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Non-renewable nature and continuously increased consumptions of bitumen is a serious challenge for the development of infrastructure, especially for the constructions and maintenances of asphalt pavements. To cope with this situation, some sustainable strategies are needed. Extensive efforts have been made to improve the resilience, sustainability and circularity of asphalt pavements. Among them, the utilisation of bio-based materials is one of the most promising measures. This paper systemically reviewed the state-of-the-art knowledge in the development of bio-bitumen. Wood-based oils, waste cooking oils and manure-based bio-bitumen were selected as the review objectives. It was revealed that all bio-based oils currently being used are more suitable for serving as additives like softeners, rejuvenators, or modifiers rather than as alternative of binders. One of the most promising utilisations of bio-oils is as rejuvenators, potentially antioxidants as well. Incorporating polymers with bio-oils is another feasible practice to improve the performance of bio-bitumen. Causation should be taken when producing bio-based bitumen since compatibility might have some kind of influence on the performance and this issue should be addressed carefully.
Keywords: bio-binder, bitumen, ageing, rejuvenation, circularity
1 INTRODUCTION
Bitumen, a by-product of petroleum refining, has attracted attention since its inception. Its applications have gradually expanded with the development of people’s understanding and technological progress. To date, asphalt has become a crucial raw material in industries such as road construction, building, roof waterproof. A significant amount of bitumen produced globally each year is consumed in the construction and maintenance of roads, confirming its dominant role in bitumen consumption within the construction industry. However, the non-renewable nature of bitumen, combined with the decreasing global reserves of petroleum and the complex external factors, has led to consistently high bitumen prices. This current situation has created a substantial impact on the road construction industry, where the demand for asphalt pavement construction and maintenance is expanding while bitumen consumption is on the rise. The intensifying contradiction between supply and demand has made it imperative to seek alternatives to petroleum bitumen that are green, renewable, have a stable supply, and are cost-effective.
In recent decades, bio-oil has garnered widespread attention from researchers due to its advantages such as abundant feedstock, strong renewability, and low cost. Bio-oil is a liquid product derived from biomass (such as wood, agricultural waste, animal manure, and waste cooking oil) through processes like gasification pyrolysis, hydrothermal liquefaction (Suwarto et al., 2023a), plasma electrolytic liquefaction (Hu et al., 2022), and other methods. The primary elemental composition of bio-oil and petroleum bitumen includes carbon (C), hydrogen (H), oxygen (O), and nitrogen (N). Additionally, both possess certain bonding and viscoelastic properties. Scholars generally consider bio-oil as a potential organic binder material for road surfaces, with the possibility of partially or entirely replacing petroleum bitumen.
2 WOOD-BASED BIO BITUMEN
Among various biomass sources, wood-based biomass is abundant, with various types of timber, discarded wood products, sawdust, etc., serving as reliable sources for pyrolysis oil. These materials can be locally sourced. Scholars have studied the physicochemical properties of various wood-based bio-oils and explored their application as additives in bitumen performance modification, rejuvenation of aged bitumen, and improvement of bitumen ageing resistance. Some research achievements have been made in this regard.
However, challenges such as high content of lightweight and volatile components, poor high-temperature deformation resistance, and high sensitivity to ageing limit the current application effectiveness. The substitution rate of bio oil for petroleum bitumen remains limited, and overcoming numerous technical barriers is necessary before achieving complete replacement of petroleum bitumen.
2.1 Preparation of wood-based bio-oil for bitumen modification
Wood-based bio-oil is produced by chemically treating wood-based biomass (logs, sawdust, and by-products of various wood processing) to depolymerise organic polymers like cellulose, hemicellulose, and lignin. The resulting intermediate products undergo a series of physical processes (evaporation, condensation, etc.) and chemical changes (polymerization, esterification, etc.) to form a dark, non-Newtonian liquid with a certain viscosity. Currently, the main methods for preparing bio-oil include gasification pyrolysis, hydrothermal liquefaction and plasma electrolytic liquefaction (Ding et al., 2021). Due to the high similarity between gasification pyrolysis systems and existing petroleum refining systems, gasification pyrolysis has become a significant means of biomass oil preparation.
Based on the residence time of the gas generated during pyrolysis, gasification pyrolysis can be classified into regular thermal cracking, fast thermal cracking, flash thermal cracking, catalytic thermal cracking, and mixed thermal cracking. Since fast thermal cracking yields a higher bio-oil production rate and can meet the substantial demand for binding materials in road infrastructure construction and maintenance, the predominant biomass pyrolysis method currently used in road engineering is fast thermal cracking (Suwarto et al., 2023b).
Fast pyrolysis refers to a technique in which dried biomass is heated in an oxygen-free environment at an extremely high heating rate (above 1,000°C·s-1) to temperatures ranging from 400°C to 550°C. The process involves rapid cracking with an extremely short gas residence time (usually less than 2 s). This method typically offers advantages such as mild reaction conditions (temperature, pressure, etc.), high liquid yield (around 70%), short processing time, strong adaptability, quick response, and ease of transportation and storage of the resulting products.
Due to wood being one of the easily accessible renewable natural resources, current research on bio-bitumen often emphasises wood as a crucial feedstock for preparing bio-oil through pyrolysis. Documented wood sources for road-grade bio-oil in the literature include pine wood (Mohammad et al., 2013; Stankovikj et al., 2016; He et al., 2019; Tahir et al., 2020; Park et al., 2022), cypress (Zhou et al., 2020), willow wood (He et al., 2019), poplar wood (Li et al., 2021), Michigan wood (Yang et al., 2017), oak wood (Raouf and Williams, 2010), fir (Pahlavan et al., 2022), birch (Pahlavan et al., 2022), Japanese cedar (Yang and Suciptan, 2016), and some unspecified types of wood and sawdust (Yang et al., 2013; Yang et al., 2014; Bao et al., 2020; Zhou et al., 2021; Hu et al., 2023).
