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Abstract: This study investigated the regulatory effects of differently modified corn straw fibers 10 

(CSF)—a green fiber material derived from agricultural waste—on the mechanical properties, 11 

rheological characteristics, and molecular structural evolution of asphalt binders. Although plant 12 

fibers have been widely used in asphalt modification, natural CSF remains difficult to apply 13 

directly because of its insufficient toughness, poor structural stability, and weak interfacial 14 

compatibility. To address these limitations, CSF was modified using NaOH, tannic acid, and a 15 

gallic acid–laccase synergistic system. The effects and reinforcement mechanisms of different 16 

modification methods were revealed through fiber mechanical tests, abrasion tests, SEM, FTIR, 17 

XPS, dynamic shear rheological tests, and molecular dynamics simulations. The results showed 18 

that the gallic acid–laccase synergistic modification exhibited superior overall performance. 19 

Compared with unmodified fibers, the tensile strength, elastic modulus, and elongation at break of 20 

the modified fibers increased by 127.51%, 154.00%, and 46.18%, respectively, while the abrasion 21 

loss rate decreased by 56.85%. Microscopic characterization indicated that the gallic acid–laccase 22 

modification formed a functionalized layer rich in oxygen-containing functional groups on the 23 



 2

fiber surface, enhancing fiber surface activity and interfacial bonding potential. Rheological tests 24 

showed that GA-CSF significantly improved the high-temperature stiffness, elastic recovery 25 

ability, and resistance to permanent deformation of SBS-modified asphalt. Molecular dynamics 26 

simulations further indicated that GA-CSF increased the cohesive energy density and elastic 27 

modulus of the system while reducing the free volume fraction, suggesting enhanced 28 

intermolecular interactions and restricted molecular motion in asphalt. These findings demonstrate 29 

that gallic acid–laccase synergistic modification is an effective method for improving the road 30 

applicability of corn straw fibers and the high-temperature performance of asphalt binders. 31 

Keywords: Corn straw fiber; Functional modification; Fiber toughening; Rheological 32 

performance; Molecular-scale mechanism. 33 

1. Introduction 34 

Asphalt binder is the key bonding phase in asphalt pavement materials, and its viscoelastic 35 

properties, interfacial adhesion, and high-temperature deformation resistance directly affect 36 

pavement service stability [1-3]. Fiber reinforcement technology has been widely used to improve 37 

the performance of asphalt materials [4]. Owing to their wide availability, low density, low cost, 38 

and renewability, plant fibers have gradually become promising alternatives to mineral fibers, 39 

polymer fibers, and commercial lignin fibers [5]. Akarsh et al. investigated the application of sisal 40 

and coconut coir fibers in stone mastic asphalt (SMA) mixtures and found that natural fibers 41 

effectively reduced asphalt drainage while improving the indirect tensile strength, rutting 42 

resistance, and fatigue performance of the mixtures [6]. Zhang et al. evaluated the effects of lignin, 43 

basalt, polyester, and polyacrylonitrile fibers on the performance of open-graded friction course 44 
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(OGFC) mixtures [7]. Their results showed that fibers improved the structural stability of open-45 

graded asphalt mixtures by adsorbing asphalt and strengthening the bonding between aggregates. 46 

Corn straw is a typical lignocellulosic agricultural residue, primarily composed of cellulose, 47 

hemicellulose, and lignin, with a porous structure, low density, and inherent fiber skeleton 48 

strength. Zhang et al. separated and characterized the cellulose, hemicellulose, and lignin in corn 49 

straw, reporting contents of 36.89%, 20.42%, and 17.38%, respectively [8]. Lou et al. applied 50 

xylanase and immobilized laccase pretreatment to extract cellulose from corn straw, showing that 51 

this method effectively removed non-cellulosic components while enhancing the purity and 52 

crystallinity of cellulose [9]. Caixeta Silva et al. investigated the effects of different alkali 53 

treatments on corn straw fibers, finding that NaOH treatment improved fiber crystallinity and 54 

tensile strength and strengthened the adhesion between fibers and the matrix [10]. Kavitha et al. 55 

conducted chemical modifications on Zea mays fibers, further demonstrating that surface 56 

treatments could regulate fiber morphology, moisture absorption, and mechanical properties [11]. 57 

Collectively, these studies indicate that corn straw fibers possess controllable composition and 58 

surface characteristics, providing a theoretical basis for their application as reinforcing materials 59 

in asphalt binders. 60 

Existing studies have explored the incorporation of corn stalks and their derivatives into 61 

asphalt materials. Li et al. compared the effects of corn stalk fibers, sugarcane bagasse fibers, 62 

bamboo fibers, cotton stalk fibers, and lignin fibers on asphalt binder performance, highlighting 63 

that differences in microstructure, chemical composition, and thermal stability of plant fibers 64 

significantly influence asphalt modification [12]. Hu et al. employed hydrothermal carbon derived 65 

from corn stalks for bio-asphalt modification, demonstrating its potential to enhance the high-66 

temperature performance of asphalt [13]. Chen et al. investigated corn stalk biochar in road asphalt, 67 
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showing that it could reduce the emission of harmful components in asphalt fumes while 68 

maintaining favorable rheological properties [14]. Collectively, these studies indicate that corn 69 

stalks can be applied in asphalt modification through fiberization, carbonization, and other 70 

approaches, broadening the utilization forms of corn stalks in pavement materials. 71 

