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This study systematically investigates the effects of two types of organic montmorillonite (OMMT-F and OMMT-C) on the physical and high-temperature properties of styrene-butadiene-styrene (SBS) modified asphalt to clarify the underlying modification mechanism. Through a combination of physical tests, Dynamic Shear Rheometer (DSR) analysis, Fluorescence Microscopy (FM), Fourier-Transform Infrared Spectroscopy (FTIR), and Atomic Force Microscopy (AFM), the results show that while OMMT content below 3% does not significantly impact flexibility, a 5% content of OMMT-F reduces penetration and ductility more severely than OMMT-C. Both OMMT types enhance high-temperature performance, as evidenced by an increased softening point and rutting factor, with FM revealing that OMMT promotes asphaltene agglomeration and AFM identifying a reinforcing honeycomb structure on the asphalt surface. FTIR analysis confirms that this modification is primarily a physical process. Collectively, these findings provide a comprehensive microscopic-level comparison of OMMT types, offering valuable insights for optimizing SBS modified asphalt and presenting significant research value and practical implications for pavement engineering.
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1 INTRODUCTION
The swift expansion of expressways and the substantial increase in traffic flow in China have prompted a demand for elevated standards in road durability, performance, environmental sustainability, and related aspects. Conventional polymer-modified asphalt, including materials like SBS, SBR, and rubber asphalt, has gained widespread adoption due to its commendable attributes such as superior high and low-temperature performance, water resistance, and fatigue resistance (Wang et al., 2013; Hou et al., 2017; Larsen et al., 2009; Iskender et al., 2012; Park et al., 2009), resulting in notable practical achievements. However, challenges persist, notably the intricate modification procedures and suboptimal compatibility with asphalt binders (Larsen et al., 2009; Liu et al., 2014), emerging as the primary technical impediment hindering the advancement of polymer-modified asphalt.
Nanomaterials find widespread application as modifiers in asphalt due to their diminutive particle size (1 nm–100 nm), expansive specific surface area, and favorable compatibility with asphalt (Zhang Shuai, 2020). Among these nanomaterials, nano-clay, categorized as a layered silicate, encompasses montmorillonite (MMT), vermiculite (VMT), kaolinite clay (KC), and others, characterized by particle sizes ranging from 200 nm to 400 nm (Ren Xiaoyu et al., 2020). Nano-clay exhibits the potential for intercalation or exfoliation upon blending with an asphalt binder (Wen-jun, 2013). Recent research indicates that the incorporation of nano-montmorillonite enhances the rutting resistance, fatigue resistance, aging resistance, and storage stability of the asphalt binder (Xiong Hui, 2020). Notably, compared to montmorillonite (MMT), organic montmorillonite (OMMT) demonstrates superior performance by forming an exfoliated structure in the asphalt binder (Ll Bo et al., 2017). Furthermore, nano-clay significantly improves the dispersion of polymers within the asphalt binder, resulting in noteworthy economic and technical benefits (Jasso et al., 2012). The development of nano-modified asphalt pavement materials emerges as a pivotal research direction in the field of road engineering (Transport, 2013). This avenue holds considerable promise, given its high potential for widespread adoption and its positive outlook for future development.
In recent years, both domestic and international researchers have conducted extensive investigations into asphalt modified with nano-clay. The preparation of nano-clay modified asphalt involved a melt blending process, with the dispersion of nano-clay in the asphalt binder analyzed using X-ray diffractometry (XRD). The findings revealed that montmorillonite-modified asphalt exhibited an intercalation structure, while organic montmorillonite-modified asphalt demonstrated an exfoliated structure (Yu et al., 2007). The incorporation of an appropriate quantity of organic montmorillonite markedly enhances the compatibility between styrene-butadiene-styrene (SBS) and the base asphalt. In a study by Shah et al., organic montmorillonite (OMMT) was introduced into SBS-modified asphalt, revealing that OMMT facilitates the achievement of improved physical and rheological properties when the clay is dispersed on a nanometer scale within the modified asphalt (Shah and Mir, 2020). Furthermore, Wang et al. identified that the OMMT modifier effectively addresses the deficiency of poor rutting resistance observed in bio-asphalt at elevated temperatures (Chao et al., 2022). Jahromi et al. discovered that, beyond enhancing the rheological properties of nano-clay modified asphalt, the inclusion of organic montmorillonite (OMMT) also enhances asphalt elastic modulus G and aging resistance (Jahromi and Khodaii, 2009). Focusing on storage stability, Yu et al. conducted a static storage test to evaluate the storage stability of both montmorillonite (MMT) and OMMT-modified asphalt. The study revealed that the storage stability of asphalt modified with MMT or OMMT remains highly stable when the clay content is below 3 wt%. Moreover, the storage stability of OMMT-modified asphalt surpasses that of MMT-modified asphalt, a finding supported by X-ray diffraction (XRD) testing. The presence of mostly exfoliated structures in OMMT-modified asphalt during modification suggests superior compatibility and dispersion ability with the base asphalt compared to MMT (Yu et al., 2007). In Tan et al.'s investigation, organic montmorillonite (OMMT) was introduced into crumb rubber modified asphalt (CRMA), revealing that the modified asphalt with 3% and 4% OMMT content exhibited the most favorable storage stability (Tan et al., 2020). Ke et al. delved into the performance of styrene-ethylene-butadiene-styrene copolymer (SEBS)/OMMT-modified asphalt, highlighting OMMT’s dual impact of enhancing high-temperature performance and promoting increased interaction between SEBS and asphalt molecules. This interaction improved the overall compatibility between SEBS and asphalt, consequently leading to a substantial enhancement in the hot storage stability of SEBS-modified asphalt (Yunbin et al., 2022). In the context of aging resistance, Zhang H. et al. (2011), Zhang et al. (2012), Zhang et al. (2013) and Zhang et al. (2014) used atomic force microscopy (AFM), X-ray diffraction (XRD), and Fourier transform infrared spectroscopy (FTIR) to study the microstructural changes of base asphalt and clay modified asphalt before and after aging. The results showed that FTIR and XRD showed that OMMT/SBS modified asphalt formed an intercalation structure, and the matrix stiffness of the asphalt increased after short-term aging. The AFM morphology gradually transitioned to single-phase with aging. OMMT can effectively prevent single-phase changes, indicating that OMMT/SBS modified asphalt has good UV aging resistance. However, the inclusion of layered clay effectively mitigates this phenomenon, underscoring the superior anti-aging performance of clay-modified asphalt. Furthermore, the introduction of organic montmorillonite (OMMT) serves to prevent the rupture of molecular bonds in asphalt by absorbing specific ultraviolet solar energy. This absorption mechanism contributes to enhancing the asphalt’s resistance to ultraviolet aging (Wang et al., 2019). Liu et al. have substantiated this claim. Through Fourier Transform Infrared (FTIR) testing of modified asphalt before and after aging, coupled with an assessment using functional group indices to scrutinize the aging performance at a microscopic level, it was observed that the incorporation of organic montmorillonite (OMMT) markedly enhances the ultraviolet aging resistance of Sasobit warm mix asphalt. This finding serves to advance the potential application of Warm Mix Asphalt (WMA) in regions characterized by intense ultraviolet exposure (Liu et al., 2021). Lu et al. (2018) compared the effects of naphthenic oil and OMMT on the performance of SBS modified asphalt. The results show that both OMMT and naphthenic oil can improve the storage stability of SBS modified asphalt. OMMT deteriorates low-temperature performance, reduces high-temperature viscosity, and the high-temperature sensitivity reflected by softening point and rutting factor increases with the addition of OMMT (Crucho et al., 2019).