2.2 General characteristics and upgrading measures of wood-based bio-oil
Similar to petroleum asphalt, wood-based bio-oil is primarily composed of the elements C (carbon), H (hydrogen), O (oxygen), and N (nitrogen). The specific elemental composition may vary depending on the source of the biomass, but generally, the sum of C, H, and O exceeds 95% of the total bio-oil composition. Numerous studies indicate that, in comparison to petroleum bitumen, wood-based bio-oil typically exhibits higher oxygen content, lower carbon content, and a lower H/C ratio (saturation). Scholars widely consider the elevated oxygen content as one of the key reasons for the susceptibility of bio-oil to ageing (Omairey et al., 2024).
In reality, the major components of wood, namely, cellulose, hemicellulose, and lignin, undergo pyrolysis or depolymerisation reactions to form fragments that serve as the main molecular sources of wood-based bio-oil. The oxygen elements present in these precursor compounds persist in various product compounds after pyrolysis, contributing to the high oxygen content in bio-oil. Additionally, the abundance of ether bonds, carbonyl groups, and aromatic hydrocarbons in cellulose, hemicellulose, and lignin is a significant factor contributing to the lower H/C ratio in bio-oil (Mohan et al., 2006).
Bio-oil obtained from the pyrolysis of wood materials is a complex mixture of water, soluble organic compounds, and insoluble organic compounds. Based on the characteristic functional groups of these compounds, they can be roughly categorised into acids, alcohols, aldehydes, esters, ketones, phenols, guaiacols, eugenol, sugars, furans, alkenes, aromatics, nitrogen compounds, and other low-concentration oxygenated compounds. These compounds exhibit a wide range of molecular weights, contributing to the diversity of bio-oil composition (Stankovikj and Garcia-Perez, 2017). According to incomplete statistics, there are over 400 identified types of compounds in bio-oil, and due to current technological limitations, this figure does not represent the complete spectrum of compounds present in bio-oil. In summary, determining the complete chemical composition of bio-oil is challenging (Stankovikj et al., 2016).
In addition to the diverse array of organic compounds, water is also a significant component of wood-based bio-oil, with its content typically ranging from 20 to 40 wt% (Oasmaa et al., 2010). As is well known, moisture can have a series of detrimental effects on the performance of asphalt and asphalt mixtures. Therefore, untreated bio-oil with high water content cannot be blended with petroleum asphalt to produce bio-asphalt, and it cannot directly replace petroleum asphalt. Moreover, bio-oil with high water and acidic content tends to have poor storage stability (Xu et al., 2022). As a result, researchers have conducted extensive studies on water separation from bio-oil.
Research indicates that water tends to extract light components and polar substances from bio-oil. These polar substances typically include carboxylic acids, sugars, ketones, alcohols, and ethers, with small amounts of phenolic compounds also present. The reduction of light components leads to an increase in the viscosity of bio-oil. Additionally, the removal of certain carboxylic acids, such as larixic acid, butanoic acid, 2-propenyl ester, and butanoic acid anhydride, results in low acidity in the treated oil (Yoosuk et al., 2014).
Based on the different boiling points of various components in bio-oil, Capunitan et al. (Capunitan and Capareda, 2013)conducted distillation on bio-oil derived from corn stover. By controlling the distillation temperature range, they successfully concentrated water and light components from bio-oil into low-boiling fractions. In addition to effectively separating water from bio-oil, distillation can concentrate most of the acidic substances in bio-oil into intermediate boiling fractions, which is beneficial for reducing acidity in light and heavy fractions. Raouf et al. (Raouf and Williams, 2010)heated oak pyrolysis oil at 110°C for 2 h to reduce water and light component content in bio-oil. Yang et al. (Yang and You, 2015)found that untreated waste wood bio-oil had a high water content of 15%–30%, but after dehydrating bio-oil at 110°C, the water content was effectively reduced to 5%–8%. It is important to note that during distillation, the temperature needs to be controlled, especially for bio-oils with high contents of compounds such as aldehydes, phenols, and furfural, as these components are prone to thermal coking, which is a significant factor leading to low total recovery rates during distillation (Capunitan and Capareda, 2013).
Vacuum distillation is an effective method to avoid severe ageing of bio-oil due to high-temperature heating. It allows the evaporation of high-boiling substances at lower temperatures compared to atmospheric pressure distillation. However, faster evacuation of vapor during reduced pressure conditions may lead to a higher loss of some compounds, resulting in a lower yield for vacuum distillation (Capunitan and Capareda, 2013).
Researchers typically refer to bio-oil that has undergone technical measures to remove water as “bio binder” (treated bio-oil). After separating water from bio-oil through technical measures, the treated bio-oil differs significantly from the original product bio-oil. The most notable change is the significant reduction in oxygen content and a significant increase in carbon content (Capunitan and Capareda, 2013), as a significant portion of the oxygen in bio-oil exists in the form of water. Despite the successful removal of water from bio-oil, bio binder still has a complex compound composition. Therefore, researchers often adopt a four-component analysis method similar to petroleum bitumen to simplify the analysis, dividing bio binder into saturated fraction, aromatic fraction, resin, and asphaltene. Compared to petroleum bitumen, wood-based bio binder usually contains only trace amounts of saturated fractions, and some studies even suggest that bio binder may not contain any saturated fractions (Kabir et al., 2020). This characteristic is closely related to the lower H/C ratio of bio binder. In addition to the low asphaltene content, the asphaltene content in bio binder is usually lower than that in petroleum bitumen, but its resin fraction and aromatic fraction content are typically higher. These significant differences in composition are among the important factors causing the rheological differences between bio-oil and petroleum bitumen.
