the modified asphalt properties revealed that the rheological behavior is more affected by the modifier particle size; in contrast, the conventional physical properties were more determined by its concentration. Therefore, using low proportions of fine sargassum particles is efficient for improving the physical and rheological properties of the original asphalt, which is not only positive from the asphalt modification technology point of view but also from a sustainable perspective, since seaweed sargassum has become a useless plague in many coastal regions.
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1. Introduction


The most important application of asphalt is road pavement construction, owing to its chemical composition as well as to its physical properties and viscoelastic nature [1]. However, the mechanical behavior of viscoelastic materials is strongly affected by temperature as well as by the size and time of load application [2]. For instance, at high temperatures, asphalt becomes soft and eventually acquires the properties of a fluid, while at low temperatures, it becomes rigid and brittle. Therefore, several kinds of modifiers have been studied in order to improve the asphalt behavior in terms of enhancing its durability and broadening the range of its service temperature [3]. However, special attention should be taken in order to select the appropriate amount and type of modifier since an extreme amount of them would produce fragile and rutting-prone asphalts, while insufficient modifier would lead to unstable and soft binders with increased empty volume, which favor the deformation of asphaltic roads [4].



Although polymeric materials have been one of the most important asphalt modifiers, they have also shown some disadvantages, such as their disproportionate effect on the asphalt viscosity, high cost, and incompatibility with the asphalt matrix [5]. Consequently, other varieties of materials have been explored in order to replace polymers, at least to some extent, as asphalt modifiers. Special attention has been paid on investigating potential modifiers that come from byproducts or waste materials. For example, chicken feather particles [6], clays [5,7], palm fibers [8], glass and cellulose fibers [1], polyester and wool fibers [9], oyster shell powder [10], corn cob waste-lignin [11], organic imidazolines [12], and rubber crumbs from tires [13], have been successfully used as modifier materials.



Some of these natural waste materials, known as asphalt biomodifiers, have resulted attractive because they contain several hydrophobic and hydrophilic functional groups that contribute to modify the properties of asphalt binders, for example, producing a hardening effect which improves their adhesive and bonding behavior when mixed with mineral aggregates to build paved roads [14,15].



In this context, sargassum, which is considered a plague of no commercial significance, was studied by our group as an asphalt modifier.



Since 2011, West African shores and the Caribbean coasts have experimented large influxes of sargassum, which initially started as an episodic event, but it rapidly became increasingly frequent and massive [16]. For instance, in the Caribbean and Equatorial Atlantic, sargassum arrivals have been reported at a rate of 5 million tons in 2011, 15 million tons in 2017, and 20 million tons in 2018 [17]. The accumulation of sargassum in coastal regions is so massive that, for example, during the peak sargassum beaching times along the Mexican shores in 2015, a volume of 9 726 m3, equivalent to 817 tons of sargassum, accumulated monthly per kilometer of coastline [18].



Sargassum accumulation in coastal regions has adverse effects on the environment, affecting the tourism and fishing industries and human health as well. For example, an excessive sargassum density affects the water quality since the algae decompose in potentially toxic compounds such as ammonium and hydrogen sulfide. At the same time, it reduces light penetration, depletes oxygen in water, modifies its pH, and increases its turbidity and temperature [17]. Additionally, due to its strong adsorption properties, heavy metals content has been reported on sargassum [19,20], and thus, this plague has also been described as a “health issue” [16].



Recently, our group was the first to show that seaweed sargassum powder can be used for asphalt modification. However, the effect of its particle size has not been assessed [21]. Other researchers have found that the modifier particle size has a significant effect on the asphalt properties, such as waste carbon particles from printers [22], crumb rubber [23], and phosphorus slag [24]. Therefore, in this study, modified asphalt blends were produced by the hot mixing technique, using sargassum particles under 500 μm (35-mesh sieve) and under 850 μm (20-mesh sieve), in order to evaluate the effect of particle size in the viscoelastic properties and high-temperature storage stability of the modified asphalt.