In summary, existing research on organic montmorillonite (OMMT) modified asphalt primarily focuses on investigating its rheological properties, storage stability, and anti-aging performance. These studies collectively validate the positive modification effects of OMMT, providing valuable insights for further exploration. However, there remains a gap in understanding the micro-mechanism underlying OMMT-modified asphalt, necessitating a more comprehensive qualitative and quantitative analysis of its modification mechanism. Building upon this context, the current study aims to investigate the traditional performance aspects of OMMT-modified asphalt. High-temperature rheological properties were assessed using a Dynamic Shear Rheometer (DSR), while Fourier Transform Infrared Spectroscopy (FTIR) was utilized for qualitative analysis of characteristic peaks and functional groups. Furthermore, a correlation between OMMT content and characteristic functional group indices was established to quantitatively determine OMMT content in modified asphalt. Additionally, Atomic Force Microscope (AFM) technology was employed to explore the impact of OMMT nano-modified materials on the micro-surface morphology of asphalt. This investigation aims to elucidate the micro-modification mechanism and identify factors contributing to the performance enhancement of OMMT-modified asphalt.
2 MATERIALS AND METHODS
2.1 Materials
2.1.1 SBS modified asphalt
This paper used a SBS modified asphalt as the reference asphalt. The selected SBS modified asphalt is prepared by high-speed shear mixing of SK 90# base asphalt and 5 %SBS modifier at 180 °C. Its main technical indicators are shown in Table 1. The testing process is mainly based on the “ Standard Test Methods of Bitumen and Bituminous Mixtures for Highway Engineering “ (JTG E20-2011) (Zhao et al., 2016; Sun et al., 2014).
TABLE 1 | Basic properties of SBS modified asphalt.	Penetration (25 °C, 100 g, 5 s)/0.1 mm	Ductility (5 cm/min, 5 °C)/cm	Softening point/°C	RTFOT (163 °C, 85 min)
	Mass
/%	Penetration ratio/%	10 °C
Ductility/cm
	58.5	39.2	80.3	0.08	75	30


2.1.2 Nano-clay modified materials
With the development of the production process, the particle size of layered clay is more refined in recent years. Some particles have reached a few micrometers or even smaller. However, there is no research to demonstrate how the particle size affects the performance of modified asphalt.
For this reason, two kinds of nano-clay (montmorillonite modifier) with different particle sizes were selected for study, in which the content of MMT was more than 95%. In order to improve the compatibility with asphalt binder, montmorillonite was modified by quaternary ammonium salt intercalation agent to prepare OMMT (Xiao and Zhang, 2017), which was recorded as OMMT-C (≥200 mesh) and OMMT-F (≥325 mesh), in which the specific gravity of OMMT-C and OMMT-F were 1.68 g/cm3 and 1.72 g/cm3, respectively. The chemical composition of different nano-clays is shown in Table 2.
TABLE 2 | Chemical composition analysis of different nano-clays.	Chemical composition	OMMT-C (%)	OMMT-F (%)
	SiO2	71.3503	72.2106
	Al2O3	18.5338	19.1581
	MgO	3.0547	3.1107
	Fe2O3	2.7701	2.2152
	K2O	1.3007	0.7844
	CaO	1.1976	0.2504
	SO3	0.4658	0.9778
	Cl	0.4145	0.6003
	Na2O	0.3178	0.2316
	TiO2	0.2814	0.203
	P2O5	0.2371	0.1898
	MnO	0.0348	0.0373
	ZrO2	0.0149	0.0138
	ZnO	0.0115	0.0097
	SrO	0.011	0.0038
	Rb2O	0.0041	0.0034


Meanwhile, the microstructures of the two kinds of nano-clays were characterized by scanning electron microscopy (SEM), respectively, and the results are shown in Figure 1. It is evident from the SEM images that both materials have a lamellar structure. The microstructures of OMMT-C and OMMT-F are similar, and there is no obvious difference in the lamellar structure of the two.
[image: Two microscope images labeled (a) and (h) show a lamellar structure highlighted with yellow dashed boxes and arrows. Both images are magnified five thousand times with a scale of five micrometers. The structure is emphasized for study.]FIGURE 1 | SEM pictures of different nano-clay (a: OMMT-C; b: OMMT-F). (a) Lamellar structure. (b) Lamellar.2.2 Sample preparation of modified asphalt
Two kinds of nano-clay (OMMT-C and OMMT-F) with different particle sizes were selected as modifiers and SBS modified asphalt was used as reference asphalt to prepare nano-clay modified asphalt in laboratory. According to the current research, the content of nano-clay in modified asphalt is generally no more than 7%. Therefore, to consider the effect of nano-clay modifier content on asphalt performance, this paper selects different OMMT content (1%, 3%, 5% and 7%) to prepare OMMT/SBS modified asphalt. The preparation process of nano-clay modified asphalt is referred to Figure 2.