2.3 Feasibility of replacing bitumen by wood-based bio-oil
Bio-binder possesses a chemical composition and rheological characteristics similar to petroleum bitumen, making it reasonable to explore the feasibility of completely replacing petroleum bitumen with bio-binder. If a suitable wood-based bio-binder can be found to replace petroleum bitumen as the main binding material for flexible road surfaces, it could revolutionize sustainable road infrastructure. Therefore, many researchers have conducted studies on the feasibility of directly replacing petroleum bitumen with bio-binder.
The properties of binders are crucial for the performance of mixtures and road structures. To ensure good serviceability of asphalt roads, without premature failure of the binder, various fundamental or innovative performance indicators have been proposed by road construction workers from various perspectives. These performance indicators limit the possibility of premature failure of petroleum bitumen in terms of high temperature, low temperature, fatigue, ageing, and other aspects. Since research on bio-binder in the field of road construction materials started relatively late, studies on the road performance of bio-binder have mostly relied on well-established research equipment and methods used for petroleum bitumen.
Although there are few examples of using wood-based bio-binder directly as a binding material in road engineering, numerous indoor studies have revealed various shortcomings of wood-based bio-binder as a binding material for flexible road surfaces. It is reasonable to conclude that the performance of bio-binder, especially pure bio-binder, is not sufficient to completely replace petroleum bitumen.
Wood-based bio-binder typically has lower viscosity, and the temperature range of its viscous behaviours may be lower than that of bitumen by about 30°C–40°C (Raouf et al., 2010). Additionally, bio-binder’s viscosity exhibits higher temperature sensitivity and shear rate sensitivity, which may lead to shear thinning (Raouf and Williams, 2010). Studies have found that even with reasonable upgrades to Oak wood-based bio-binder, its dynamic shear modulus, rutting factor, and elastic recovery rate are relatively low, and the High Temperature Performance Grade of the virgin bio-binder is less than 40°C. To address the poor high-temperature performance of bio-binder, researchers have adopted methods from the modification of petroleum bitumen and blended common modifiers such as SBS, rubber particles (Peralta et al., 2012), and a terpolymer (POLIMUL) (Espinosa et al., 2021a) with bio-binder to enhance its high-temperature stability. Research indicates that a higher content of light components in bio-binder is favourable for the full swelling and uniform distribution of modifiers such as SBS and rubber particles. Adding appropriate modifiers can effectively improve the high-temperature performance grade of bio-binder. Therefore, the use of modifiers may be one of the important technologies for achieving the complete replacement of petroleum asphalt with bio-binder in the future.
It is worth noting that Espinosa et al. reported a field study that compared the structural evaluation (FWD) and roughness test (IRI) of regular petroleum-based asphalt pavement (HMA) and bio-binder flexible pavement (BM) during the 3-year operation period after construction (Espinosa et al., 2021a). The test results showed that the performance of BM was comparable to that of HMA. This study effectively demonstrated the possibility of using appropriate modifiers to enhance the potential for bio-binder to replace petroleum bitumen.
During pavement construction and operation, binders undergo continuous ageing. Therefore, in addition to the performance of newly produced bio-binder, the changes in performance after ageing (such as low-temperature performance and fatigue characteristics) are also decisive factors in determining whether it can replace petroleum bitumen. Espinosa et al. (Espinosa et al., 2021b)compared the master curves of dynamic shear modulus for pine wood resin bio-binder and AC 30/45 petroleum bitumen before and after short-term aging (RTFOT). The results showed that whether at lower frequencies (higher temperatures) or higher frequencies (lower temperatures), the increase in dynamic shear modulus after ageing was higher for bio-binder than for petroleum bitumen. Moreover, the dynamic shear modulus of aged bio-binder was higher than that of aged petroleum bitumen (unaged bio-binder had a lower dynamic shear modulus than unaged petroleum bitumen). Multiple stress creep recovery test results also indicated that aged bio-binder had lower unrecoverable creep compliance and higher elastic recovery rate (Espinosa et al., 2021a). These changes suggest that bio-binder is more “brittle and stiff” after ageing, and its elastic characteristics become more pronounced. Although ageing to some extent improves its high-temperature performance, it has a more serious adverse effect on the fatigue resistance of bio-binder (Camargo et al., 2018).
The susceptibility of bio-binder/bio-oil to ageing is closely related to the higher content of light components in its material composition (Castro-Alonso et al., 2023). It was also found that bio-binder contains a significant amount of volatile light components, with volatile components reaching 40 wt% at 290°C. GC-MS testing showed that the molecular weight of the volatile components was below 250 g mol⁻1, and the volatile residues exhibited apparent brittleness (Hu et al., 2024). The higher content of light components in bio-binder results in a significantly lower number-average molecular weight (Mn), weight-average molecular weight (Mw), and z-average molecular weight (Mz) compared to petroleum bitumen. In addition, researchers generally believe that the higher oxygen content in bio-binder is another important reason for its susceptibility to aging. However, beyond this, few researchers have systematically studied the changes in functional groups, components, and colloidal structures of bio-binder during aging. As a result, there is currently no comprehensive and clear understanding of bitumen ageing at multiple scales.
2.4 Application of wood-based bio-binder as modifier
Although bio-binder can be comparable to or even surpass petroleum bitumen in certain properties, there are currently few bio-binders that meet the requirements of the evaluation system for petroleum bitumen, making them satisfactory substitutes for petroleum bitumen. Therefore, the most common application of wood-based bio-binder in road engineering is as a modifier, partially replacing petroleum bitumen. The mixture of bio-oil and petroleum bitumen is commonly referred to as bio-bitumen.