2. Materials and Methods


2.1. Materials


The asphalt used in this study was provided by Ergon Asfaltos México. The seaweed sargassum was collected in summer season at Miramar beach, in Madero City, Tamaulipas, México. The sargassum was washed with distilled water to remove the excess impurities, and then it was dried at 60 °C for 24 h. Afterward, it was grounded and sieved using the ASTM 35-mesh and 20-mesh sieves to obtain two maximum particle sizes: 500 μm and 850 μm, respectively. The seaweed sargassum and the particles (SGP) obtained from it are shown in Figure 1.



The chemical composition and physical properties of the pure asphalt used in this study are shown in Table 1. This virgin asphalt is composed by 86.65 wt.% of maltenes and 13.35 wt.% of asphaltenes. According to its physical properties, as well as the quality certificate provided by the supplier, the classification of this asphalt is AC20, PG64-22.



The asphalt binder is a fundamental component of the asphaltic blends used for the construction of road pavements, and thus, it significantly affects the quality and performance of the pavement during its service life [25].




2.2. Preparation and Characterization of Asphalt Blends


Asphalt blends were prepared at different sargassum (SGP) concentrations, 0.0, 1.0, 1.5, 2.0, 2.5, and 3.0 wt.%, at a temperature of 180 °C and a 1500 rpm mixing rate using an IKA RW16 low shear stirrer for 90 min. The heating device used for keeping constant temperature was homemade, designed for this purpose. It consists of a cast stainless steel block of 16 × 16 × 14 cm, with a cylindrical well in its center of 8.5 cm-diameter and 6 cm-height. It is equipped with two Hotwatt power resistors of 200 W and 115 V linked to a Yokogawa temperature controller, YT14E model, and a thermocouple type K. The two maximum sizes of SGP were considered for preparing the modified asphalt blends: 20-mesh sieve (850 μm) and 35-mesh sieve (500 μm). At the end of the mixing process, the asphalt blends were filtered using the 20-mesh sieve. The asphalt samples were named according to the codes included in Table 2.




2.3. Evaluation Methods


2.3.1. Elemental Analysis


In order to determine the elemental profile of the sargassum collected and used in this study, the elemental analysis of sargassum particles (SGP) was determined by energy-dispersive X-ray fluorescence (EDXRF) on a Xenemetrix EX3600 spectrometer, which consists of an X-ray tube with a selection of 1-No, 2-Ti, and 3-Fe anodes, as the X-rays source, with a 50 V, 1 mA power supply (regulated according to the selected source), and a Si(Li) detector with a resolution of 143 eV to 5.9 keV, in an air atmosphere. An X-ray sample turret in the equipment allows us to analyze 10 samples at a time, and the quantitative analysis was carried out by the in-built software nEXT [26]. The SARA (saturates, aromatics, resins, asphaltenes) chemical composition of the pure asphalt was determined employing an MK-6 Iatroscan equipment [27].




2.3.2. FTIR Spectroscopy


Infrared spectroscopy was carried out in a Spectrum One equipment using an ATR accessory with a Se–Zn plate with a resolution of 12 scans in the wavenumber range between 4000 and 400 cm−1. This technique was useful for determining if the modification process led to physical or chemical changes, by comparing the functional groups observed in the FTIR spectrum of a modified asphalt sample, with those of the original binder and the SGP before mixing.




2.3.3. Thermogravimetric Analysis


Thermogravimetric analysis (TGA) measurements were performed to evaluate the thermal stability of SGP, employing a TA Instruments, SDT Q600 model equipment, using a heating rate of 10 °C/min in a temperature range from room temperature to 700 °C.




2.3.4. X-ray Diffraction


The X-ray diffraction (XRD) pattern of SGP was obtained by monitoring the intensity of the d001 peak in an X-ray diffractometer with a Cu radiation source of 1.54 Å. This spectrum provides information about the physical characterization of the sargassum used in this study and allows us to compare it with sargassum obtained from different regions. The angular range was fixed at 10–110°, which was explored at a scanning rate of 0.05°/s, with an angular resolution of 0.05°.




2.3.5. Conventional Physical Tests


The conventional physical tests of the original and modified asphalt blends were performed under standardized methods. The penetration test was carried out to evaluate the consistency of the asphalt, using a Khoehler digital penetrometer according to the ASTM D5-86/64 method. For this test, the asphalt samples were poured into standard containers kept at 25 °C in a thermal bath.



