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Abstract


Nowadays, carbon dots (CDs) with a variety of structures and compositions are widely applied in the petroleum industry, including tracers, modification of interfacial properties and regulation of rheological properties due to their excellent modifiability, environmental compatibility, straightforward synthesis, and outstanding photoluminescent properties. In this review, we summarize the applications of CDs in the petroleum industry and elucidate the effects of CDs based on the classification of application scenarios. In addition, we briefly analyze the relationship between the structure of CDs and their performance, identify the challenges we are currently facing, and discuss the structural characteristics of high-performance CDs along with their potential future applications. The discussion presented in this article is based on research on CDs and the petroleum industry. By combining these two areas, this review is expected to provide guidance to researchers working in related areas. Meanwhile, we also hope this review can offer innovative ideas for further applications of CDs in the petroleum industry.
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1. Introduction


The petroleum industry usually involves multi-stage engineering, which can be broadly categorized by application scenarios in drilling/completion, recovery, drive-off, transmission, etc. [1]. Therefore, oilfield chemicals that meet different application scenarios have been developed and present a diversified growth trend. At present, the conditions for oil exploitation are becoming increasingly challenging, and due to well-known reasons, China is facing external technological embargoes. This situation, combined with the pressures of environmental and energy transitions, has led to significant challenges for the petroleum industry. There is an urgent need to develop new technologies and materials with independent intellectual property rights to meet these growing challenges. The extensive use of oil has also brought about severe environmental problems. Greenhouse gases such as carbon dioxide produced by burning oil continue to accumulate in the atmosphere, leading to an increasingly severe global warming phenomenon. Glacier melting, rising sea levels, and frequent extreme weather events pose significant threats to ecosystems and human survival and development. To address this challenge, maintaining a carbon neutral cycle has become a top priority [2,3].



Nanomaterials are an important direction for petrochemical technology iteration [4,5] but current oilfield chemicals based on conventional nanomaterials usually have small production volumes, high costs, and are difficult to be used in complex field environments or lack field environment versatility, making it difficult to achieve large-scale diffusion. Discovered at the beginning of the 21st century, carbon dot materials [6,7,8,9] have emerged as new and important candidates in this field due to their tunable functional groups, low preparation cost and customizable physicochemical properties. Although the development of CDs has only been underway for more than 20 years, a considerable number of works have emerged, being applied to diverse scenarios in the petroleum industry by virtue of their rich structures and inexpensive accessibility. These works not only demonstrate the feasibility of the large-scale application of CDs in the petroleum industry, but also provide important ideas for the development of new oilfield nanomaterials.



This article introduces the main applications of CDs in the petroleum industry and summarizes the structures of CDs with excellent performance in these scenarios, with the aim of providing clues for the development of carbon dot-based oilfield chemicals. It is worth noting that the scope of this review is limited to zero-dimensional “carbon dots”, but also to graphite and its derivatives in the fields of “nanocarbon” and “carbon-based materials”. Carbon nanotubes and carbon nanofibers have also been shown to have good performance in the petroleum industry, but this is beyond the scope of this paper, and interested readers can refer to the relevant literature [10,11].




2. Basic Conditions for the Application of Carbon Dots in Petroleum Industry


CDs are a type of nanoparticle with a size below 10 nm, fluorescent properties, and carbon as the main constituent element. They are a unique type of nanomaterial that has received widespread attention in scientific research and industrial applications in recent years [6,7,8,9]. The diverse functionality of CDs comes from their rich structures. Based on the different carbon nuclei, CDs be divided into graphene quantum dots (GQDs), nitrogen-doped carbon quantum dots (CNDs), carbon quantum dots (CQDs), carbon nanodots (CNDs), and carbonized polymer dots (CPDs). Different degrees of carbonization not only affect the optical behavior of the carbon dots, but also the arrangement of their peripheral functional groups, giving the dots more isomerization possibilities [12]. In addition, the surface functional groups of CDs are rich and diverse, and can be hydrophilic groups such as hydroxyl, amino, and carboxyl groups, hydrophobic groups such as aryl and alkyl groups, and polymers such as polyoxyethylene ether and polyethyleneimine. Interestingly, these functional groups with different properties can also coexist, further enriching the composition of functional groups on the surface of CDs [13].