[image: Diagram illustrating the preparation of SBS modified asphalt. On the left, OMMT is shown being dried in an oven at 105 degrees Celsius for four hours. An arrow points to a mixture process involving SBS modified asphalt heated to 180 degrees Celsius. The setup includes a mechanical stirrer operating at 5000 revolutions per minute for 45 minutes, then 1000 revolutions per minute for 10 minutes to blend the materials.]FIGURE 2 | Preparation flow chart of nano-clay modified asphalt.2.3 Test methods
	1. Traditional performance test

This part mainly tests the penetration, softening point and ductility of asphalt binder. The testing process is mainly based on the “Standard Test Methods of Bitumen and Bituminous Mixtures for Highway Engineering” (JTG E20-2011).
	2. Temperature sweep test

To evaluate the high temperature stability of asphalt, Dynamic Shear Rheometer (DSR) is usually used to characterize the viscous and elastic properties of asphalt binder by measuring the complex shear modulus (G*) and phase angle (δ) of asphalt. The rutting factor G*/sin δ can reflect the combined influence of G* and δ at the same time.
Tests were performed using a dynamic shear rheometer, including dynamic temperature scanning, dynamic frequency scanning, and MSCR tests. Parallel plates were tested with a diameter of 25 mm and a spacing of 1 mm, with a controlled frequency of 1.59 Hz, i.e. 10 rad/s. The temperature range was from 52 °C to 84 °C, with a temperature gradient of 6 °C, with a spacing of 1 mm. The temperature range was 52 °C–84 °C with a 6 °C gradient (Li et al., 2019).
	3. Fourier Transform Infrared Spectrometer (FTIR)

FTIR is the most widely used testing method for qualitative and quantitative analysis of organic polymer materials such as asphalt. The characteristic peaks and functional groups of modified asphalt can be measured by FTIR, so as to analyze its modification mechanism. In this study, the characteristic peaks and functional groups of nano-clay OMMT-modified asphalt were scanned and quantitatively characterized by FTIR test method (model: Thermo fisher Nicolet iS10). The test range is 4,000–400 cm-1. During testing, the sample is pressed into a transparent thin film using the compression method, which is then placed in the optical path. The compression method is known as the transmission mode, which is one of the most commonly used FTIR operation modes. In this mode, infrared light passes through the sample and is received by the detector to measure the absorption of infrared light by the sample.
	4. Atomic force microscope test (AFM)

In this study, the surface morphology of modified asphalt were quantitatively characterized by atomic force microscope (model: Dimension Icon) of Bruke Company of the United States. The preparation of asphalt samples: drip 1–2 g of hot asphalt onto a 10 mm × 10 mm glass slide, create a temperature environment of 163 °C using an oven, and place the hot asphalt sample horizontally. The high temperature environment makes it easy for the asphalt to obtain a flat asphalt surface. Then, take out the sample and cool it to room temperature in a drying vessel. Note that all asphalt samples are made under the same test conditions to reduce the impact of changes in test conditions on the test results. During testing, Bugdet Sensors Tap300 Al-G probe was used with an elastic constant of 3 N/m, a scanning frequency of 1.0 Hz, a scanning range of 20 um x 20 um, and a resolution of 512 x 512. All the images were collected under the peak force mode (Peak Force Quantitative Nano-Mechanics, PF-QNM) at 25 °C, and their microstructure was analyzed in detail by Nano Scope Analysis software (Ouyang et al., 2022).
The test sample preparation process is shown in Figure 3.
[image: Flowchart illustrating a process involving heating a substance to a flow state, adding 1 to 2 grams of hot asphalt dropwise, heating at 163 degrees Celsius for one to two minutes, and then cooling to room temperature.]FIGURE 3 | Preparation process.3 RESULTS AND DISCUSSION
3.1 Analysis of physical performance test
3.1.1 Routine performance test results
The three indexes results of different OMMT-modified asphalts are shown in Figure 4.
[image: Three line graphs show the effect of content percentage on penetration, softening point, and ductility. In each graph, two lines represent OMMT-C (black squares) and OMMT-F (red circles). In the first graph, penetration decreases with increased content. In the second graph, the softening point increases with content. In the third graph, ductility decreases as content rises. Dotted lines highlight specific thresholds.]FIGURE 4 | Test results of general performance of different OMMT-modified bitumen.The influence of OMMT on modified asphalt is evident in Figure 4. The impact of two types of OMMT on the three indices of SBS modified asphalt is consistent. Specifically, as the content of the OMMT modifier increases, there is a concurrent decrease in the penetration and ductility of the modified asphalt, coupled with an increase in the softening point.
Furthermore, it is noteworthy that the impact of OMMT-F on the performance of modified asphalt surpasses that of the OMMT-C modifier significantly. Below an OMMT content threshold of 3%, the penetration test results for both modified asphalts exhibit similarity. However, beyond this threshold, particularly when the OMMT content exceeds 3%, the penetration of OMMT-F modified asphalt experiences a rapid decline. By the time the OMMT content reaches 5%, the penetration value is less than 40 mm.
The results of the ductility test for the modified asphalt exhibit a similar trend. As the OMMT content increases, the ductility of the modified asphalt undergoes a rapid decrease, with OMMT-F exerting a considerably higher influence than OMMT-C. However the changes in softening point for the two types of OMMT-modified asphalt follow an identical pattern. The softening point gradually increases with the rise in OMMT content. Specifically, when the OMMT content is below 3%, there is a significant increase in the softening point. However, beyond this threshold, particularly when the OMMT content exceeds 3%, the softening point increases at a slower rate.
The observed phenomenon may arise from the challenge of achieving uniform dispersion of excessive OMMT within SBS modified asphalt. Particularly, as the particle size of OMMT decreases, it becomes more susceptible to particle agglomeration. This agglomeration contributes to a decrease in both penetration and ductility of the modified asphalt, while the increase in softening point occurs at a slower rate.
To further analyze the reasons for this change, the internal structure of OMMT-C modified asphalt was observed by fluorescence microscopy, and the test results are shown in Figure 5.