The softening point of the asphalt blends was determined according to the ASTM D36/D36M-14 method, using a ring-and-ball system immersed in USP glycerin [28]. The softening point is useful for detecting the required temperature to induce a phase change in the modified asphalt mixtures.



The dynamic viscosity was measured in a Brookfield DV-II +Pro viscosimeter according to the ASTM ASTM D-4402/D4402M-15 method, using an SC4-27 rotor at 20 rpm and 160 °C; the viscosity measurements were carried out in triplicate for each sample, at a torque level of 50% (torque should be kept between 10 and 98% so that the measurement is considered valid), and the reported values correspond to the average viscosity of the samples.



The thermal stability was evaluated according to the ASTM D5892-00/M-MMP-4-05-022/02 method in order to assess if the modifiers and the asphalt form a long-lasting homogenous blend.




2.3.6. Rheology


The rheological properties of the pure and modified asphalt samples were evaluated according to the AASHTO T315-12 method using an Anton Paar MCR 301 rheometer, with the purpose of measuring the effect of the modification process on the viscoelastic nature of the asphalt, as well as to determine its high-temperature behavior. The tests were performed under sinusoidal shear stress using a parallel plate geometry of 25 mm diameter at a constant frequency of 1.585 Hz (ω = 10 rad/s) in a temperature range from 52 to 94 °C and deformation of 10%, as recommended by SHRP [29]. The shear stress was fixed to lay into the material linear viscoelastic region. All measurements were performed in duplicate.




2.3.7. Epifluorescence Microscopy


Epifluorescence microscopy was used to investigate the modifier dispersion in the asphalt mixtures using an Axiotech Carl Zeiss microscope. A drop of each modified asphalt sample was placed between two glass slides for visualizing it in the microscope, fixing the magnification lens at three levels: 5×, 10×, and 20×.



Finally, multifactor analyses of variance (ANOVA) were carried out in order to find out which of the physical and rheological properties of the SGP-modified asphalts were significantly affected by the SGP size and content. Therefore, general linear models were obtained in Minitab v.18.1 for the complex modulus gain, failure temperature, viscosity, softening point, phase separation, penetration index, and penetration, taking SGP wt.% and particle size as the independent factors of the models at a significance level of α = 0.05; if the p-values calculated for each factor are less than the significance level (p<α = 0.05), then the factor is considered responsible for the variation of the mean measured properties.






3. Results and Discussion


3.1. Chemical Composition of Sargassum Particles


3.1.1. Elemental Analysis


Table 3 shows the variation in concentration of elements such as Ne, Al, Si, P, and S, in the sargassum particles (SGP). This study is an elemental analysis that uses gamma radiation to determine the content of essential and non-essential elements in the sample; however, the selected anode limits the elements’ detection. This study was designed to investigate the elemental profile of seaweed sargassum using the EDXRF technique [26,30]. Shekhar et al. [30] and Rodríguez-Martínez et al. [31] also used this technique to determine the elemental composition of sargassum. In our study, the most abundant elements were S, K, Al, P, Si, and Cl, which is consistent with the results reported by Shekhar et al. [30] who found that Cl, K, S, Ca, P, and Al were the most abundant elements in their sample (plus Na and Mg, which were not determined in our study), as well as those of Rodríguez-Martínez et al. [31], who reported Ca, Cl, K, S, Si, and P as the most abundant elements in sargassum collected along the Mexican Caribbean coasts (in addition to Mg and Sr, which were not determined in our study).