Similar to polymer-modified petroleum bitumen, the good compatibility between bio-oil and petroleum bitumen (forming a homogeneous and stable system) is the foundation for bio-bitumen to exhibit qualified road performance. Yang et al. used the Automatic Flocculation Titration (AFT) method to evaluate the molecular compatibility of Michigan wood-based bio-binder and petroleum bitumen from the perspective of miscibility (Yang et al., 2017). The test results indicated that in bio-bitumen with 2% bio-oil content, bio-oil and petroleum bitumen were stable and compatible. However, it is speculated that with an increase in bio-oil content, the compatibility between bio-oil and petroleum bitumen will decrease. Unfortunately, there are no tests for bio-bitumen with higher bio-oil content.
Yang et al. employed the Standard Practice for Determining the Separation Tendency of Polymer from Polymer Modified Asphalt (ASTM D7131) to characterise the potential separation of bio-binder and petroleum bitumen within bio-bitumen by the difference in rutting factors between the upper and lower parts of the bio-bitumen specimen (Yang and Suciptan, 2016). The experimental results showed that when the bio-binder content in bio-bitumen reached 50%, there was a significant difference in rutting factors between the upper and lower parts of the specimen, indicating reduced compatibility. Zhang et al. (Castro-Alonso et al., 2023) analysed the thermal storage stability of bio-bitumen with different high bio-binder contents (10%, 15%, 20%, 25%, and 30%) from the perspectives of softening point, Brookfield viscosity, and rheological properties. The test results showed that compared to the base bitumen, bio-bitumen had lower thermal storage stability. There were significant differences in softening points, Brookfield viscosity, and rutting factors between the upper and lower parts of the specimen after thermal storage, indicating poor thermal storage stability. Moreover, these differences increased noticeably with higher bio-binder content and longer storage time.
In summary, there is limited research on the compatibility between petroleum bitumen and bio-binder. The judgment of “good compatibility” based on elemental composition, compound composition, and rheological characteristics lacks practical validation. Existing studies have confirmed that when the bio-binder content is relatively high in bio-bitumen, their compatibility is poor. Therefore, establishing multi-scale characterisation methods for the compatibility between petroleum bitumen and bio-oil and proposing technical measures to improve their compatibility are crucial for increasing the substitution rate of bio-oil for petroleum bitumen.
After blending, whether chemical reactions occur between bio-oil and petroleum bitumen, how the colloidal structure of bio-bitumen changes compared to that of petroleum bitumen, and how the colloidal structure of bio-binder changes compared to bio-oil are key to understanding the changes in the performance of bio-bitumen. Some researchers have explored whether chemical reactions occur after blending bio-oil with petroleum bitumen. Zhang et al. conducted a comparative analysis of the Fourier-transform infrared absorption spectra of petroleum bitumen, bio-bitumen, and bio-binder (Zhang et al., 2020). They found changes in absorption peaks corresponding to certain functional groups, such as a significant weakening or disappearance of the absorption peaks of phenolic compounds at 1,115 cm⁻1 and 1,270 cm⁻1, and varying degrees of weakening at 1,018 cm⁻1 and 3,374 cm⁻1. However, attributing these changes in functional groups solely to chemical reactions is difficult to determine, as changes in the concentration and volatility of relevant compounds (unavoidable during high-temperature blending) can also cause the observed changes in functional groups. Ingrassia et al. found that the addition of bio-oil altered the shape of the Fourier-transform infrared absorption spectra corresponding to sulfone groups, which might render sulfone unsuitable as an ageing characterisation indicator for bio-bitumen (Ingrassia et al., 2020). Considering possible physical factors, there is no apparent change in functional groups after blending bio-binder with petroleum bitumen, and these findings serve as strong evidence against chemical reactions occurring.
Therefore, researchers tend to attribute the performance changes after blending to changes in the colloidal structure/composition of binders. This is because bio-binder has a small content of saturated fractions and asphaltene compared to petroleum bitumen. Zhang et al. found that bio-bitumen with 15 wt% bio-oil content had significantly increased resin and aromatic fractions compared to the corresponding petroleum bitumen (PG 64–22). The saturated fraction and asphaltene decreased by 7.5% and 7.7%, respectively. Ingrassia et al. found that, compared to petroleum bitumen, bio-oil had a higher resin content, while other component contents were lower, and even the saturated fraction was absent. Through comparative analysis of the experimentally measured component composition and the mathematically calculated (estimated) component composition, the authors concluded that there was no chemical reaction between bio-oil and petroleum bitumen (Ingrassia et al., 2020).
The above research results show clear material dependencies, particularly regarding the characteristics of the selected petroleum bitumen. Therefore, adopting the performance grading of petroleum bitumen as a reference for bio-binder may be a more universally applicable research method. However, there are some obstacles to directly applying existing petroleum bitumen performance grading methods and equipment. Taking the SHARP program’s proposed high-temperature performance grading of petroleum bitumen as an example, when determining the high-temperature grade of bio-binder, the rutting factor after the Rolling Thin Film Oven Test (RTFOT) is one of the evaluation criteria. However, the current standard specifies an RTFOT test temperature of 163°C and a test time of 80 min. Numerous studies indicate that the upper temperature limit for heating bio-binder is typically between 120°C and 140°C, and the heating time does not exceed 30 min. Processing bio-binder under RTFOT test conditions would lead to severe ageing of the binder. Additionally, RTFOT specimens undergo significant carbonisation after undergoing Pressure Aging Vessel (PAV) aging tests, making it impossible to continue preparing samples. Clearly, the current high-temperature grading standards for petroleum bitumen are not suitable for direct application to the high-temperature performance grading of bio-binder.