However, natural corn straw fibers still struggle to directly meet the reinforcement needs of 72 

asphalt binders. Their surface is rich in hydroxyl groups, which exhibit strong hydrophilicity and 73 

insufficient compatibility with hydrophobic asphalt matrices. The presence of hemicellulose, waxy 74 

substances, pectin, and amorphous components can weaken the thermal stability and interfacial 75 

adhesion of the fibers. More critically, natural corn straw fibers have poor toughness and are prone 76 

to wear, breakage, and structural damage during cutting, crushing, screening, mixing, and shearing 77 

processes [15,16]. Once the effective length and intact morphology of the fibers are difficult to 78 

maintain, their bridging, reinforcing, and stress-transferring effects in asphalt will be significantly 79 

reduced. Therefore, enhancing the toughness of corn straw fibers is the core issue for their effective 80 

application as asphalt reinforcement materials [17,18]. 81 

Addressing the challenges of natural fibers, including strong hydrophilicity, weak interfacial 82 

compatibility, and insufficient structural stability, various surface modification strategies have 83 

been explored. Kamaruddin et al. demonstrated that NaOH treatment can remove hemicellulose, 84 

lignin, wax, and surface impurities from natural fibers, reducing water absorption and improving 85 

interfacial bonding with the matrix [19]. Shifa et al. reported that alkali treatment of wheat straw 86 

fibers significantly enhanced the tensile and flexural strengths of epoxy composites [20]. Caixeta 87 

Silva et al. further confirmed that alkali treatment can regulate the functional performance of corn 88 

straw fibers in composites [21]. Stepczyńska et al. modified flax fibers with tannic acid, 89 

highlighting that polyphenol treatments improve interfacial adhesion in biocomposites [22]. Li et 90 
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al. performed hydrophobic modification of cellulose nanofibers using gallic acid, demonstrating 91 

its effectiveness in regulating surface properties [23]. Collectively, these studies indicate that 92 

surface modification is a key approach to enhancing the engineering applicability of natural fibers. 93 

However, most existing research focuses on macroscopic changes in asphalt properties after fiber 94 

incorporation, with limited systematic understanding of how fiber modification influences bulk 95 

toughness, resistance to mechanical damage during processing, evolution of surface functional 96 

groups, and the stability of asphalt molecular structure. 97 

Based on the identified research gaps, this study proposes a strategy for toughening and 98 

modifying corn straw fibers (CSF) to enhance asphalt binders. CSF were treated with NaOH, 99 

tannic acid, and a gallic acid–laccase (GA) system, and the effects of different modifications on 100 

fiber toughness, structural stability, and surface chemistry were systematically compared. Fiber 101 

mechanical performance and damage resistance were evaluated through tensile and wear tests, 102 

while changes in surface morphology, functional groups, and elemental composition were 103 

characterized using SEM, FTIR, and XPS. Subsequently, the influence of GA-CSF on the high-104 

temperature viscoelastic behavior and resistance to permanent deformation of SBS-modified 105 

asphalt was assessed via dynamic shear rheometry, and molecular dynamics simulations were 106 

conducted to elucidate the regulatory mechanism of GA-CSF on intermolecular interactions, free 107 

volume, and mechanical response within the asphalt system. The results provide both experimental 108 

evidence and molecular-scale insights for the toughening and modification of corn straw fibers, 109 

supporting their application in sustainable asphalt binders. 110 

2. Materials and Sample Preparation 111 

2.1 Materials 112 

2.1.1 Corn stover fiber 113 
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Corn stover fiber (CSF) was obtained from discarded corn straw collected after harvesting in 114 

a corn-growing area of Changchun, Jilin Province, China. The raw material was processed through 115 

natural cleaning, husk–pith separation, cutting, mechanical crushing, and screening, as shown in 116 

Fig. 1. The resulting fibers were light-yellow short fibers with a length of no more than 6 mm, a 117 

moisture content of 4.5%, an ash content of 5.2%, and a pH of 7.5. 118 

 119 

Fig. 1. Corn Stover Fiber Preparation Process 120 

2.1.2 Modifiers 121 

The modifiers employed in this study include sodium hydroxide (NaOH), tannic acid (TA), and 122 

a gallic acid–laccase system (GA), all commonly used for surface modification of corn straw 123 

fibers. Their chemical characteristics and functional roles are as follows: 124 

（1） Sodium hydroxide (NaOH) 125 

 NaOH is a strong alkali that selectively removes hemicellulose, lignin, pectin, and impurities 126 

from the fiber surface. This disrupts the original dense structure, improving fiber surface quality 127 

and facilitating subsequent functionalization. 128 

（2） Tannic acid (TA) 129 

 TA is a natural polyphenol rich in phenolic hydroxyl groups, capable of forming hydrogen 130 

bonds with fiber surface hydroxyl groups. It enhances structural stability through physical 131 

adsorption and chemical interactions, and improves bonding between fiber bundles. 132 

（3） Gallic acid–laccase system (GA) 133 
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 Gallic acid, a natural polyphenol with three hydroxyl groups and one carboxyl group, 134 

reinforces the internal and surface structures of fibers via hydrogen bonding and condensation 135 

reactions. Laccase, a multicopper oxidase, catalyzes the oxidation of gallic acid to quinone 136 

intermediates, accelerating polymerization and crosslinking to form a dense functional layer. This 137 

process simultaneously improves fiber toughness and wear resistance. The main technical 138 

parameters are summarized in Table 1. 139 

Table 1 Main technical parameters of the modifiers 140 

Modifier Purity (%) 
pH or Enzyme 

Activity 
Key Parameters 

NaOH ≥96.0 — 
Melting point 318.4 ℃; insoluble matter 

≤0.05% 

Tannic acid ≥98.0 pH≈2.5 Total phenolic hydroxyl content ≥10.0 
mmol/g 

Gallic acid ≥99.0 pH≈3.0 Ash content ≤0.1% 

Laccase ≥85.0 
Enzyme 
activity 

≥10000 U/g 

Optimal pH ≈ 4.5; optimal temperature 60 
℃ 

2.1.3 SBS-modified asphalt 141 

In this study, I-B type SBS-modified asphalt was selected as the binder matrix. Its main 142 

technical indicators are summarized in Table 2. Characterizing the fundamental properties of SBS-143 

modified asphalt provides a baseline for assessing the performance of the raw material and serves 144 

as a reference for evaluating the effects of GA-CSF on the rheological behavior of asphalt binders. 145 

Table 2 Technical properties of SBS-modified asphalt binder 146 

Test Item Unit Test Result Technical Requirement 
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Penetration at 25 °C, 100 g, 5 s 0.1mm 103 ≥100 