3.1.2. Infrared Spectroscopy


Figure 2 shows the FTIR spectra of sargassum particles (SGP), pure asphalt (M0.0%), and modified asphalt blends with sargassum particles of 500 μm (M1.0%T20) and 850 μm (M1.0%T35). The SGP spectrum shows a strong absorption band centered at 3250 cm−1, attributed to the N–H and O–H bending modes; this observation is consistent with the presence of polysaccharides and amino acids in the alginate, which is the most abundant constituent of brown seaweed (representing about 40 wt.% of its dry weight) and consists of cellulose arrays that form its cellular walls [32]. The band located at 2890 cm−1 in the spectra of pure and modified asphalts is attributed to the vibration of aliphatic bonds such as -CH2- and -CH3-. The bands located at 1651 and 1620 cm−1 are related to the bending modes of the C=O and O–H bonds characteristic of the ester groups. At 1560 cm−1, a medium band attributed to the C=C stretching of the SGP lignin groups is observed. The absorption band centered at 1250 cm−1 reveals the presence of S=O groups, which are related to sulfated polysaccharides known as fucans. The strong absorption bands located at 1100 cm−1 in the fingerprint region correspond to C–F stretching modes associated with the cellulose molecule. Finally, the band observed at 670 cm−1 corresponds to the tension vibrations of C–S and C=S of sulfated compounds [33]. According to the results of this analysis, no organic arsenates were found in SGP, which, if present, would have exhibited strong absorption bands in the region between 820 and 470 cm−1; this is a consequence of the fact that seaweed absorbs water nutrients from the place where it is found, and it implies that this sargassum has no toxic compounds on it [31].



In the modified asphalts, the contact between the asphalt matrix and SGP takes place on the modifier surface as a result of a physical adsorption phenomenon. The FTIR results confirm that no new functional groups show up other than those already present in either the asphalt or the SGP individual spectra; therefore, no chemical changes take place during the modification process. However, the union between the SGP and the asphalt constituents occurs as a result of physical interactions, such as the van der Waals or electrostatic forces, between the polysaccharides and amino acids of sargassum and between the hydroxy and amino groups of some of the aromatic molecules of the adsorbed asphalt phase [10,34].




3.1.3. Thermogravimetry (TGA)


According to Figure 3, sargassum particles show a weight loss step between 250 °C and 800 °C, with a residue of 29 wt.%. The initial step down, between 50 °C and 150 °C, is attributed to the moisture loss of the sample. Then, owing to the low decomposition temperature of hemicellulose, lignin, and pectin, a degradation temperature close to 262 °C is observed, which ends up with a significant drop around 324 °C, showing a residual mass corresponding to carbonous compounds [34,35,36]. This is consistent with the observations of Sharifi and Pirsa [37] who found that the complete degradation of pectin occurs in the temperature range of 180 to 450 °C.




3.1.4. X-ray Diffraction (XRD)


Figure 4 shows the crystalline model of SGP in the range between 10° and 110°, where the structure of both amorphous and crystalline fractions may be observed. The X-ray pattern of Figure 5 reveals a crystalline network attributed to the cellulose in SGP, exhibiting its typical diffraction peaks at 2θ = 16.0° and 22.6° [34,38,39]. The sharp peaked displayed at 2θ = 30° is consistent with crystalline sulphated polysaccharides found in brown seaweed sargassum [40].





3.2. Effect of SGP on the Complex Modulus of Modified Asphalt


Asphaltic materials exhibit a viscoelastic behavior, which is related to its molecular structure, as well as to the specific formulation of the asphalt mixture; therefore, a precise evaluation of the relationship between the structure and the viscoelastic behavior of a material demands the performance of rheological measurements on it.



In order to assess the effect of the sargassum particles on the rheological properties of the asphalt matrix, especially towards the high service temperature range, the gain percentage was calculated as a function of the complex modulus, as defined by Equation (1):


  G a i n  ( % )  =    |   G  b i t u m e n − f i b e r  *   |  −  |   G  b i t u m e n  *   |     |   G  b i t u m e n  *   |    × 100  



(1)




where    |   G  b i t u m e n − f i b e r  *   |    is the complex modulus of the sargassum-modified asphalt blend, while    |   G  b i t u m e n  *   |    is the complex modulus of the pure asphalt; the pure asphalt sample was subjected to a mixing period of 2 h at 180 °C in order to evaluate the sole influence of the modifier on the asphalt, without considering the possible aging effect involved by the mixing process.



Finally, the high-temperature resistance was evaluated by determining the    |   G *   |  / sin δ   parameter, which should not exceed 1.0 kPa, as this value is related to vehicle traffic of 80 km·h−1 [8,29]. The purpose of this analysis is to reveal the failure temperature of the asphalt blends, which indicates how the varying SGP concentration influences the permanent deformation resistance of the asphalt.