2.5 Application of wood-based bio-oil as bitumen antioxidants
Despite the significant ageing susceptibility of bio-binders due to higher volatile component content and elevated oxygen levels, research indicates that the oxidative ageing degree of bio-bitumen is noticeably lower compared to petroleum bitumen. Specifically, after ageing, bio-bitumen exhibits lower aging indices than petroleum bitumen, as calculated using parameters such as carbonyl index and activation energy. The ratio of polar to non-polar components is also lower in bio-bitumen. This suggests that, despite the intense ageing of bio-binders due to their higher volatile component content, they have a substantial inhibitory effect on the oxidative ageing process of petroleum bitumen. Therefore, studying the crucial role of specific phenolic compounds in the oxidative ageing process of bio-binder is beneficial for advancing the engineering application of bio-binder as an antioxidant for bio-bitumen.
Phenolic compounds have been confirmed to possess antioxidant properties by capturing free radicals generated during the oxidation process of petroleum bitumen, thereby deactivating the free radicals and terminating the chain reactions that lead to oxidation. Additionally, phenolic compounds moderate the aggregation effects during the ageing process, caused by an increase in intermolecular forces due to oxidation. Given that wood-based bio-binders contain a significant number of phenolic compounds, investigating the types of phenolic compounds present in bio-oil and their antioxidant effects under different oxidation conditions is a trending research direction.
Apart from phenolic compounds, carbonaceous particles in bio-oil can adsorb ultraviolet light and act as scavengers for some of the free radicals formed during asphalt ageing, effectively slowing down the photo-oxidative ageing process of bio-asphalt (Hosseinnezhad et al., 2020).
In addition to the specific reaction processes reported in the aforementioned studies, researchers have proposed more macroscopic mechanisms for the antioxidant properties of bio-bitumen. Mousavi et al. suggested that highly reactive components in bio-binder, such as α-tocopherol, can act as sacrificial agents to protect critical components in petroleum bitumen from oxidation (Mousavi et al., 2016). Less-reactive molecular species can serve as a protective shell for the easily oxidizable molecules in petroleum bitumen. Furthermore, bio-binder constituents are considerably less polarisable than bitumen molecules, indicating a lower propensity for these chemical species to develop new polar functionalities in the presence of oxidative agents.
It is essential to note that bitumen ageing mechanisms involve not only oxidation but also chain scission, aromatisation, carbonation, aggregation, and the loss of volatile components. Therefore, when characterising the anti-ageing effects of bio-oil in bio-bitumen using different indicators, the same bio-oil may exhibit significant differences in effects. Additionally, during the ageing process of bio-bitumen, the loss of light components due to volatilisation still occurs, and this phenomenon becomes more pronounced when the specimen is in film form or when the bio-binder content is higher (Ingrassia and Canestrari, 2022).
3 VEGETABLE OIL-BASED BIO-BITUMEN
Vegetable oils are obtained through physical or chemical processes from various plants. Generally, there are two types of vegetable oils: fresh vegetable oil and waste vegetable oil. Actually, both fresh vegetable oil and waste vegetable oil are capable in modification of petroleum asphalt and rejuvenation of aged petroleum asphalt, the brief application principle is shown in Figure 1.
[image: Figure 1]FIGURE 1 | The application of vegetable oil-based asphalt (Conglin et al., 2023).
The primary components of vegetable oils consist of various fatty acids (FAs) and triglycerides of glycerol, with major fatty acids including palmitic acid, stearic acid, oleic acid, linoleic acid, and linolenic acid (Cong et al., 2019). The distinction between different vegetable oils lies in the composition of fatty acid complexes, and variations in fatty acid composition significantly influence the physicochemical properties of the oil, potentially influencing its behaviours in bitumen (Giakoumis, 2018; Kolawole et al., 2021).
Researchers have extensively investigated the applications of soybean oil and its derivatives in bitumen and asphalt mixtures (Portugal et al., 2018; Maxwell et al., 2021; Rezvan and Alireza, 2021). Soybean oil and its derivatives have been used in some ongoing experimental road sections, and their long-term performance under real environmental and traffic conditions has been evaluated (Ali et al., 2022). Sunflower seed oil can serve as an alternative to soybean oil, expanding the options for the use of vegetable oils in road engineering applications. High oleic vegetable oils, characterized by higher oleic acid content, demonstrate superior oxidative stability compared to traditional vegetable oils. It has been reported that the purity level of oleic acid in vegetable oils can influence the chemical, thermal, and rheological properties of vegetable oil-based polymers, such as glass transition temperature, viscosity, and thermal resistance (Houlei et al., 2021).
However, using fresh vegetable oil as a pavement binder is considered wasteful from any perspective, especially when considering that many regions globally are still grappling with hunger issues. Waste vegetable oil (WVO) is typically a by-product resulting from the frying or heating of fresh plant oil at high temperatures. It is non-edible, exhibiting a dark brown colour and a viscosity higher than that of fresh oil (Ramadhansyah et al., 2020). The compositional variations among WVOs are highly correlated with the source of WVO, the processing method employed, and the type of fried food. Due to the processes of frying and heating, hydrogenation and oxidation degradation occur in vegetable oils, transforming the fatty acid (FA) profile from saturated fatty acids (SFAs) and polyunsaturated fatty acids (PUFAs) to SFAs and monounsaturated fatty acids (MUFAs) (Omojola et al., 2019). Simultaneously, polyunsaturated fatty acids decompose into other compounds such as small molecules, e-aldehydes, trans-fatty acids, epoxy compounds, and others (Zixiang et al., 2020). Substantial differences in physicochemical properties exist between pure and waste oils, particularly in terms of viscosity, iodine value, and peroxide value.