[image: Four microscopic images showing the surface morphology of different samples. The top left image labeled "SBS" displays a dense distribution of particles. The top right labeled "OMMT-C-1%" shows a slightly smoother surface. The bottom left labeled "OMMT-C-3%" has fewer visible particles, while the bottom right labeled "OMMT-C-5%" appears the smoothest with minimal particle visibility. All images have an orange hue.]FIGURE 5 | Fluorescence micrograph of OMMT-modified asphalt with different content (1,000 times).In Figure 5, the vivid yellow particles denote SBS modifier particles. Examination of Figure 5 reveals the presence of SBS modifier particles of varying sizes within SBS modified asphalt. Upon the addition of 1% OMMT modifier, the particle size of SBS modifier decreases, fostering cross-linking among the modifier particles and establishing an effective three-dimensional network structure. This enhancement contributes to improved macroscopic performance of the modified asphalt. With the introduction of 3% OMMT modifier, the particle size of SBS modifier in the modified asphalt further diminishes, ensuring a more uniform distribution. Conversely, at a 5% modifier content, the particle size of SBS in modified asphalt enlarges, resulting in conspicuous agglomeration. This agglomeration, in turn, contributes to the degradation of the macro performance of the modified asphalt, aligning with the outcomes of the aforementioned three indices.
The principal factor contributing to the challenge in modified asphalt lies in the propensity of nano-clay to agglomerate due to its expansive specific surface area. Additionally, the compatibility between nano-clay and asphalt is suboptimal, exacerbating the agglomeration issue. Notably, as the nano-clay content increases, the dispersion effect diminishes. From the preceding discussion, we can discern the impact of varying OMMT content on the overall three indices of modified asphalt. The micro-level elucidation of the mechanism underlying different OMMT content was conducted using fluorescence microscopy. Furthermore, a comparative analysis was performed on the overall three indices of modified asphalt with OMMT modifiers of distinct particle sizes.
3.1.2 Temperature sweep test
The high temperature stability of different OMMT-modified asphalts was characterized by rutting factor (G*/sinδ), and the results are shown in Figure 6. Due to a significant reduction in ductility observed at an OMMT content of 7%, adversely impacting its low-temperature performance, only OMMT-modified asphalt with content levels of 1%, 3%, and 5% is subjected to temperature scanning tests.
[image: Two line graphs labeled (a) and (b) compare the parameter G*/sinδ against temperature for different materials, SBS and various OMMT compositions. Each graph shows a downward trend from left to right. Graph (a) includes SBS, OMMT-F-1%, OMMT-F-3%, and OMMT-F-5%, while graph (b) includes SBS, OMMT-C-1%, OMMT-C-3%, and OMMT-C-5%. Both graphs mark G*/sinδ at 1000 Pa, with temperature ranging from 52°C to 82°C. Different symbols and colors differentiate material types.]FIGURE 6 | DSR test results of OMMT-modified asphalt: (a) OMMT-F; (b) OMMT-C.Observing Figure 6, it becomes evident that the rutting factor of SBS modified asphalt exhibits negligible increase at lower OMMT content, but shows an upward trend as OMMT content rises. This observation may stem from the instability of the grid structure formed within the modified asphalt at lower OMMT content. As the OMMT content increases, a stable three-dimensional network structure is established in the modified asphalt, impeding the movement of macromolecular chains and diminishing asphalt fluidity with rising temperature. Additionally, the enhancing impact of OMMT-F on the high-temperature rheological properties of SBS modified asphalt surpasses that of OMMT-C, highlighting the influence of OMMT particle size on these properties. Specifically, OMMT with a smaller particle size can uniformly distribute within SBS modified asphalt, forming a stable three-dimensional network structure.
The introduction of OMMT modifier results in an elevation of the rutting coefficient across various temperatures. This outcome indicates that OMMT modification enhances the high-temperature deformation resistance of SBS modified asphalt, consequently improving its rutting resistance. Notably, the rutting factor for all modified bitumen exceeds 1 kPa at 82 °C. This occurrence arises from the incorporation of OMMT into the modified asphalt, leading the macromolecular chain within the asphalt to permeate the OMMT layer. This process increases the interlayer distance, giving rise to a composite structure characterized by intercalation and exfoliation. The OMMT lamellae then form a three-dimensional network structure within the asphalt, prolonging and impeding the thermal diffusion path. This arrangement exerts a substantial blocking effect on thermal diffusion, thereby significantly enhancing the high-temperature performance of the modified asphalt.
3.2 Chemical reaction analysis of OMMT-modified asphalt
To explore the internal physical and chemical reaction mechanisms within diverse nano-clay-modified asphalts, we utilized the Fourier Transform Infrared Spectrometer (FTIR) test method. The FTIR spectrum of the modified asphalt, featuring varying OMMT content, underwent comprehensive examination. It is apparent from the preceding results that, at an OMMT content of 7%, both the penetration and ductility of the nano-modified asphalt exhibit a marked decrease. In order to comprehend the impact of different OMMT contents on the microstructure of the modified asphalt, our study conducted tests on asphalt modifications with OMMT contents of 1%, 3%, and 5%. The analysis aimed to identify the primary characteristic peaks and functional groups of OMMT-modified asphalt. Concurrently, our investigation delved into the influence of diverse OMMT contents on the strength of characteristic peaks in the modified asphalt. A model, grounded in the relationship between OMMT content and functional group index, was established to facilitate the quantitative identification and characterization of OMMT-modified asphalt.
As shown in Figure 8, the main functional groups in the non-fingerprint zone of SBS modified asphalt are at 2,921 cm-1 and 2,860 cm-1, both of which are caused by the stretching vibration of C—H bond in—CH2—(Yang et al., 2015). In addition, they also include fingerprint identification zone (600∼2000 cm-1) characteristic peaks and functional groups as shown in Table 3.
TABLE 3 | Characteristic peaks and functional groups of SBS modified asphalt in the range of 600–2000 cm-1 (Li et al., 2018).	Characteristic peak/cm-1	Functional group	Characteristic peak/cm-1	Functional group
	1700	C=O	864	Stretching vibration of benzene
	1,600	C=C	814	Stretching vibration of benzene
	1,456	—CH2—	743	Bending Vibration of aromatic Rings
	1,376	—CH3	724	(CH2)n, (n ≥ 4)
	1,032	S=O	700	Bending Vibration of C-H Bond of Styrene in SBS
	966	Stretching Vibration of Butadiene in SBS


3.2.1 Analysis of FTIR test results of OMMT-modified asphalt
The OMMT-C and OMMT-F modifiers exhibit comparable characteristic peaks and functional groups. Consequently, this study exclusively scrutinizes the Fourier Transform Infrared Spectrometer (FTIR) of the OMMT-F modifier to discern its internal physical and chemical reaction mechanism. Figure 7 illustrates the infrared spectrum of the nano-clay OMMT modifier.