Figure 5 shows the complex modulus gain (calculated through Equation (1)) of the modified asphalt samples as a function of the SGP size. According to Figure 5, when a low content of SGP is added to the asphalt (e.g., 1.0 wt.%), the complex modulus gain is low, ranging from 4% to 9%, and the influence of the particle size of the modifier is not significant; however, when a medium content of SGP is considered (e.g., 1.5 wt.% or 2.0 wt.%) the complex modulus gain, as well as the effect of particle size on it, becomes significant, as evidenced by the 35-mesh sieve SGP (500 μm) results, which reaches an average gain of 38%. Additionally, as shown in Figure 5, the highest complex modulus gain corresponds to the asphalt mixture containing 3.0 wt.% of 500 μm SGP, which presented a gain of up to 90%. These results are consistent with other asphalt modification studies that have also found similar behavior in the complex modulus gain as a function of the modifier content. For example, adding 2 wt.% of palm fibers produces a modification gain of 10%, while using 6 wt.% of fibers increases the gain up to 43% [8]. However, other studies that have also used natural fibers as asphalt modifiers have found that keeping the modifier content below an optimum concentration is necessary to avoid producing brittle asphalt mixtures [1]. Finally, according to the results shown in Figure 5, the best gain values are obtained by the samples prepared with medium and high 500 μm SGP concentrations, which suggests that the smaller particle size is better for achieving the good dispersion of the SGP in the asphalt.



The deformation parameter of the asphalt increases as the content of SGP grows, until the failure temperature is reached when    |   G *   |  / sin δ   = 1 kPa; the higher the failure temperature, the better the permanent deformation resistance achieved by the SGP-modified asphalt blend [8,29]. Figure 6 reveals that sargassum particles can significantly improve the deformation resistance compared to that of pure asphalt, especially the 500 μm SGP, since the failure temperature of the samples modified with that size of SGP at 1.0, 1.5, and 3.0 wt.% are higher than that of the unmodified asphalt [21].




3.3. Effect of the SGP Concentration and Size on the Asphalt Viscosity


According to the results shown in Table 3, all SGP-modified asphalts present higher viscosities compared to those of the pure and aged asphalts, which is important to enhance the asphalt’s permanent deformation resistance. The increment in viscosity was even more pronounced in the samples containing 500 μm SGP. The improved viscosity results from the physicochemical constitution of the modifier, its texture, and surface area, resulting in a fiber network where the fibers interact throughout the asphalt matrix. As observed in Table 4, from a concentration of 1.5 wt.%, the viscosity increases by a factor of 350%; therefore, the SGP is able to form a localized network structure that acts as a support, reinforcing the binder’s matrix and improving its deformation resistance. However, the change in viscosity in the samples containing less than 1.5 wt.% SGP is limited since the modifier particles are not in enough concentration to form a continuous network, but they are instead dispersed in the asphalt with minimum opportunities to interact with each other. On the other hand, special attention should be taken if a concentration greater than 1.5 wt.% of SGP is used because a supersaturation of SGP may lead to form agglomerates which are associated with poor properties on the asphalt blend. Therefore, the concentration of 1.5 wt.% of SGP is considered as the optimum content in this study. This observation is confirmed by Chen and Lin [9] who found that high fiber concentrations induce fiber–fiber interactions that result in brittle asphalt mixtures.



The results in Table 4 are also helpful for pointing out that the viscosity is related to the content and size of SGP in the asphalt, and, consequently, SGP improves the deformation resistance of the asphalt mixture since a high viscosity is an indicator of greater flow resistance. It is important to note that the effect of hardening is significant at high temperatures, which is advantageous for the bitumen as the risk of permanent deformation is increased at higher temperatures and heavily loaded roads.




3.4. Softening Point of SGP-Asphalt Mixtures


Figure 7 shows the softening point of asphalt mixtures as a function of their SGP content. An increase in the softening point is observed as the SGP concentration grows in the mixture, especially with the 500-μm particles. The maximum softening point (69 °C) corresponds to the sample containing 1.5 wt.% of 500 μm SGP, 15% greater than the softening point of pure asphalt (60 °C). Therefore, the SGP is responsible for improving the tenacity of the asphalt. As observed in Figure 7, using SGP concentrations above 1.5 wt.% are not useful for increasing the softening point of the modified asphalt since it levels off at around 65 to 67 °C.