3.1 The application of WVO as rejuvenators
Commonly used traditional bitumen rejuvenators are extracted from heavy oil to supplement the light components of aged asphalt. However, rejuvenators based on heavy oil tend to volatilize at high temperatures, significantly impacting the efficiency of rejuvenation. The primary components of fresh and waste vegetable oils are triglycerides, comprising unsaturated fatty acids, akin to the light oil fraction of bitumen, and exhibiting good temperature resistance (Ji et al., 2016). Due to their environmental friendliness, biodegradability, and cost-effectiveness, they can be classified as bio-rejuvenators (Hınıslıoğlu and Ağar, 2004), making them advantageous alternatives to traditional rejuvenators. Consequently, numerous scholars have conducted extensive research to explore the potential of using vegetable oils as bio-rejuvenators to restore the performance of aged asphalt binders.
The rejuvenation effect on bitumen primarily focuses on restoring rheological performance and improving low-temperature performance. Ji et al. (Ji et al., 2016), for instance, utilised two waste restaurant vegetable oils as substitutes for heavy oil and one commercially available rejuvenator in different proportions (based on asphalt weight) for the rejuvenation of aged asphalt extracted from reclaimed asphalt pavement (RAP) materials. Rheological properties of asphalt binders were evaluated using dynamic shear rheometer (DSR) and rotational viscosity (RV) tests. The low-temperature performance of recovered asphalt binders was assessed through bending beam rheometer (BBR) tests. Indoor experiments and analysis of variance (ANOVA) results indicated that vegetable oil rejuvenators effectively reduce the viscosity and stiffness of aged asphalt, benefiting both fatigue performance and low-temperature crack resistance.
Zhi et al. studied the microstructure of aged asphalt with varying waste vegetable oil content and rejuvenation time, found that the addition of waste vegetable oil effectively supplements the content of saturates and aromatics, inhibiting the oxidation of saturates and aromatics into asphaltene and resin (Zhi et al., 2021). The optimal rejuvenation time was 60 min, with a rejuvenator content of 7.0%. Zhang et al. (Zhang et al., 2018) evaluated the rejuvenation effect of waste soybean oil with different viscosities, characterised the basic performance of regenerated asphalt using three major indicators, and then assessed the impact of waste cooking oil (WCO) viscosity on the rheological properties of rejuvenated bitumen through rotational viscosity, rutting parameters, complex modulus and phase angle master curves, and creep recovery rate. Experimental results indicated that the three major indicators and rheological performance of aged asphalt can be recovered to a certain extent, but there is still a gap between the basic performance of WCO-rejuvenated bitumen and fresh bitumen. Both excessively high and low viscosity values of WCO adversely affect the performance recovery of rejuvenated bitumen. This study contributes to making appropriate choices for bio-rejuvenators in asphalt applications and promotes the practical application of bio-regenerators.
Zheng et al. investigated the potential reparative role of sunflower seed oil in asphalt materials using a dynamic shear rheometer (DSR) to evaluate the performance of asphalt binders (Zheng, 2019). The resulting master curve indicated that the addition of 5% sunflower seed oil could restore approximately 30% of the modulus loss in aged bitumen. Thus, the test results robustly demonstrate the potential of sunflower seed oil to fully restore the rheological performance and healing capacity of bitumen. The aforementioned studies collectively demonstrate that the type, content, and rejuvenation time of vegetable oils play crucial roles in recovering the performance of aged bitumen under different levels of rejuvenation.
On a microscopic level, aging leads to the oxidation of abundant benzyl and sulfuric compounds in bitumen, transforming them into carbonyl functional groups and sulfoxide functional groups. Regarding the apparent morphology of bitumen, the honeycomb structure of asphalt binder tends to disappear after ageing. It has been reported that the rejuvenated binder with the use of plant oil does not chemically interact with asphalt compounds; instead, asphalt compounds only supplement the light components of saturated and aromatic fractions. However, the addition of plant oil can inhibit the oxidation of benzyl and sulphur compounds, forming a transition from light to heavy components, effectively slowing down the aging of the binder (Zhi et al., 2021). Simultaneously, with the assistance of bio-rejuvenators, the honeycomb structure can be restored and uniformly distributed. Compared to traditional rejuvenators, bio-rejuvenators are more stable and less susceptible to high-temperature volatilisation, significantly enhancing the efficiency of rejuvenation (Suo et al., 2021).
It is worth noting that the penetration effect of WCO rejuvenator on aged asphalt significantly influences its regeneration effectiveness. Existing research has shown that when WCO is used as a rejuvenator to regenerate aged asphalt, a diffusion area without a distinct interface, as shown in Figure 2, is formed. Investigating the physicochemical properties of binder at different positions within this area is an important means of understanding the regeneration mechanism of WCO rejuvenators. Xiao used techniques such as interface image threshold analysis and tracer analysis, comprehensively studied the diffusion mechanism between bio-rejuvenators and aged bitumen at the microscopic level, establishing both microscopic and macroscopic relationships for a more comprehensive and in-depth understanding of plant oil-rejuvenated bitumen (Xiao et al., 2020).
[image: Figure 2]FIGURE 2 | Diagrammatic sketch for GC–MS analysis (Xiao et al., 2020).
3.2 The application of WVO as modifier
Traditional bitumen struggles to meet the performance requirements of asphalt pavements under high traffic volume and extreme weather conditions. Therefore, polymers and additives are employed to enhance the performance of base bitumen, aiming to achieve better rheological properties and extend the pavement’s service life (Seidel and Haddock, 2014). Plant oil is considered an environmentally friendly alternative to traditional modifiers and has been investigated in bitumen modification.