CDs can also be made amphiphilic when they have both hydrophilic and hydrophobic groups in appropriate proportions on the surface. By adjusting the type and number of functional groups on the surface of the CDs, the amphiphilicity can be regulated to achieve good dispersion in water and oil [14]. In fact, compared to other types of CDs, the research on amphiphilic CDs started relatively late. In 2012, Wang et al. first reported that CDs prepared from eggs have amphiphilicity [15]. Subsequently, a large amount of work on amphiphilic CDs began to emerge, but most of the work focused on the luminescent properties of CDs and their applications in bioimaging [16,17,18,19,20], analytical detection [21,22,23,24], drug delivery [25], and so on. The deeper exploration of the amphiphilicity of CDs began in 2015. Li et al. developed CDs modified by ionic liquids that could be applied to the phase transfer system. The amphiphilicity of the CDs they prepared could be easily adjusted through anion exchange, thus realizing spontaneous phase transfer between the aqueous phase and the oil phase [26]. Subsequently, the good dispersibility of the amphiphilic CDs was further confirmed [27,28]. In 2019, Elif et al. quantified the adsorption behavior of amphiphilic CDs on the interface membrane [29]. At this point, the theoretical framework for using amphiphilic CDs as surfactants has been fully constructed, and subsequently, amphiphilic CDs are rapidly developing towards high surface activity and high luminescence. The surface tension of amphiphilic CDs, as an important fundamental parameter, is also receiving increasing attention [28,30,31,32,33]. At present, it has been reported that the surface tension of water can be reduced to below 28 mN/m (Figure 1b) [33], and this value has exceeded many traditional surfactants. This good surface activity is an important basis for CDs to be applied to the petroleum industry. Yang et al. [33] synthesized amphiphilic CDs (C12-CDs and C12-SCDs) under mild reaction conditions. The experiments carried out on oil film removal rate and contact angle show that C12-CDs and C12-SCDs have excellent wetting alternation compared with traditional surfactants SDBS, because they are rich in hydroxyl, carboxyl, amino and sulfonic groups. In addition, the Pickering emulsion stabilized by C12-SCDs has a fast pH and CO2 response. Compared with traditional surfactants such as SDBS and APG12, CDs have excellent dispersion performance for multi-walled carbon nanotubes. Figure 1a provides statistics on the publication of articles in the field of CDs over the years, and Figure 1b gives the values of surface tension of amphiphilic CDs reported in the literature and the corresponding year of publication in the literature.



The good amphiphilicity of CDs means that CDs can not only replace traditional surfactants, but also utilize their own advantages to realize the functions that surfactants cannot realize. The application of CDs in oil repulsion, emulsification/breaking of emulsions and metal protection in the petroleum industry is based on this characteristic. In addition, CDs themselves have fluorescent properties, and they can be used as tracers in scenarios where it can be added. Based on the above properties, the application of CDs in the petroleum industry has been widely developed and entered a stage of rapid development. This paper provides an overview of some of the classical work in the hope that it can bring better inspiration for the industrial application of CDs in the petroleum industry (Table 1).




3. CDs in the Petroleum Industry


3.1. CDs Applied to Improve Oil Repellent Efficiency


Improving oil recovery is one of the crucial tasks currently facing the petroleum industry. This is especially true in the context of China’s insufficient petroleum reserves, the declining efficiency of water-based oil displacement, and the environmental concerns associated with oil displacement agents. Therefore, developing new and efficient oil displacement materials is of great significance [34]. Thanks to the flexible structure of CDs and surface activity comparable to surfactants, improving oil recovery has become one of the most researched applications in the petroleum industry. The enhanced oil recovery (EOR) method based on CDs is essentially a replacement for traditional oil displacement agents. Therefore, the CDs applied to EOR must have theoretical characteristics beyond conventional oil displacement agents, including good water solubility, salt resistance, amphiphilicity, etc. From the perspective of technical principles, it is required that CDs applied to EOR have single or synergistic advantages in reducing separation pressure, reducing oil–water interfacial tension, improving rock wettability, and adjusting rheological properties. Therefore, CDs applied to enhanced oil recovery (EOR) usually require elaborate structural design and surface modification. This has led to a relatively late start in the research on CDs in this field, which began around 2020. However, the huge demand gap in this area has spurred rapid progress in the research on CDs for improving oil displacement efficiency [35]. Especially since China is the country with the largest EOR demand, it is in a leading position in research in this regard.