Penetration Index (PI) / -0.90 ≥-1.2 

Softening Point ℃ 48.5 ≥45 

Mass change after TFOT % -0.495 -1.0～+1.0 

Penetration ratio after TFOT % 58.2 ≥55 

Ductility at 5 °C cm 33 ≥30 

2.2 Sample Preparation 147 

2.2.1 Preparation of modified corn straw fiber 148 

To prepare modified corn stover fibers, this study employed NaOH, tannic acid (TA), and 149 

gallic acid–laccase (GA) systems. NaOH-CSF was obtained by immersing fibers in 5% NaOH 150 

solution at a solid-to-liquid ratio of 1:20 (g: mL), stirring at 500 r/min for 30 min at room 151 

temperature, followed by filtration, washing until neutral, and drying at 60 °C for 4 h. TA-CSF 152 

was prepared using 10% tannic acid solution under the same solid-to-liquid ratio, stirred in the 153 

dark at room temperature for 60 min, allowed to stand for 2 h, then filtered, washed, and dried. 154 

GA-CSF was prepared by treating fibers with 5% gallic acid solution and laccase (10 U/g fiber) at 155 

a solid-to-liquid ratio of 1:20 (g: mL) at 45 °C for 2 h under 300 r/min stirring, followed by 156 

filtration, washing until neutral, and drying at 60 °C for 4 h. The detailed preparation process of 157 

modified corn stover fibers is illustrated in Figure 2. For clarity, untreated corn stover fibers, 158 

sodium hydroxide-modified fibers, tannic acid-modified fibers, and gallic acid–laccase-modified 159 

fibers are denoted as CSF, NaOH-CSF, TA-CSF, and GA-CSF, respectively. 160 
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 161 

Fig. 2. Preparation process of modified corn stover fibers 162 

2.2.2 Preparation of Asphalt Modified with Corn Stover Fibers 163 

Based on preliminary screening of fiber bulk properties and wear resistance, gallic acid–laccase 164 

modified fibers (GA-CSF) exhibited optimal strength, toughness, and structural stability. 165 

Therefore, subsequent asphalt preparation and rheological evaluations focused on GA-CSF to 166 

investigate its reinforcing effect in SBS modified asphalt. Fiber contents were set at 0.6%, 0.8%, 167 

and 1.0% by mass of asphalt, referencing commonly used levels for natural plant fibers. This range 168 

ensures effective fiber adsorption and reinforcement while avoiding agglomeration due to 169 

excessive fiber content. To minimize moisture-related adverse effects, fibers were dried in a 170 

vacuum oven at 60°C for 24 hours until constant weight, maintaining moisture below 0.5%. SBS 171 

modified asphalt is denoted as SBS, while corn straw fiber-reinforced asphalt with 0.6%, 0.8%, 172 

and 1.0% fiber content are denoted as GA-CSF-0.6%, GA-CSF-0.8%, and GA-CSF-1.0%, 173 

respectively. The preparation procedure is as follows: 174 
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（1） Asphalt Preheating 175 

A predetermined amount of SBS asphalt was placed in a beaker and heated at 180°C for 60 176 

minutes to ensure complete melting and good fluidity. 177 

（2） Fiber Addition and Preliminary Dispersion 178 

The molten asphalt was stirred at 500 r/min using a low-speed high-shear mixer. GA-CSF was 179 

added gradually in portions not exceeding 1/5 of the total mass, with 30-second intervals between 180 

additions to prevent fiber agglomeration. 181 

（3） High-Speed Shearing 182 

After all fibers were added, the rotational speed was increased to 5000 r/min and shearing 183 

continued for 40 minutes. The system temperature was maintained at 160±5°C using an oil bath 184 

to ensure suitable asphalt viscosity and avoid thermal degradation. 185 

（4） Defoaming and Stabilization 186 

The rotational speed was reduced to 1500 r/min and stirred for an additional 20 minutes to 187 

remove entrapped air and promote fiber–asphalt integration, enhancing system stability. 188 

（5） Sample Storage 189 

The modified asphalt was transferred hot to clean, sealed containers, cooled to room 190 

temperature, and heat-preserved in a 60°C oven for 2 hours. Samples were stored away from 191 

sunlight and contaminants until testing. 192 

3. Methods and laboratory tests 193 

3.1 Fiber Basic Performance Testing 194 

3.1.1 Fiber tensile test 195 

A Shenzhen Sansi UTM4103 tensile testing machine was used to evaluate the tensile 196 

properties of the fibers. The instrument has a force measurement range of 0–500 N with an 197 
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accuracy of ±0.5% FS. The tensile rate can be adjusted from 1 to 500 mm/min, and the 198 

displacement measurement accuracy is ±0.01 mm. The test was conducted in accordance with 199 

GB/T 14337-2008, Test Method for Tensile Properties of Chemical Fiber Staple Fibers. 200 

3.1.2 Fiber wear detection 201 

To evaluate the wear resistance of corn stover fibers during mixing, the wear loss rate of 202 

different modified fibers was determined using a method simulating asphalt mixture mixing 203 

conditions, following the testing concept of GB/T 26743—2011. In the test, fiber samples were 204 

weighed at a fiber content of 4% and mixed with aggregates in a mixing pot for 90 s. After mixing, 205 

aggregates larger than 9.5 mm were removed, and the sieve residue within the 0.15–0.30 mm 206 

particle size range was retained. The residual fiber mass after mixing was calculated by subtracting 207 

the aggregate mass within the same particle size range, and the wear loss rate was then determined. 208 

3.2 Microstructural and chemical characterization of corn stover fibers 209 

3.2.1 SEM electron microscopy scanning 210 

Fiber samples—unmodified, tannic acid-modified, gallic acid–laccase-modified, and sodium 211 

hydroxide-modified—were cut into 5 mm segments and evenly mounted on the sample stage. 212 

After gold sputtering, the samples were observed in the SEM chamber at magnifications of 500×, 213 