The use of plant oil in asphalt modification can be categorised into three types: direct modification of base bitumen (plant oil directly added to base bitumen for modification), composite modification of bitumen with other materials (plant oil added to base bitumen, along with the addition of other materials such as plastics and rock bitumen (Somé et al., 2016), or waste plastics), and activation modification of other bitumen additives (plant oil used to activate bitumen additives to enhance their modification effects in bitumen).
Due to the similarity in chemical composition, plant oil and bitumen exhibit excellent compatibility (Ahmed and Hossain, 2020). Fatty acids in plant oil with a linear alkane structure can reduce the viscosity of base bitumen, improving its resistance to low-temperature cracking (Cao et al., 2019). However, the addition of light molecules can physically melt the bitumen and result in an imbalance between bitumen components, potentially negatively impacting the high-temperature rutting resistance of bitumen (Ma et al., 2021). Simultaneously, the use of plant oil can effectively lower the polymer content in hard petroleum bitumen by supplementing light components. Adding WVO to the petroleum asphalt system significantly alters the composition of the asphalt colloidal system due to the introduction of a large amount of light components, resulting in noticeable differences in the high-temperature performance between bio-asphalt and matrix petroleum asphalt.
To balance the high-temperature and low-temperature performance of plant oil-modified bitumen, some researchers have studied composite bitumen with plant oil and other polymers or additives. Lv et al. (Lv et al., 2021) conducted a comprehensive study on five types of rock bitumen bio-bitumen with different amounts, using tests such as temperature sweep (TS), multiple stress creep recovery (MSCR), bending beam rheometer (BBR), Fourier-transform infrared reflection (FTIR), and scanning electron microscopy (SEM) from macroscopic and microscopic perspectives. The study indicated that the incorporation of bio-oil reduces the high-temperature performance of bitumen while improving its low-temperature performance. The modification process of bio-oil on bitumen is physical process, and, except for waste oil and plant oil, there is no apparent correlation between the rheological properties and infrared spectra of other bio-oils. Joni through multiple laboratory tests, investigated the physical properties of matrix bitumen and modified bitumen (Joni et al., 2020),. The results showed that waste plant oil-modified bitumen has better resistance to thermal cracking and lower rutting resistance, making it more suitable for use in moderately cold regions. Aldagari mixed PET particles treated with waste plant oil into bitumen using a high shear mixer and aged them in the laboratory using rolling thin film oven (RTFO) and pressure aging vessel (PAV). Dynamic shear rheometer (DSR) and Fourier-transform infrared (FTIR) spectroscopy captured the rheological and chemical changes during ageing (Aldagari et al., 2021). The results indicated that the oil-treated PET-modified binder lost 15.6% of its healing capacity after long-term aging, while the pure binder lost nearly 66%. As indicated by lower aging index values, oil-treated PET has been proven to effectively reduce aging effects.
On one hand, the use of plant oil in composite bitumen modification can supplement light components and adjust the composition of bitumen, similar to its functioning in neat bitumen or aged bitumen (Gökalp and Uz, 2019; Joni et al., 2020; Tarar et al., 2020; Lv et al., 2021; Ma et al., 2021). Additionally, plant oil can activate other modifiers, enhancing the performance and compatibility of modified bitumen (Aldagari et al., 2021). Studies have shown that waste polymers (such as polyvinyl chloride (PVC), low-density polyethylene (LDPE), polystyrene (PS), polyethylene (PE), rubber crumbs (Li et al., 2022), etc.) can absorb light components in bitumen, expanding to form a network structure after modification. The formation of a network structure improves the viscoelasticity and high-temperature performance of base bitumen while increasing bitumen’s creep stiffness, making it more prone to low-temperature cracking. However, their compatibility with the base binder varies due to different materials (Appiah et al., 2017; Xu et al., 2021). These initial studies demonstrate promising prospects for the direct use of plant oil in bitumen or plant oil as a pre-treatment material for other waste additives, contributing to resource conservation, recycling, and sustainable development in road construction. However, further research is needed to delve into the technical optimisation of using plant oil in modified binders, to fully understand the diffusion pathways and interface interactions of the materials.
3.3 The application of WVO as antioxidants
Additionally, sunflower seed oil (SO) can serve as an anti-ageing modifier in asphalt binders. Tarar et al. reported that the addition of sunflower seed oil can enhance the fatigue resistance and ageing durability of asphalt binders (Tarar et al., 2020). The presence of α-tocopherol in sunflower seed oil is believed to undergo carboxylic acid and bitumen anhydride esterification. The formation of esters can retard ageing and inhibit the volatilisation of light components in asphalt binders. Ricinoleic acid, a major component of castor oil, contains natural hydroxyl groups, theoretically allowing it to react with carboxylic acids and anhydrides in bitumen (Yamamoto et al., 2020). However, research on castor oil-modified bitumen and the use of castor oil as an anti-ageing modifier for bitumen are still lacking. Further investigation is needed to elucidate the anti-ageing mechanisms of other plant oils in bitumen modification.
4 MANURE-BASED BIO BITUMEN
Bio bitumen has economic, social, and environmental benefits. The use of bio bitumen can save the consumption of non-renewable resources and has good environmental benefits. The use of swine manure and other materials for bitumen modification is in line with this direction.