3.5. Storage Stability Test


The thermal storage stability test is used to determine if the additives are well dispersed into the modified asphalt matrix, and thus, it is considered a reasonable criterion for assessing the quality of modified asphalt blends. Figure 8 shows the results of this test.



The results presented in Figure 8 reveal good compatibility between the asphalt and SGP, mainly when the concentrations are kept below 2.5 wt.%; the maximum temperature difference is 2.7 °C, which is an acceptable value for concluding that no significant phase separation is taking place in the modified asphalt samples, but instead, the SGP is homogeneously dispersed in the asphalt matrix. As demonstrated in Figure 8, the only outlier corresponds to the highest concentration of SGP of 850 μm. The modified asphalt blends can be regarded as suspensions, where the suspended modifier particles are subjected to buoyancy, gravity, and drag forces, and their sedimentation velocity can be calculated through the Stokes’ Law [3]. This sedimentation tendency is the reason why one of the main disadvantages of modified asphalts is their instability when stored at high temperatures, where the asphalt becomes more fluid, and the modifier particles tend to deposit on the bottom of the reservoir, inducing a phase separation between the asphalt and the sedimented modifier-rich phase. This problem is particularly severe when the modifier is a polymer [8].



The homogeneous behavior of the SGP-modified asphalt samples suggests that the suspended SGP particles interact through their cellulosic and polysaccharide groups with the polar fractions of the asphalt (resins and asphaltenes). These SGP-asphalt interactions result from the complex chemical composition of the SGP and its surface area, which allows the particles dispersion and favors an improved mechanical and thermal stability on the modified asphalt.




3.6. Penetration Test


Penetration test was carried out in a digital penetrometer, and additionally, the penetration index (PI) was determined according to Equation (2), which establishes a mathematical relationship between the penetration value of a sample (PEN, in dmm) and its softening point (SP, in °C). The PI is usually considered an indicator of the thermal susceptibility of the asphalt, and it assumes values in the range between −3 and +7; the lower the PI, the higher the thermal susceptibility of the asphalt [10,41,42,43]:


  P I =   1952 − 500   l o g  (  P E N  )  − 20 ⋅ S P   50   l o g  (  P E N  )  − S P − 120    



(2)







Figure 9 shows the effect of the incorporation of SGP on the penetration values of the asphalt, which lowers as the SGP content increases. The penetration reduction is more evident at SGP concentrations lower than 1.0 wt.%, where the asphalt phase is predominant. However, the increased surface area of the 500 μm SGP is beneficial for having lower penetration values compared to the 850 μm SPG at concentrations above 1.0 wt.%.



The asphalt changes its physical behavior because as more SGP is added to the asphalt, its penetration value decreases, and simultaneously, its softening point increases. Therefore, the calculation of PI values turns out essential to assess the thermal susceptibility of the asphalt, and it also gives information on its rutting resistance. As evidenced by the results presented in Table 5, all PI values lie down inside the range between −3 and +7 [3], which is evidence for concluding that the volume and surface area of SGP enhances the thermal susceptibility and rutting resistance in the modified asphalts, especially when 20-mesh sieve SGP (500 μm) is incorporated at concentrations between 1.5 wt.% and 2.5 wt.%.



Low concentrations of SGP achieve similar PI values compared to other studies where higher modifier proportions are required. For example, PI values of −0.11 and 0.80 were reported by Nciri et al. [10] for asphalt modified by 5.0 wt.% and 10 wt.% of oyster shell powder, respectively. The stiffer behavior of modified asphalts is a consequence of the SGP acting as a filler. The reinforced mechanism of asphalt modifiers has been described in the literature to act in three ways: filling the free volume of the binder with rigid particles, structuring the modifier particles into a skeletal framework, and inducing physicochemical interactions between the filler and the asphalt [10,44].