1000×, and 3000× under an accelerating voltage of 5.0 kV. Micrographs from different fields of 214 

view were captured to analyze fiber surface characteristics, including roughness, etching, presence 215 

of surface deposits, and structural integrity. 216 

3.2.2 FTIR test 217 

FTIR analysis was conducted on unmodified, sodium hydroxide-modified, tannic acid-218 

modified, and gallic acid–laccase-modified corn straw fibers using a Bruker INVENIO Fourier 219 

Transform Infrared Spectrometer (Germany). The measurements were performed over a 220 
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wavenumber range of 4000–400 cm⁻¹ with a spectral resolution of 1 cm⁻¹, 32 scans, and a signal-221 

to-noise ratio of 60,000:1. Samples were prepared using the KBr pellet method, in which fibers 222 

were mixed and ground with dried KBr at a ratio of 1:100, then pressed into pellets to ensure stable 223 

and reliable spectra. To compare relative changes in characteristic functional groups across 224 

samples, baseline correction and normalization were applied, and the integral method was used to 225 

calculate the relative peak areas of the main characteristic peaks. Since the spectra were 226 

normalized, peak areas are expressed as relative integrated areas, serving for semi-quantitative 227 

comparison among samples. 228 

3.2.3 XPS analysis 229 

In this study, Thermo Scientific K-Alpha+ X-ray photoelectron spectrometer was used to test 230 

unmodified corn straw fibers, sodium hydroxide-modified corn straw fibers, tannic acid-modified 231 

corn straw fibers, and gallic acid-laccase-modified corn straw fibers. The sample preparation 232 

method employed was the dry pellet method. The fiber samples were dried at 50°C for 2 hours, 233 

then ground into powder, and evenly pressed onto conductive tape to ensure a flat surface and no 234 

impurity contamination. The test results were obtained as the average of three characteristic points 235 

to ensure data reliability. 236 

3.3 Rheological test of asphalt binder 237 

To evaluate the influence of gallic acid–laccase-modified corn straw fiber (GA-CSF) on the 238 

macroscopic rheological behavior of asphalt binders, dynamic shear rheological tests were 239 

conducted using an Anton Paar SmartPave 102 rheometer. Frequency sweep tests were performed 240 

at 35, 45, 55, and 65 ℃ over a frequency range of 0.2–30 Hz, with a strain of 0.1% to ensure 241 

measurements remained within the linear viscoelastic region. Multiple stress creep recovery 242 

(MSCR) tests were carried out following AASHTO TP 70, employing parallel plates with a 243 
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diameter of 25 mm and a gap of 1 mm. Tests were conducted at stresses of 0.1 kPa and 3.2 kPa at 244 

64 ℃, with 10 loading–recovery cycles at each stress level. Temperature sweep tests were 245 

performed in accordance with AASHTO T 315-12, using an angular frequency of 10 rad/s and 246 

temperatures of 46, 52, 58, 64, and 70 ℃ [24]. 247 

3.4 Molecular simulation 248 

In this study, Materials Studio 2020 was employed to construct a molecular model of SBS-249 

modified asphalt, while the cellulose structure was used to represent the primary skeleton of corn 250 

straw fibers. Based on this, a model of gallic acid–laccase-modified corn straw fiber (GA-CSF) 251 

was established by incorporating gallic acid grafting structures to capture the chemical 252 

characteristics of the fiber surface after modification. To investigate the effect of GA-CSF on the 253 

molecular behavior and mechanical properties of asphalt binders, molecular models of modified 254 

asphalt containing GA-CSF at 0.6%, 0.8%, and 1.0% by mass of asphalt were constructed, 255 

followed by molecular dynamics simulations. 256 

3.4.1 Gallic acid modified corn straw fiber model 257 

Based on previous studies, cellulose constitutes the main structural component of corn straw, 258 

largely determining its mechanical load-bearing capacity and reinforcement potential. Since 259 

cellulose predominantly forms the fiber skeleton and mediates interfacial interactions, it was 260 

selected in this study to represent the primary load-bearing framework of corn straw fibers. Gallic 261 

acid functionalization was then incorporated to model the modified fiber surface, enabling 262 

investigation of its influence on asphalt molecular behavior. The model, illustrated in Figure 3, is 263 

a simplified representation primarily aimed at elucidating the trends of molecular interactions 264 

between modified fibers and asphalt systems. 265 



 14

 266 

Fig. 3. Gallic acid–modified corn straw fiber model 267 

3.4.2 Asphalt molecule 268 

Based on the SARA fractionation, asphalt binder can be regarded as a complex organic 269 

system comprising saturates, aromatics, resins, and asphaltenes. To represent the compositional 270 

characteristics of SBS modified asphalt and its molecular interactions with gallic acid–treated 271 

fibers, representative molecules of each component were selected to construct an asphalt molecular 272 

model. The Amorphous Cell module in Materials Studio was used to generate an amorphous 273 

asphalt system with an initial density of 0.1 g/cm³ to minimize molecular overlap and local 274 

packing. Geometry optimization was performed using the Forcite module under the Compass II 275 

force field, with 50,000 iterations and the Smart method. The optimized asphalt molecules were 276 

then annealed with the Nose thermostat and Andersen barostat at a time step of 1 fs. Following 277 

geometric optimization and annealing, the system underwent a 300 ps NPT equilibrium simulation 278 

at 298.15 K and 1 atm, with a time step of 1 fs and trajectories saved every 1000 steps, followed 279 

by a 200 ps NVT simulation at 298.15 K. Once the system energy and volume stabilized, the 280 

equilibrium configuration was selected for subsequent analysis [25,26]. The molecular structures 281 
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of each asphalt component are shown in Figure 4, and the assembled asphalt model is presented in 282 

Figure 5. 283 

 284 

Fig. 4. Molecular models of asphalt components 285 

 286 

Fig. 5. Molecular model of GA-CSF-modified asphalt 287 

3.5 Validation of molecular models 288 

To verify the rationality and stability of the constructed asphalt molecular models, the 289 

thermodynamic and structural characteristics of different systems were evaluated based on 290 

molecular dynamics simulations. Key parameters, including system density and the radial 291 
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distribution function, were analyzed to determine whether the models reached equilibrium and to 292 

further confirm their suitability for subsequent molecular behavior analysis. 293 