[image: Graph showing absorbance versus wavenumber with two plots. The main plot displays peaks at 3614, 3420, 2920, 2848, 1650, 1470, 1030, and 910 cm-1. An inset plot focuses on the range from 1000 to 400 cm-1, highlighting peaks at 910, 840, 792, 520, and 445 cm-1, with the strongest at 910 cm-1.]FIGURE 7 | FTIR map test results of OMMT modifier.As depicted in Figure 7, the peaks observed at 3,614 cm-1 and 3,420 cm-1 result from the bending vibration of the—OH bond. The primary origin of this functional group is attributed to the physical and chemical water molecules within the OMMT layer (Zhang H. L. et al., 2011). In the case of organically modified layered clay, the introduction of modifiers results in the presence of additional functional groups, exemplified by peaks at 2,920 cm-1 and 2,848 cm-1. These peaks primarily arise from the bending vibration of the C—H bond within the organic modifiers (Zhang H. L. et al., 2011; Abdelrahman et al., 2014). It also includes—OH bond tensile vibrations caused by free water and bound water between layers in layered clay, such as 1,650 cm-1 and 1,470 cm-1. The peak of 1,030 cm-1 is the stretching vibration of Si—O bond in OMMT, and the absorption peak at 520∼440 cm-1 is Al—O bond and Si—O bond (Zhang H. L. et al., 2011; Sikdar et al., 2008) in OMMT structure, in which 1,030 cm-1 and 520∼440 cm-1 are the main characteristic peaks in OMMT modifier.
The FTIR test of OMMT-modified asphalt is carried out, and the results are shown in Figure 8.
[image: Graphs comparing transmittance percentages of SBS modified asphalt versus OMMT at 1%, 3%, and 5% across different wavenumber ranges. The left graph shows 4000 to 400 cm⁻¹, and the right graph focuses on 1800 to 400 cm⁻¹. Different colors represent OMMT concentrations, highlighting variations in transmittance levels and peaks at specific wavenumbers.]FIGURE 8 | FTIR spectrum test results of OMMT-modified asphalt.As depicted in Figure 8, the FTIR pattern of OMMT-modified asphalt, upon the addition of OMMT, bears a resemblance to that of SBS modified asphalt. The incorporation of OMMT introduces new absorption peaks at 1,090 cm-1, 1,030 cm-1, 520 cm-1, and 460 cm-1. Comparing SBS modified asphalt and three groups of OMMT modified asphalt with different proportions, it can be found that the higher the proportion of OMMT added, the more pronounced the absorption peaks in all four directions. In comparison to Figure 7, these four absorption peaks are unique to OMMT, indicating the occurrence of specific physical and chemical reactions in OMMT-modified asphalt, resulting in the formation of new functional groups. Among them, the stretching vibration of the Si—O bond occurs in the range of 1,100∼900 cm-1, while the peaks at 520 cm-1 and 460 cm-1 correspond to the stretching vibration of the Al—O bond and the bending vibration of the Si—O bond, respectively. These absorption peaks serve as distinctive markers for characterizing the primary characteristic peaks and functional groups of OMMT-modified asphalt. (Bin, 2010). Moreover, as the OMMT content increases, the intensity of the four absorption peaks steadily amplifies.
Compared with the FTIR spectra of OMMT modifiers, it is found that there are two peaks at 1,030 cm-1 and 1,090 cm-1 rather than a single peak (1,030 cm-1). This is mainly due to the existence of a large number of metal cations in the montmorillonite layer, and its strong hydration strengthens the hydrogen bond between hydroxyl and water, which weakens the absorption of Si—O bond. Thus, the absorption peaks of Si—O bond and Si—O—Si bond are combined into a single absorption peak (Jia et al., 2019). When the modifier is mixed into asphalt, with the intercalation of asphalt macromolecules, the effect of metal cations on the skeleton structure of [Si4O10]n in OMMT becomes smaller. The symmetry of silicon-oxygen tetrahedron weakens, and the absorption of Si—O and Si—O—Si is enhanced, which makes the original absorption peak split and form two absorption peaks of 1,090 cm-1 and 1,030 cm-1 (Zhang H. L. et al., 2011; Zhang H. et al., 2011).
In summary, the addition of OMMT to modified asphalt initiates a reaction where the OMMT modifier interacts with the asphalt, generating new functional groups and characteristic peaks. The typical functional groups are mainly Si—O bond and Al—O bond, and their characteristic peaks are mainly concentrated in 460∼520 cm-1 and 1,010∼1,055 cm-1. These absorption peaks serve as crucial markers for characterizing and discerning OMMT-modified asphalt, and their intensity systematically heightens with escalating OMMT modifier content.
3.2.2 Quantitative identification of OMMT content in modified asphalt
From the analysis of Figure 8, it can be seen that the strength of the main characteristic peaks (1,090 cm-1, 1,030 cm-1, 520 cm-1, 460 cm-1) in OMMT-modified asphalt gradually increases with the increase of modifier content. In order to clarify the effect of OMMT content on the FTIR characteristic peak of modified asphalt, the functional group index is used to evaluate the effect of modifier content on the characteristic peak, and the functional group index of characteristic peak is calculated as shown in Formula 1–5.
I1090=AR1090/∑AR400−2000(1)
I1030=AR1030/∑AR400−2000(2)
I520=AR520/∑AR400−2000(3)
I460=AR460/∑AR400−2000(4)
∑I=I1090+I1030+I520+I460(5)
Among them, I1090, I1030、 I520 and I460 are the functional group indices at 1,090 cm-1, 1,030 cm-1, 520 cm-1 and 460 cm-1, respectively. AR1090、 AR1030、 AR520 and AR460 are the peak areas at 1,090 cm-1, 1,030 cm-1, 520 cm-1 and 460 cm-1, respectively. ∑AR400−2000 is the sum of the areas of all the characteristic peaks in the 2000∼400 cm-1 range. ∑I is the sum of the characteristic peak functional group index of OMMT-modified asphalt.