3.7. ANOVA Tests


Table 6 shows the p-values for the SGP content and particle size resulting from the general linear models of the properties measured in this study. Since their p-values are less than the significance level (α = 0.05), the SGP content of the modified asphalts significantly affects their complex modulus gain, dynamic viscosity, and penetration index; similarly, the SGP particle size is responsible for the changes observed in the mean complex modulus gain and dynamic viscosity. Although some of the p-values are greater than the selected significance level, it is evident that the conventional physical properties such as the softening point, phase separation, penetration index, and penetration exhibit more significant variations in their mean values as a result of changes in the SGP concentration, rather than in the SGP particle size. However, the SGP particle size becomes vital for explaining the observed changes in the rheological properties of the modified asphalts (complex modulus gain, failure temperature, and dynamic viscosity) since the rheological parameters are sensitive to the surface activation energy of the modifier particles [24], which increases as the specific surface area of the SGP increases due to a size reduction.



The former observation is consistent with the results obtained by Yu et. Al. [24], who found that using smaller particles of phosphorus slag increased the complex shear modulus, decreased the phase angle, increased the elastic component, and improved the rutting resistance, failure temperature, and fatigue performance of modified asphalt preparations.




3.8. Morphology of the SGP Dispersion in the Asphalt Binders


The morphology of the dispersed modifier particles in the asphalt matrix is presented in Figure 10 and Figure 11as a function of the SGP concentration of the samples. In this test, a low fluorescent image implies a good dispersion pattern of the particles in the asphalt matrix [45,46]. Therefore, the dark regions observed in the micrographs of Figure 10 and Figure 11 correspond to the asphalt matrix, while the fluorescent dots represent the SGP [21]; the more uniform the micrograph, the better dispersed the SGP in the asphalt matrix. According to the results, it is evident that using high SGP concentrations leads to the agglomeration of the modifier particles, as observed in the 20× images of the samples containing 2.5 and 3.0 wt.% SGP. The micrographs show that the uniformity of the dispersion significantly depends on the concentration and particle size of SGP, where the lower concentrations and sizes tend to favor more continuous phases.





4. Conclusions


In order to reutilize natural wastes in asphalt modification, such as seaweed sargassum, their properties must be evaluated to know their potential uses and limitations. This study established a process to use seaweed sargassum particles in asphalt modification for pavement construction. The effects of the sargassum concentration (1.0, 1.5, 2.0, 2.5, 3.0 wt.%) and particle size (500 and 850 μm) on the physical and rheological properties of modified asphalts were evaluated. The FTIR spectra showed that the modification process induced no chemical changes. Therefore, the interaction between sargassum and asphalt is regarded as physical adsorption resulting from the van der Waals and electrostatic forces established between the polysaccharides and amino acids of sargassum and the aromatic molecules of the asphalt. On the other hand, the sargassum particles of elevated surface area, and therefore, small particle size, were able to establish more contact points between the modifier particles and the asphalt matrix, reinforcing the binder and improving its physical and mechanical properties. The asphalt mixtures prepared with 500-μm sargassum particles at concentrations below 3.0 wt.% showed better softening points, penetration, thermal storage stability, and deformation resistance than their counterparts containing 850-μm sargassum particles. The statistical analysis revealed that the rheological behavior of the asphalt mixtures is more affected by the modifier particle size, while the physical conventional properties were more determined by the sargassum concentration. The epifluorescence microscopy revealed that high sargassum concentrations, starting from 1.5 wt.%, leads to agglomerate formation, which affects the morphology and microstructure of modified asphalts. The overall analysis allows us to conclude that sargassum particles may efficiently be used as a sustainable alternative for asphalt modification applied to road construction. Future investigations on this topic would involve more rheological and dynamic viscosity characterization for widening the scope of applicable conditions of sargassum-modified asphalt.
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Figure 1. Seaweed sargassum (a) and sargassum particles (SGP) after milling (b). 
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Figure 2. Infrared spectra of SGP, pure asphalt, and modified asphalt mixtures with sargassum particles of 20-mesh and 35-mesh sizes. 
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Figure 3. SDT (DSC/TGA) thermograms of SGP. 
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Figure 4. X-ray diffractogram of SGP. 
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Figure 5. Complex modulus gain of asphalt–SGP mixtures at different concentrations and particle sizes at a frequency of 1.585 Hz. 
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Figure 6. Failure temperature of pure and SGP-modified asphalt binders. 






Figure 6. Failure temperature of pure and SGP-modified asphalt binders.