3.5.1 Density 294 

As shown in Figure 6, the density of the four modified asphalt systems increased rapidly 295 

during the initial stage of simulation, gradually stabilized, and reached equilibrium after 200 ps. 296 

This indicates that the internal free volume of the models was effectively reduced and the 297 

molecular arrangement became reasonable. After equilibrium, the density of the SBS asphalt 298 

model was 0.950 g/cm³, while the densities of GA-CSF-0.6%, GA-CSF-0.8%, and GA-CSF-1.0% 299 

modified asphalt were 0.973, 1.030, and 1.038 g/cm³, respectively. The increasing GA-CSF 300 

content corresponded to a rising system density, suggesting that the introduction of GA-CSF 301 

enhanced molecular packing and overall compactness of the asphalt system. Minor fluctuations in 302 

the final densities of each model remained within the typical density range of asphalt binders, 303 

confirming that the constructed molecular models were stable and reliable. 304 

   305 

Fig. 6. Density of asphalt models 306 

3.5.2 RDF 307 

The radial distribution function (RDF) was used to characterize the local ordering and spatial 308 

distribution of the asphalt molecular systems. As shown in Figure 7, the (g(r)) values of the four 309 
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asphalt systems were zero within 0.9 Å, indicating the absence of significant atomic overlap or 310 

unreasonable close contacts, and confirming the rationality of the optimized initial structures. At 311 

(r = 1.11) Å, a pronounced peak appeared in all four asphalt systems, indicating stable short-range 312 

interactions within the systems. As the distance increased, the RDF curves gradually decayed and 313 

approached 1, suggesting the absence of long-range ordered arrangements, which is consistent 314 

with the amorphous nature of asphalt binders. The peak positions of the different modified asphalt 315 

models were nearly identical, whereas the peak intensities differed, indicating that GA-CSF altered 316 

local molecular packing without disrupting the overall structural rationality of the system. 317 

 318 

Fig. 7. RDF curves of the four asphalt binders 319 

3.6 Molecular simulation evaluation metrics 320 

To characterize the intermolecular interaction strength and component compatibility in the 321 

corn straw modified asphalt system, this study calculated the cohesive energy density and 322 
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solubility parameter [27,28]. The cohesive energy density reflects the energy level corresponding 323 

to molecular aggregation per unit volume in the system and can be used to evaluate the strength of 324 

intermolecular attraction. The solubility parameter, derived from the cohesive energy density, can 325 

be used to analyze the thermodynamic matching degree between different components. The 326 

relevant calculation formulas are as follows. 327 

coh
CED

E
E

V
    (1) 

In the formula, 𝛿 represents the solubility parameter of asphalt; ܸ is the total volume of the 328 

system;ܧ௖௢ℎ refers to the energy accumulated within the asphalt system; and ܧ஼ா஽ is the cohesive 329 

energy density. 330 

In this study, Materials Studio 2020 was used to analyze and calculate the free volume of 331 

asphalt molecules using the Atom Volumes and Surfaces tools [29,30]. 332 

free free

total free occupied

v v
FFV

v v v
 


 

(2) 

In the equation, ܸܨܨ represents the free volume fraction in the system; ݒ௙௥௘௘ denotes the 333 

free volume (Å³) in the model system, and ݒ௢௖௖௨௣௜௘ௗ represents the occupied volume (Å³) in the 334 

system. 335 

4. Results and Discussion 336 

4.1 Analysis of Basic Performance Test Results of Fibers 337 

In this study, a constant-rate extension tensile tester was used to measure the breaking strength 338 

and elongation at break of unmodified and modified corn stover fibers. The purpose was to 339 

evaluate the effects of different modification systems on the tensile properties and toughening 340 

behavior of the fibers. The test results are presented in Table 3. 341 
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Table 3 Tensile test results of modified corn stover fibers 342 

Fiber type 
Maximum 
force (N) 

Tensile strength 
(MPa) 

Elastic modulus 
(MPa) 

Elongation at 
break (%) 

CSF 3.42 75.67 3821.51 2.11 

TA-CSF 4.33 125.15 5342.43 1.90 

GA-CSF 8.45 172.16 9706.60 3.08 

NaOH-CSF 1.37 27.90 4664.07 0.59 

As shown in Table 3, the laccase–gallic acid synergistic modification exhibited the most 343 

pronounced improvement in the mechanical properties of corn stover fibers. The tensile strength, 344 

elastic modulus, and elongation at break increased by 127.51%, 154.00%, and 46.18%, 345 

respectively, indicating that this treatment simultaneously enhanced the load-bearing capacity and 346 

toughness of the fibers. This improvement may be attributed to the hydrogen-bonding network 347 

formed by the polyhydroxyl structure of gallic acid and the enzymatic crosslinking effect. Tannic 348 

acid modification increased the tensile strength and elastic modulus by 65.38% and 39.80%, 349 

respectively, but reduced the elongation at break by 9.50%, suggesting that its reinforcing effect 350 

was accompanied by a certain degree of embrittlement. In contrast, NaOH treatment decreased the 351 

tensile strength and elongation at break by 63.13% and 71.70%, respectively, indicating that alkali 352 

erosion damaged the structural integrity of the fibers. 353 

During service, corn stover fibers are subjected to mechanical actions such as aggregate 354 

friction, shearing, and compression, which may cause surface abrasion, fiber shortening, and 355 

fracture, thereby weakening their bridging and reinforcing effects in asphalt systems. Therefore, 356 

wear resistance is an important indicator for evaluating the structural stability and engineering 357 
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applicability of corn stover fibers. The wear resistance results of different corn stover fibers are 358 

shown in Figure 8. 359 

 360 

Fig. 8. Wear resistance test results of different corn stover fibers 361 

As shown in Figure 8, corn stover fibers exhibited markedly different wear resistance after 362 