The FTIR peak area of OMMT-modified asphalt is calculated as shown in Figure 9, that is, the area surrounded by each peak curve and the baseline at both ends of the peak. Table 4 shows the calculation results of the main characteristic peak area and functional group index of different OMMT-modified asphalts.
[image: Spectral graph showing transmittance percentage against wavenumber in centimeters inverse. Peaks are observed at approximately 1400, 1100, 1000, and 500, with varying intensities. Shaded areas in red highlight certain peak ranges.]FIGURE 9 | Calculation of characteristic peak area of asphalt FTIR.TABLE 4 | Calculation results of FTIR peak area and functional group index of modified asphalt.	Asphalt type	∑AR400−2000	AR1090	AR1030	AR520	AR460	I1090	I1030	I520	I460	∑I
	OMMT-F-0%	369.9	2.2	21.2	0.0	0.0	0.006	0.057	0.000	0.000	0.06
	OMMT-F-1%	449.4	26.0	35.0	15.8	12.1	0.058	0.078	0.035	0.027	0.20
	OMMT-F-3%	649.3	60.5	89.8	27.0	51.2	0.093	0.138	0.042	0.079	0.35
	OMMT-F-5%	793.5	102.3	127.4	45.5	70.3	0.129	0.161	0.057	0.089	0.44
	OMMT-C-0%	369.9	2.2	21.2	0.0	0.0	0.006	0.057	0.000	0.000	0.06
	OMMT-C-1%	430.0	19.1	31.2	11.4	19.2	0.044	0.073	0.027	0.045	0.19
	OMMT-C-3%	541.3	47.1	74.5	22.7	39.9	0.087	0.138	0.042	0.074	0.34
	OMMT-C-5%	665.4	77.0	125.2	40.7	66.7	0.116	0.188	0.061	0.100	0.47


It can be seen from Table 4 that the typical characteristic peaks represented by 1,090 cm-1, 1,030 cm-1, 520 cm-1 and 460 cm-1 are generated by the two kinds of OMMT-modified asphalt. And through the calculation of the functional group index of each characteristic peak, it is known that the calculation results of each functional group index of the two kinds of modified asphalt are similar. The particle size of nano-modifier has little effect on the degree of chemical reaction in modified asphalt. And with the increase of modifier content, the calculated value of each functional group index increases gradually. The curve of the relationship between the sum of each functional group index (∑I) and the content of OMMT modifier is shown in Figure 10.
[image: Scatter plot showing indices versus content percentage with data points represented by red squares for OMMT-F and blue circles for OMMT-C. Both sets form a positive linear trend. The legend indicates marker types, and an inset table provides regression statistics, including equations, Pearson's r, adjusted R-square, intercepts, slopes, and standard errors for both datasets.]FIGURE 10 | Relationship between the sum of characteristic functional group indices and modifier content.As can be seen from Figure 10, with the increase of the content of OMMT modifier, the functional group index increases gradually. There is a good linear relationship between them, and the correlation coefficient is more than 0.96. In addition, the calculated results of the sum of the functional group indexes of the two modified asphalts are very close, and the linear fitting results are basically the same. It further shows that the particle size of OMMT modifier has little effect on the degree of chemical reaction in the modified asphalt.
Based on the above analysis, when OMMT-modified asphalt is used in production in the future, modified asphalt can be identified by four typical characteristic peaks of 1,090 cm-1, 1,030 cm-1, 520 cm-1 and 460 cm-1. And the relationship between the sum of the four typical functional group indexes and the content can be used to quantitatively characterize the OMMT modifier content of the modified asphalt. So as to provide reliable technical means for the production, use and detection of OMMT-modified asphalt.
3.3 Analysis of surface morphology of OMMT-modified asphalt
3.3.1 Micro-morphology analysis of OMMT-modified asphalt
In order to assess the impact of varying particle sizes of OMMT modifiers on asphalt micro-morphology, an Atomic Force Microscopy (AFM) test was employed to scrutinize the microstructure of the modified asphalt. Since the operational mechanisms of different quantities of OMMT modifiers on the micro-morphology of the asphalt surface are akin, we opted for comparative analysis using 1% OMMT-modified asphalt. The two-dimensional and three-dimensional topographies of the modified asphalt are depicted in Figures 11–13. Notably, the OMMT-modified material significantly alters the surface morphology of the asphalt, exhibiting distinct microstructures across different modified bitumen surfaces.
[image: 2D and 3D representations of SBS modified asphalt showcasing different structures at the nanometer scale. Labels indicate "Bee Structure," "Perpetuaphase," and "Periphase." The 3D section emphasizes surface elevations with a color scale from negative sixteen point two to twenty nanometers.]FIGURE 11 | AFM micromorphology of SBS modified asphalt. Bee structure. Perpetuaphase. Periphase.[image: 2D and 3D atomic force microscopy images of OMMT-C surface. The 2D image displays a bee structure with a highlighted section. The 3D image shows the topographical surface with peaks ranging from negative sixteen point three to sixteen point five nanometers.]FIGURE 12 | AFM micro-morphology of OMMT-C modified asphalt. Bee structure.[image: Comparison of a 2D and 3D surface analysis of OMMT-F material. The 2D image shows a textured surface with color variations, while the 3D image reveals a detailed, spiky topology. A color scale indicates heights from negative 17.9 nanometers to 15.1 nanometers.]FIGURE 13 | AFM micro-morphology of OMMT-F modified asphalt.Figure 11 shows the AFM topography of SBS modified asphalt. As can be seen from Figure 11, according to the difference of color depth, there are obvious two-phase structure (such as 2D diagram) in the micro-morphology of SBS modified asphalt, that is, perpetuaphase and periphase (Xing et al., 2022). The color of perpetuaphase is darker and its height is lower, while the color of periphase is brighter, its height is higher than that of perpetuaphase. And the demarcation between the two phases is relatively obvious. According to the petroleum asphalt colloid theory, the asphalt material is divided into four components: asphaltene as the periphase, saturation and aromatics as the dispersion medium (perpetuaphase), and resins as the catanaphase to make the asphaltene uniform in the dispersion medium (Henglong, 2011). Therefore, asphalt has obvious two-phase structure.