[image: Sustainability 13 11734 g006]







[image: Sustainability 13 11734 g007 550] 





Figure 7. Softening point of pure and SGP-modified asphalt binders. 
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Figure 8. Phase separation of SGP-modified asphalt binders, reported as the difference between the softening points of the top and bottom sections of the storage stability test tubes. 
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Figure 9. Penetration values of pure and SGP-modified asphalt binders. 
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Figure 10. Epifluorescence micrographs of modified asphalts with 850 μm SGP at different concentrations and magnifications. 
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Figure 11. Epifluorescence micrographs of modified asphalts with 500 μm SGP at different concentrations and magnifications. 
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Table 1. Chemical composition and physical properties of pure asphalt.
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Property

	
Unit

	
Test Method

	
Value






	
Penetration

	
dmm

	
ASTM D-5

	
55.0




	
Softening point

	
°C

	
ASTM D-36

	
56.0




	
Dynamic Viscosity at 60 °C

	
Pa.s

	
ASTM-2171

	
634




	
Brookfield Viscosity

50 rpm

	
135 °C

	
cP

	
ASTM D-4402

	
565




	
160 °C

	
170




	
180 °C

	
85.0




	
Saturated

	
%

	
SARA test

	
2.27




	
Aromatics

	
%

	
64.43




	
Resins

	
%

	
19.95




	
Asphatenes

	
%

	
13.35











[image: Table] 





Table 2. Identification of asphalt samples.
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	Sample Code
	Sargassum Content

(wt.%)
	Sargassum Particle Size

(μm)





	M0.0%
	0.0
	--



	M1.0%T20
	1.0
	850



	M1.0%T35
	1.0
	500



	M1.5%T20
	1.5
	850



	M1.5%T35
	1.5
	500



	M2.0%T20
	2.0
	850



	M2.0%T35
	2.0
	500



	M2.5%T20
	2.5
	850



	M2.5%T35
	2.5
	500



	M3.0%T20
	3.0
	850



	M3.0%T35
	3.0
	500
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Table 3. Elemental profile of seaweed sargassum using the EDXRF technique.
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Anode

	
Element

	
Sargassum

CountlnMax






	
1-No

	
Ne

	
11.0




	
Al

	
234.0




	
Si

	
135.0




	
P

	
185.0




	
S

	
4710.0




	
2-Ti

	
Cl

	
109.0




	
K

	
261.0




	
Ca

	
29.0




	
Fe

	
2.0




	
3-Fe

	
C

	
4.0
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Table 4. Viscosity of pure and SGP-modified asphalt binders.
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Dynamic Viscosity (cP @ 160 °C)




	
Sample

	
20-Mesh Sieve

(850 μm)

	
35-Mesh Sieve

(500 μm)






	
M0.0%

	
150.0

	
150.0




	
M0.0% (aged)

	
280.0

	
280.0




	
M1.0%

	
400.0

	
413.0




	
M1.5%

	
500.0

	
513.0




	
M2.0%

	
350.0

	
388.0




	
M2.5%

	
350.0

	
370.0




	
M3.0%

	
325.0

	
345.0
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Table 5. Penetration index of pure and SGP-modified asphalt binders.
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Sample

(SGP wt.%)

	
Penetration Index (PI)




	
20-Mesh Sieve

	
35-Mesh Sieve






	
M0.0%

	
−0.2

	
−0.2




	
M1.0%

	
0.1

	
0.4




	
M1.5%

	
0.3

	
0.2




	
M2.0%

	
0.6

	
0.1




	
M2.5%

	
0.1

	
−0.1




	
M3.0%

	
−0.7

	
−0.7











[image: Table] 





Table 6. Calculated p-values for SGP wt.% and particle size in the ANOVA tests of SGP-modified asphalts.
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Modified Asphalt Property

	
p-Value




	
SGP wt.%

	
SGP Particle Size






	
Complex modulus gain

	
0.0000

	
0.0000




	
Failure temperature

	
0.1675

	
0.0512




	
Dynamic viscosity

	
0.0001

	
0.0105




	
Softening point

	
0.0580

	
0.1778




	
Phase separation

	
0.3516

	
0.5385




	
Penetration index

	
0.0301

	
0.4859




	
Penetration

	
0.0667

	
0.4880
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