different modification treatments. The abrasion loss of unmodified CSF was 9.85%, indicating that 363 

its natural lignocellulosic structure was prone to abrasion and fracture under aggregate friction and 364 

mixing shear. After tannic acid modification, the abrasion loss decreased to 7.24%, suggesting that 365 

polyphenol molecules improved the bonding state of the fiber surface and enhanced structural 366 

stability. Laccase–gallic acid-modified fibers showed the lowest abrasion loss of 4.25%, 367 

representing a 56.85% reduction compared with unmodified fibers and indicating the best wear 368 

resistance. This result suggests that enzymatic polyphenol crosslinking contributed to improved 369 

surface protection and bulk integrity of the fibers. In contrast, NaOH-modified fibers exhibited an 370 

increased abrasion loss of 15.12%, indicating that alkali etching may weaken the lignocellulosic 371 

skeleton and make the fibers more susceptible to breakage under mechanical action. 372 

4.2 Microstructural and chemical characterization of corn stover fibers 373 
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4.2.1 SEM Characterization of Corn Stover Fibers 374 

Figure 9 SEM characterization of four corn stover fibers. 375 

 376 

Fig. 9. SEM images of different corn stover fibers 377 

As shown in Figure 9, fiber surface morphology is strongly influenced by the modification 378 

method. Unmodified CSF retains a smooth, continuous strip-like structure with shallow grooves, 379 

limiting mechanical interlocking with asphalt. NaOH-CSF shows pronounced etching, holes, 380 

cracks, and partial detachment, indicating increased roughness but compromised structural 381 
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integrity. TA-CSF exhibits uniform fine protrusions and thin layer attachments while maintaining 382 

fiber integrity, suggesting mild surface enhancement. GA-CSF presents a dense, continuous 383 

micro–nano granular network with no severe erosion, forming a stable functional layer that 384 

increases surface area, adhesion sites, wear resistance, and fiber–asphalt interfacial bonding. 385 

4.2.2 FTIR analysis 386 

Figure 10 FTIR characterization of four corn straw fibers. 387 

 388 

Fig. 10. FTIR spectra of four types of corn stover fibers 389 

As shown in Figure 10, different modification methods significantly affected the surface 390 

functional groups of corn stover fibers. CSF exhibited an –OH stretching vibration peak near 3336 391 

cm⁻¹, a C–H stretching vibration peak near 2912 cm⁻¹, and characteristic absorption peaks 392 

corresponding to C=O, aromatic skeleton, C–O–C, and C–O near 1720, 1603, 1159, and 1029 393 

cm⁻¹, respectively, indicating that cellulose, hemicellulose, and lignin structures were retained in 394 
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the unmodified fibers. In NaOH-CSF, the C=O peak near 1720 cm⁻¹ and the aromatic structure 395 

peak near 1600 cm⁻¹ were significantly weakened, with peak areas decreasing to 0.2507 and 396 

0.3225, respectively, suggesting the removal of part of the hemicellulose, lignin, and surface 397 

impurities by alkali treatment. TA-CSF showed enhanced absorption at 1607 cm⁻¹ and 1167 cm⁻¹, 398 

with peak areas of 0.5515 and 0.6013, respectively, indicating the successful introduction of 399 

polyphenolic aromatic structures and C–O bonds from tannic acid onto the fiber surface. GA-CSF 400 

exhibited significantly enhanced –OH, aromatic, and C–O peaks, with the –OH peak area reaching 401 

8.9038 at 3338 cm⁻¹ and the C–O peak area reaching 3.3941 at 1031 cm⁻¹. This indicates that the 402 

laccase–gallic acid system formed a functionalized layer rich in hydroxyl and aromatic structures 403 

on the fiber surface. Overall, NaOH treatment mainly resulted in component removal, whereas 404 

TA-CSF and GA-CSF reflected the introduction of polyphenolic functional groups. Among them, 405 

GA-CSF showed the most pronounced enhancement in functional groups, providing a chemical 406 

basis for its improved interfacial bonding potential and toughening behavior. 407 

4.2.3 XPS analysis 408 

In this study, a Thermo Scientific K-Alpha+ X-ray photoelectron spectrometer was used to 409 

analyze the surface elemental composition and chemical bonding states of CSF, NaOH-CSF, TA-410 

CSF, and GA-CSF. The differences in surface elemental composition among the four types of 411 

fibers are shown in Figure 11. 412 
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 413 

Fig. 11. Differences in surface elemental composition among the four fibers 414 

As shown in Figure 11, the surface elemental composition of corn straw fibers is significantly 415 

influenced by the modification method. The C1s content follows the order NaOH-CSF > CSF > 416 

TA-CSF > GA-CSF, with NaOH-CSF exhibiting the highest C1s content at 60.47%, while the O/C 417 

ratio decreases to 0.615. This suggests that NaOH treatment removes part of the hemicellulose, 418 

pectin, and oxygen-containing functional groups, leading to a relative enrichment of carbon on the 419 

fiber surface. The associated surface etching and structural damage are consistent with the SEM 420 

observations. Conversely, the C1s content of TA-CSF and GA-CSF decreases to 57.53% and 421 

57.06%, respectively, while the O1s content increases to 40.09% and 40.95%, indicating that 422 

polyphenol modification introduces additional oxygen-containing functional groups on the fiber 423 

surface. Overall, GA-CSF possesses the highest proportion of surface oxygen-containing groups 424 

and polar characteristics, which is beneficial for enhancing interfacial interactions with the polar 425 

components of asphalt. 426 

4.3 Rheological analysis of asphalt binders 427 

4.3.1 Temperature scanning 428 
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Figure 12 shows the temperature sweep results of the four asphalt binders. 429 

   430 

Fig. 12. Temperature sweep curves of the four asphalt binders 431 

As shown in Figure 12, the complex shear modulus of all asphalt samples decreases markedly 432 

as the temperature rises from 46°C to 70°C, indicating a reduction in shear deformation resistance 433 

at elevated temperatures. Compared with SBS asphalt, GA-CSF-modified binders generally 434 

exhibit higher complex shear modulus, with GA-CSF-1.0% showing the most pronounced 435 

improvement, increasing by 27.90%, 31.57%, 34.90%, 38.92%, and 40.81% at 46, 52, 58, 64, and 436 