In addition, the interior of the periphase also contains areas with fluctuations in light and shade, called “bee structure”. A large number of studies have shown that the formation of bee structure is mainly due to the cooling process from high temperature to room temperature during the preparation of AFM asphalt samples. In this cooling process, the wax components (mainly microcrystalline wax) in the asphaltene will precipitate with the asphaltene, and the asphaltene will be used as the crystal nucleus to form crystals and precipitate out, and finally form a bee structure and distribute in the whole asphalt system (Dehouche et al., 2016; Li et al., 2010). There are bee structures of different sizes in SBS modified asphalt. It can be seen from the 3D diagram that these bee structures are evenly distributed in the asphalt system.
Figure 12 shows the AFM test results of OMMT-C modified asphalt. When OMMT-C modifier is added to SBS modified asphalt, it can be seen from the 2D shape diagram that the proportion of perpetuaphase region in OMMT-C modified asphalt is significantly lower than that in SBS modified asphalt, and the addition of OMMT reduces the contrast of the two phases. The reason may be that the molecules of the modified MMT show non-polar properties. The saturated and aromatic components are the weakest polarity components in the four components of asphalt. It is inferred from the similar compatibility principle that OMMT is more easily dispersed among them than asphaltenes and resins, which can significantly improve the stiffness of the perpetuaphase (saturated and aromatic). So that the overall morphology of the modified asphalt tends to the development of single-phase system. In addition, compared with the SBS modified asphalt, the number of bee structure on the micro-surface of modified asphalt is reduced, and the difference between them is also reflected in the shape of the bee structure. The length and height of bee structure in OMMT-C modified asphalt decreased, but its width increased (as shown in the magnification effect of 3D diagram). At the same time, new peaks of protuberance were added on both sides of bee structure. This may be due to the formation of the intercalation structure to improve the compatibility between OMMT and asphalt materials, so that the matrix forms a more stable system. The overall stiffness of OMMT-modified asphalt is improved, which restricts the longitudinal development of crystal nucleus, affects the height of bee structure, and makes its growth direction develop horizontally.
All these show that the nano-clay OMMT-modified materials have obvious strengthening effect on the interior of the asphalt, so as to prevent the molecular chain migration of the modified asphalt at high temperature and improve the high temperature performance of the modified asphalt.
When OMMT-F modifier is added to SBS modified asphalt, the 2D shape diagram shown in Figure 13 shows that compared with OMMT-C modified asphalt, the single-phase system of OMMT-F modified asphalt is more obvious, indicating that OMMT-F modifier has better compatibility with modified asphalt. In addition, it can be seen from the 2D topography that the bee structure of the matrix surface changes to bright and dark “spots” distributed in the modified asphalt system, the reason is that OMMT dispersed in the asphalt binder as a nucleating agent is conducive to the heterogeneous nucleation of asphaltene. The surface of OMMT can absorb microcrystalline asphaltene, thus changing the morphology of the bee structure in the asphalt cooling process (Zhang and Jia, 2019). And it can be seen from the three-dimensional morphology diagram that compared with OMMT-C modified asphalt, the bee structure in OMMT-F modified asphalt is finer and the peak size is gradually smaller. This may be due to the formation of the exfoliation structure, which is beneficial to the uniform distribution of OMMT in the modified asphalt system, and further promotes the single-phase of the system. And then improve the overall stiffness of the matrix, increase the difficulty of the longitudinal development of the bee structure, so that its growth towards the horizontal development.
These micrographs show that the blocking effect of OMMT modifier on the movement of asphalt molecular chain is more obvious, and the influence on the precipitation process of bee structure is also greater, resulting in a significant decrease in the size of bee structure. The addition of modifiers increases the modulus of the asphalt surface and improves its viscoelasticity.
3.3.2 Quantitative analysis of microstructure of OMMT-modified asphalt
	1. Analysis of surface roughness of modified asphalt.

To accurately analyze the changes in the microstructure of different modified asphalt, a roughness index was used to quantitatively analyze the surface morphology of different modified asphalt (OMMT content of 1%). Roughness refers to the height difference between the high and low fluctuations in the tested area of a sample. Commonly used evaluation indicators include average roughness (Ra) and root mean square roughness (Rq). The average height value of the high and low fluctuations in the tested area and the arithmetic mean value of the average height change of Rq can both quantitatively characterize the evaluation indicators of asphalt microstructure changes. Generally, Ra values are higher than Rq, and the higher the roughness value, the greater the morphological fluctuations indicated by the sample. The definitions of them are shown in Formula 6 and Formula 7.
Ra=1N∑jNZj(6)
Rq=∑Zj2N(7)
Where Z is the height of the measuring points on the surface of the sample, and N is the number of measuring points in the test area.
Formula 6 and Formula 7 are used to calculate the roughness of different modified asphalts, and the results are shown in Figure 14, where the error rod reflects the discreteness of the roughness in the test area.
[image: Bar chart showing roughness measurements (in nanometers) of three asphalt types: SBS, OMMT-C, and OMMT-F. Each type has two bars, Rq and Ra, with Rq consistently higher. Error bars indicate variability.]FIGURE 14 | Calculation results of roughness of different modified asphalts.It can be seen from Figure 14 that the calculation results of the two kinds of roughness show similar changes. That is, with the addition of OMMT modifier, the surface roughness of asphalt increases, and the fluctuation of surface morphology of modified asphalt increases. This is consistent with the research results of Zhang et al. (2018). The main reason is that the intercalation or exfoliation structure is formed in the OMMT-modified asphalt, and the nano-modifier has good compatibility with the asphalt. OMMT modifier acts on the perpetuaphase and periphase in the asphalt system, which makes the asphalt develop to a single-phase system (Ma et al., 2025; Fu et al., 2025; Hou et al., 2025); OMMT itself can be used as a nucleating agent, which contributes to the heterogeneous nucleation of asphaltene, thus reducing the size of the bee structure and improving the dispersion of the bee structure in the asphalt system, so that the modified asphalt has a more stable internal structure.