4.1 Preparation of swine manure bio-oil
In order to utilize this material, scholars have studied its preparation method. Wang et al. proposed a method for preparing swine manure bio-oil (Wang et al., 2021). As shown in Figure 3, swine manure particles were subjected to dehydration and crushing treatment quickly passed through the fluidised bed reactor from bottom to top under the drive of nitrogen. The swine manure particles rapidly exchanged heat with the preheated quartz stone in the reactor in an oxygen-free environment. The swine manure particles underwent a rapid pyrolysis reaction during the rapid temperature rise process.
[image: Figure 3]FIGURE 3 | Production process of swine manure bio-oil (Wang et al., 2021).
4.2 Effect of manure-based bio-oil as a modifier on bitumen
After developing this modifier, it is necessary to test its effectiveness, among which the basic performance testing of bitumen and asphalt mixtures is important.
Wang et al. evaluated the high and low temperature performance of modified bitumen made by different processes through MSCR and BBR test (Wang et al., 2021). The results showed that the addition of swine manure bio-oil to petroleum bitumen is beneficial to the workability, but cause negative effect on its high temperature performance, and fatigue performance.
Although manure-based bio-oil has adverse effects on the high-temperature performance of bitumen, it has an enhancing effect on the flexibility of bitumen. Oldham et al. examined the performance and workability of bitumen designed with and without a specified percentage of a bio-binder produced from swine manure and Recycled Bitumen Shingle (RAS) (Oldham et al., 2015). It was found that the ductility and fracture energy of the RAS modified bitumen binder was improved significantly when bio-binder was introduced. Mogawer et al. added a biological modifier made from swine manure to the RAP material (Mogawer et al., 2016). The data shows that the bio-modified binder improved the fatigue performance and cracking resistance of the 40% RAP binder, without negatively affecting its moisture sensitivity/rutting characteristics. Zhou et al. used DSR, X-ray diffraction, and high-pressure liquid chromatograph to measure the chemical composition, structure, and pyrolysis yield of biochar and bio-oil prepared from waste wood and swine manure (Zhou et al., 2021). Research has observed that biochar can significantly alter the basic properties of petroleum bitumen, including softening point, ductility, viscosity, and complex modulus. Most importantly, compared to untreated bio-oil, the performance of upgraded manure-based bio-oil is overall enhanced, increasing the potential for partial or complete substitution of petroleum asphalt.
4.3 Effect of manure-based bio-oil on antioxidation and rejuvenation of bitumen
It was also found that swine manure-based bio-oil have good resistance and repair effects on bitumen ageing, which may be a key aspect of the application of swine manure modifiers. Fini et al. studied the effects of the introduction of four different bio-binders made from swine manure, mango grass particles, corn straw, and sawdust particles on the rheological and chemical properties of the selected bitumen binder (PG64-22) before and after oxidation ageing through DSR, RV, and FTIR test (Fini et al., 2017). The results showed that the bio binder with swine manure is less susceptible to ageing compared to plant-based bio-oils. Karnati er al. Introduced a sustainable and economic bio-binder made from hydrothermal liquefaction of swine manure for surface functionalisation of silica nanoparticles (SNPs) (Karnati et al., 2021). The bio-binder functionalized SNPs (BB-SNPs) were characterised by scanning electron microscope (SEM), dynamic light scattering (DLS), Fourier-transform infrared spectroscopy (FTIR), and inverse gas chromatography (IGC), and BB-SNPs demonstrated superior capability to delay ageing of bitumen while being economically viable. Oldham et al. also characterised the aged bitumen before and after rejuvenation using rheology and atomic force microscopy (AFM). (Oldham et al., 2018). The results showed that the addition of bio-oil derived from swine manure referred to as bio-rejuvenator (BR) significantly restored the performance of bitumen in this study. Pahlavan et al. also studied the co-liquefying high-protein algae with high-lipid swine manure to form bio-oils containing high concentrations of nitrogen rich condensed aromatic hydrocarbons (Pahlavan et al., 2020). Through DSR test, this bio-oil can restore the original chemical equilibrium and molecular conformation of aged bitumen binder, enabling the rejuvenation of aged bitumen (Xu et al., 2024).
In summary, swine manure modified bitumen is usually used in conjunction with other modifiers for the rejuvenation process of aged bitumen. Its addition will enhance the low-temperature performance and ductility of bitumen. However, in the case of inaccurate dosage, there is a certain degree of damage to the high-temperature performance and fatigue performance of bitumen.
5 CONCLUSION
This paper systematically reviewed the state-of-the-art knowledge in the application of bio-binders for asphalt pavements. The feasibility and challenges of using bio-based additives have been analysed. Specifically, wood-based bio-oils, waste cooking oils, manure-based bio-oils were investigated as the representatives of the most promising bio-oils being used nowadays or the modification and replacement of petroleum bitumen. Based on the analysis, the following conclusions could be drawn.
(1) All bio-based oils currently being used are more suitable for serving as additives like softeners, rejuvenators, or modifiers rather than as alternative of binders. Existing research revealed that using bio-oils as additives are feasible, however, current technologies are not capable of replacing petroleum bitumen by bio-oils.
(2) One of the most promising utilisations of bio-oils is as rejuvenators. It was reported that bio-oils can effectively soften the aged bitumen, reduced the stiffness while increase the flexibility, thereby improving the low-temperature performance and fatigue resistance of bitumen while keeping high-temperature performance reasonably efficient.
(3) Bio-oils are potentially to be used as antioxidants. It was evidently reported that bitumen modified with bio-oils has improved ageing resistance. Therefore, bio-oils may play a dual role in the modification of bitumen.
(4) Bio-oil and polymer composites are other options to improve all temperature range performance of bitumen, especially in rejuvenation of aged binders. Incorporating polymers can avoid the unfavorable reduction in high-temperature related issues. The main concern is the compatibility between different components.
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