70°C, respectively. This demonstrates that higher GA-CSF content effectively enhances the high-437 

temperature stiffness of asphalt. Phase angle analysis reveals that GA-CSF significantly influences 438 

the viscoelastic balance of the binder. While the phase angle of SBS increases from 68.16° to 439 

70.37° with rising temperature, indicating dominant viscous behavior, GA-CSF-0.6% shows a 440 

phase angle comparable to SBS. In contrast, GA-CSF-0.8% and GA-CSF-1.0% exhibit 441 

considerably lower phase angles, with average reductions of 6.22° and 7.87°, respectively. GA-442 

CSF-1.0% consistently shows the lowest phase angles across all temperatures, reflecting the 443 

highest elastic contribution and the strongest restriction on viscous flow. However, excessive fiber 444 
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content may increase mixing viscosity and hinder dispersion; therefore, optimal fiber content 445 

should be determined considering practical mixing and storage stability in future studies. 446 

4.3.2 Frequency sweep analysis 447 

To evaluate the effects of different fiber contents on the viscoelastic properties of asphalt 448 

binders, frequency sweep tests were conducted over the same frequency range at different 449 

temperatures to construct master curves of complex shear modulus and phase angle. The master 450 

curves of complex shear modulus and phase angle for different modified asphalt binders are shown 451 

in Figure 13. 452 

   453 

Fig. 13. Master curves of complex shear modulus and phase angle for four asphalt binders 454 

As shown in Figure 13, all four asphalt binders exhibited clear frequency dependence. The 455 

complex shear modulus increased with reduced frequency, indicating that high-frequency loading 456 

restricts asphalt molecular motion and shifts the system from viscous-dominated to elastic-457 

dominated behavior, enhancing shear resistance. Compared to SBS asphalt, GA-CSF-modified 458 

asphalt showed higher complex shear modulus across the frequency range, suggesting improved 459 
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stiffness through fiber network support, interfacial adhesion, and spatial constraint. In the medium- 460 

and high-frequency regions, GA-CSF-modified asphalt generally had lower phase angles than 461 

SBS, reflecting enhanced elasticity and reduced irreversible deformation. Notably, GA-CSF-0.8% 462 

and GA-CSF-1.0% showed the greatest phase angle reduction at high frequencies, indicating 463 

stronger molecular motion restriction and improved high-temperature stability and rutting 464 

resistance. 465 

4.3.3 Multiple stress creep recovery (MSCR) test 466 

Figure 14 shows the non-recoverable creep compliance and creep recovery of the four asphalt 467 

binders. 468 

   469 

Fig. 14. Non-recoverable creep compliance and creep recovery of the four asphalt binders 470 

As can be seen from Figure 14, when the stress level increases from 0.1 kPa to 3.2 kPa, the 471 

creep recovery rate (R) of the four asphalts decreases, while the unrecoverable creep compliance 472 

increases. This indicates that under high stress conditions, the elastic recovery ability of asphalt 473 

binder weakens, and the unrecoverable deformation increases. At 0.1 kPa, the creep recovery rate 474 

of SBS modified asphalt is 72.96%, and GA-CSF-0.6%, GA-CSF-0.8%, and GA-CSF-1.0% show 475 

improvements of 4.95%, 8.90%, and 14.52% respectively compared to SBS. At 3.2 kPa, the 476 
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modifying effect of GA-CSF is more pronounced, with GA-CSF-1.0% exhibiting the highest 477 

recovery ability. The results further show that GA-CSF can significantly reduce the unrecoverable 478 

deformation of asphalt. At 0.1 kPa, the unrecoverable creep compliance of GA-CSF-0.6%, GA-479 

CSF-0.8%, and GA-CSF-1.0% decreases by 61.11%, 66.67%, and 73.61% respectively compared 480 

to SBS, and at 3.2 kPa, it decreases by 55.45%, 60.00%, and 61.82% respectively. Overall, the 481 

addition of GA-CSF improves the elastic recovery ability of asphalt binder and reduces the 482 

sensitivity to permanent deformation, which is mainly attributed to the constraining effect of GA-483 

CSF on the molecular movement of asphalt and the inhibitory effect of the fiber network on shear 484 

deformation. 485 

4.4 Molecular simulation analysis 486 

4.4.1 FFV 487 

In this study, the Connolly surface method was used to calculate the free volume of different 488 

asphalt models. The three-dimensional Connolly surface views of the four asphalt systems are 489 

shown in Figure 15. 490 

        491 

(a) SBS (b) GA-CSF-0.6% 
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        492 

(c) GA-CSF-0.8% (d) GA-CSF-1.0% 

Fig. 15. Three dimensional Connolly views of four types of asphalt 493 

Figure 15 shows the three-dimensional Connolly surface distributions of the four asphalt 494 

systems, where the gray regions represent the van der Waals surface and the blue regions 495 

correspond to the Connolly surface of the free volume. Compared with the SBS system, the 496 

continuity and distribution range of the blue regions decreased after GA-CSF incorporation, 497 

indicating that GA-CSF reduced the internal free space of the asphalt system and promoted more 498 

compact molecular packing. With increasing GA-CSF content, the free volume in the system was 499 

further compressed, suggesting that the cellulose backbone and gallic acid-functionalized groups 500 

enhanced intermolecular interactions in asphalt and restricted molecular segment motion.  501 

4.4.2 Cohesive energy density 502 

Figure 17 shows the cohesive energy density and solubility parameter of the four asphalt 503 

binders. 504 
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   505 

Fig. 16. Cohesive energy density and solubility parameter of the four asphalt binders  506 

Figure 16 shows the cohesive energy density and solubility parameter of the four asphalt 507 

systems. The incorporation of GA-CSF increased the total cohesive energy density of the asphalt 508 

system. Compared with SBS-modified asphalt, the total cohesive energy density of GA-CSF-509 