	2. Statistical analysis of microcosmic surface characteristic region height of modified asphalt.

The height changes of characteristic areas (perpetuaphase, periphase and bee structure) in the AFM topography of different modified asphalts are statistically analyzed, in which the content of nano-clay OMMT is 1%. The results are shown in Figure 15, where Fig. s (a), (b) and (c) represent SBS, OMMT-C and OMMT-F modified asphalt, respectively. The marker position in the left shape diagram in Figure 15 is the selected representative area. On the right are the statistical results of the height values of each typical region.
[image: Three panels showing microscopy images with corresponding line graphs. The top panel displays a colorful bee structure followed by a graph labeled (a), indicating height versus distance with black, blue, and red lines. The middle panel features a bee structure image with a graph labeled (b), showing height versus distance with black and red lines. The bottom panel presents another bee structure image with a graph labeled (c), also depicting height versus distance with similar line patterns. Labels and numerical annotations are present across all panels.]FIGURE 15 | Statistical results of height of microcosmic surface characteristic regions of different nano-modified asphalts. (a) SBS modified asphalt. (b) OMMT-C modified asphalt. (c) OMMT-F modified asphalt.The statistical results of the height of the characteristic areas of SBS modified asphalt are shown in Figure 15a. It can be seen from the Fig. that the height statistical results of the three characteristic areas of SBS modified asphalt are different. The average height of the perpetuaphase is about 28 nm, the average height of the periphase is about 32 nm, the height of the bee structure shows the law of fluctuation, and the maximum height of the bee structure is about 35 nm. Taking the median height of the bee structure as the central axis, it can be found that the height of the central axis is higher than that of the perpetuaphase, and its height basically coincides with the height of the periphase.
The statistical results of the characteristic region height of OMMT-C modified asphalt are shown in Figure 15b. It is obvious from the Fig. that with the addition of OMMT-C modifier, the modified asphalt develops to single-phase system, and the proportion of perpetuaphase in the morphology diagram decreases significantly, and the test range is mainly composed of periphase and bee structure. The maximum height of bee structure is about 29 nm, which is significantly lower than that of SBS modified asphalt, which is consistent with the observation results in the above-mentioned three-dimensional topography. The average height of the periphase region of OMMT-C modified asphalt is about 30 nm, and its height coincides with the position of the central axis. Although the height of periphase is slightly lower than that of SBS modified asphalt, the overall height of OMMT-C modified asphalt is higher than that of SBS modified asphalt because of the decrease of the proportion of perpetuaphase region. This indicates that its surface modulus is higher and its viscoelasticity is improved.
When OMMT-F modifier is added to SBS modified asphalt, the height change law of the characteristic area of modified asphalt is shown in Figure 15c. Compared with SBS modified asphalt and OMMT-C modified asphalt, OMMT-F modified asphalt completely presents a single phase system. The height of the surface increases further, in which the maximum height of the bee structure is 28 nm, and the average height of the periphase is 33 nm, which is significantly higher than the height of the central axis. The results show that the influence of bee structure on the overall performance of modified asphalt is weakened.
4 CONCLUSION
In this investigation, nano-clay OMMT was employed to enhance SBS reference asphalt, resulting in the preparation of OMMT/SBS modified asphalt. The performance of the OMMT-modified asphalt underwent scrutiny through general performance assessments and the rutting factor G*/sin δ test. Subsequently, the microscopic mechanism was analyzed using FTIR and AFM tests. The ensuing conclusions are drawn:
	1. The introduction of OMMT significantly impacts the physical properties of the modified asphalt. Specifically, the reduction in penetration and ductility, along with the increase in the softening point, indicates that the modification improves the high-temperature stability of the asphalt. This enhancement is primarily attributed to the strong interaction between the nano-clay particles and the SBS modifier. Moreover, the effect of OMMT on the performance is highly dependent on both the particle size and content, with smaller particles and higher concentrations showing a more pronounced influence on the final properties.
	2. At OMMT contents of 1% and 3%, the SBS modifier particles maintain a uniform distribution within the asphalt matrix, which promotes the formation of a stable three-dimensional network structure. This network is essential for improving the overall macroscopic performance, as it helps prevent phase separation and ensures better load-bearing capacity and resistance to deformation. However, when the OMMT content exceeds 3%, the resulting agglomeration of SBS particles causes a reduction in the material’s performance, as this disrupts the continuity of the modifier phase and compromises the material’s rheological properties.
	3. The FTIR analysis reveals distinct absorption peaks at 1,090 cm-1, 1,030 cm-1, 520 cm-1, and 460 cm-1, which are characteristic of the OMMT incorporation into the asphalt. These peaks serve as reliable indicators for identifying the presence of nano-clay in the modified asphalt. Furthermore, the quantity of OMMT is found to have a linear correlation with the cumulative functional group indexes at these peaks, suggesting that FTIR can be used as an effective tool for the quantitative determination of OMMT content in asphalt materials.
	4. The interaction between OMMT and the asphaltene phase in the asphalt matrix is critical in modifying its overall properties. OMMT primarily binds with the asphaltene phase, enhancing the stiffness of the modified asphalt. This interaction helps the modified asphalt approach the stiffness of the periphase, leading to a more uniform and stable structure. This behavior is responsible for the shift toward a single-phase system in the modified asphalt, which is beneficial for improving both the mechanical and thermal properties.
	5. The incorporation of OMMT modifies the morphology of the asphalt by promoting the dispersion of asphaltenes. This process increases the overall homogeneity of the modified asphalt, preventing the aggregation of asphaltenes that could otherwise lead to undesirable heterogeneity and instability. Asphaltene dispersion plays a crucial role in enhancing the rheological properties, including the reduced viscosity and improved elasticity of the asphalt, making it more resistant to thermal cracking and rutting under traffic load.
	6. The findings suggest that OMMT-modified asphalt with an optimal concentration (1%–3%) can significantly improve the long-term durability and performance of the material. However, it is critical to optimize the OMMT content to avoid the negative effects of excessive modifier concentration. At higher contents, the risk of phase separation and agglomeration increases, which could compromise the modified asphalt’s resistance to aging and mechanical stress. Future studies should focus on investigating the long-term aging behavior of OMMT-modified asphalt and exploring ways to mitigate the effects of excessive OMMT content on material stability.
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