0.6%, GA-CSF-0.8%, and GA-CSF-1.0% increased by 4.68%, 5.69%, and 6.35%, respectively. 510 

This indicates that GA-CSF strengthened the intermolecular attraction within the asphalt system, 511 

thereby stabilizing the molecular aggregation structure. Among the different interaction 512 

components, van der Waals interactions made the dominant contribution to cohesive energy 513 

density. The van der Waals cohesive energy densities of GA-CSF-0.6%, GA-CSF-0.8%, and GA-514 

CSF-1.0% were 4.63%, 4.63%, and 5.34% higher than that of SBS, respectively, suggesting that 515 

GA-CSF primarily improved the intermolecular binding state of asphalt by enhancing non-bonded 516 

interactions. The solubility parameter results showed a similar trend. The electrostatic solubility 517 

parameters of asphalt systems with higher GA-CSF contents increased markedly, with GA-CSF-518 

0.8% and GA-CSF-1.0% showing increases of 39.52% and 33.53%, respectively, compared with 519 

SBS. This may be attributed to the polar groups in GA-CSF, such as hydroxyl, carboxyl, and ester 520 

groups, which enhanced the interaction between GA-CSF and the polar components of asphalt. 521 



 31

Overall, the addition of GA-CSF improved the molecular cohesive strength and thermodynamic 522 

compatibility of the asphalt system, facilitating the formation of a more stable modified asphalt 523 

structure. 524 

4.4.3 Elastic properties 525 

In this study, the Mechanical Properties function of the Forcite module was employed to 526 

calculate the elastic properties of four equilibrated asphalt molecular models, as shown in Figure 527 

17. The results indicate that GA-CSF significantly enhances the Young’s modulus, bulk modulus, 528 

and shear modulus of the asphalt system, demonstrating its ability to improve the overall stiffness 529 

and deformation resistance. Compared to SBS asphalt, the Young’s modulus of GA-CSF-0.6%, 530 

GA-CSF-0.8%, and GA-CSF-1.0% increased from 5.72 GPa to 5.93, 6.27, and 6.39 GPa, 531 

corresponding to increases of 3.67%, 9.62%, and 11.71%, respectively, suggesting a restraining 532 

effect on tensile deformation. The bulk modulus rose from 4.18 GPa to 4.63, 4.87, and 4.91 GPa, 533 

representing increases of 10.77%, 16.51%, and 17.46%, indicating enhanced resistance to 534 

volumetric compression. The shear modulus increased from 2.25 GPa to 2.31, 2.49, and 2.57 GPa, 535 

corresponding to increases of 2.67%, 10.67%, and 14.22%, suggesting improved shear stability by 536 

restricting relative slippage between asphalt molecules. Overall, all three moduli exhibit an upward 537 

trend with increasing GA-CSF content. Beyond 0.8%, the growth in Young’s and bulk moduli 538 

slows, implying that the system’s rigidity approaches a plateau at higher fiber concentrations. 539 

These findings indicate that GA-CSF reinforces asphalt at the molecular scale through its rigid 540 

fiber skeleton and surface polar groups, enhancing the binder’s mechanical response. 541 
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 542 

Fig. 17. Simulated mechanical properties of the four asphalt binders 543 

5. Conclusion 544 

This study investigates the high-value utilization of corn straw fibers in asphalt binders, 545 

employing NaOH, tannic acid, and gallic acid–laccase for fiber modification. By integrating fiber 546 

performance evaluation, microscopic characterization, rheological testing, and molecular 547 

dynamics simulations, the effects of different modification methods were systematically 548 

compared. The results underscore the superior toughening effect of gallic acid–laccase synergistic 549 

modification on corn straw fibers and reveal the mechanisms by which the modified fibers enhance 550 

the high-temperature viscoelastic response and molecular structural stability of asphalt. The key 551 

conclusions are summarized as follows. 552 

1) Compared to NaOH and tannic acid modifications, the gallic acid–laccase synergistic 553 

treatment (GA-CSF) exhibits the most pronounced improvement in the mechanical properties of 554 

corn straw fibers. The tensile strength, elastic modulus, and elongation at break increase by 555 



 33

127.51%, 154.00%, and 46.18%, respectively, relative to unmodified fibers, demonstrating that 556 

this modification simultaneously enhances fiber strength, stiffness, and toughness. 557 

2) GA-CSF shows superior resistance to mechanical damage, with an attrition loss rate of 558 

only 4.25%, representing a 56.85% reduction compared to unmodified fibers. In contrast, NaOH 559 

treatment increases fiber attrition, suggesting that excessive alkali etching may disrupt the 560 

continuity of the lignocellulose skeleton, compromising structural stability. 561 

3) SEM, FTIR, and XPS analyses indicate that gallic acid–laccase treatment forms a 562 

polyphenol-functionalized layer rich in oxygen-containing groups on the fiber surface. The O/C 563 

ratio of GA-CSF is 13.43% higher than that of unmodified fibers, reflecting enhanced surface 564 

polarity and chemical activity, which favor improved interaction with the polar components of 565 

asphalt. 566 

4) Rheological testing shows that GA-CSF significantly enhances the high-temperature 567 

viscoelastic properties and resistance to permanent deformation of SBS-modified asphalt. Across 568 

46–70 °C, the complex shear modulus of GA-CSF-1.0% increases by 27.90%–40.81% relative to 569 

SBS asphalt. At a stress level of 3.2 kPa, the creep recovery rate increases by 90.17%, while the 570 

unrecoverable creep compliance decreases by 61.82%. 571 

5) Molecular dynamics simulations reveal that incorporating GA-CSF increases the cohesive 572 

energy density and elastic modulus of the asphalt system and reduces the free volume fraction 573 

from 0.21 to 0.16. These results indicate that the modified fibers strengthen intermolecular 574 

interactions and restrict molecular segment mobility, providing a molecular-level explanation for 575 

the enhanced high-temperature deformation resistance. 576 
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