In the early stages of using CDs for displacement, most systems still required to be compounded with surfactants, and they played a more additive-like role in the displacement process. For example, Wu et al. [36] utilized a composite system of hydrophilic–hydrophobic CDs and surfactant Tween-80 as oil repellent, respectively. Their oil repellent efficiency was improved by the carbon point-containing nanofluid that can reduce the separation pressure, which can be up to 17.88% and 26.14% for hydrophilic and hydrophobic carbon point-containing pressure reduction. Sakthivel et al. [37] used a combination of carbon nanodots (CNDs) and self-made cationic Gemini surfactants (GS8) as oil displacement agents to improve the wettability of carbonate rock samples. The oil displacement efficiency was improved by 22–25% compared to seawater. In addition to water flooding, Sivabalan et al. [38] applied CDs to carbon dioxide oil displacement engineering. They used citric acid and ethanolamine as precursors and obtained a series of CDs materials through different neutralizing reagents, and screened their colloidal stability under different surfactants, formations, seawater and saltwater, and temperature conditions. Subsequently, foaming experiments were conducted using a foaming agent containing CDs and surfactants to determine the foam stabilizing effect of CDs, which is of great significance for improving oil displacement efficiency.



After 2022, the use of CDs for oil recovery entered a stage of rapid development. At this stage, the surface of CDs was modified or optimized to achieve the effect of independent oil displacement. For example, Wu et al. [39] prepared amino-modified CDs by polymerization of D-glucose and 3-aminopropyltriethoxysilane. The amino groups on the surface of CDs endowed them with excellent hydrophilicity and dispersion stability. Without the addition of surfactants, its oil recovery efficiency reached 54.09%, which far exceeds the oil recovery effects of water flooding, nano silica flooding, and carbon dot flooding without amino modification under the same conditions. More importantly, the preparation process of CDs in this system can easily control the structure of CDs by adjusting reaction conditions, thereby achieving customized synthesis of unconventional reservoir petroleum. Bashirul et al. [40] focuses on the research of green EOR oil displacement agents. They used jujube leaves as precursors for CDs and prepared green oil displacement agents under high temperature and ball milling conditions. By comparing carboxyl functionalized CDs and non-functionalized CDs, it was confirmed that both have good oil displacement effects. Non-functionalized CDs need to be compounded with surfactants to achieve good oil displacement effects, while functionalized CDs can produce good oil displacement effects on rock formations under single component conditions. Subsequently, the structure of the CDs was further developed. Usually, a single CDs can trigger multiple synergistic effects simultaneously, achieving further improvement in oil displacement efficiency and a decrease in CDs usage. In 2022, Ranjbar et al. [41] obtained amphiphilic CDs through the pyrolysis of citric acid, aminosulfonic acid, and dodecylamine. These amphiphilic CDs can be compounded with both anionic and cationic surfactants, and their surface activity and temperature resistance are further improved after compounding. The good surface activity of this composite oil displacement agent can effectively reduce the interfacial tension between oil and water, effectively remove the oil film on the surface of the rock core, and greatly improve the water injection channel. At the same time, these amphiphilic molecules can also generate hydrophobic sliding effects, effectively reducing injection pressure. By reducing interfacial tension and injecting pressure synergistically, the composite oil displacement agent containing CDs achieved a good oil displacement effect. In the same year, Cao et al. [42] prepared silicon containing CDs using 3-aminopropyltriethoxysilane and D-glucose as precursors. The in situ prepared solution of silicon with CDs serves as an excellent nanofluid, characterized by outstanding stability, dispersibility, and resistance to both temperature and salt. The CDs embedded within can modify the interface properties, decrease oil adhesion sites by 39%, alter wettability from oil–wet to neutral, and reduce the roughness of rock surfaces by 29.25%. CDs simultaneously reduce the interfacial tension between oil and water, increasing the shear force around the oil surface by a factor of 1.7 during scouring, which ensures that the oil film ruptures more easily and stays smaller to migrate through the channels, thereby realizing a 35% reduction in injection pressure. These synergistic effects ensure that CDs can still achieve the application of a complex repellent even in a single-component situation, and are a promising solution for reducing injection pressure and increasing oil recovery in unconventional reservoirs.



At present, CD-based oil displacement agent systems are showing a diversified development trend, mainly reflected in the great expansion of precursor types and preparation methods. Citric acid is one of the most common precursors for preparing CDs, and examples of using citric acid and urea [43] or ethylenediamine [44] as precursors in CDs oil displacement materials are also common. The advantage of this preparation method is that it is mature, simple, and controllable. The CDs prepared on this basis can also be post modified [45], and targeted structural control can be carried out according to the characteristics of the oil field, thereby improving the oil displacement effect from multiple dimensions such as controlling interfacial tension, interfacial viscoelastic modulus, wettability changes, and adsorption capacity. Obtaining CDs with good amphiphilicity using surfactants as precursors is a feasible approach. Lu et al. [46]. obtained a series of amphiphilic CDs by pyrolysis of alkyl glycosides using non-ionic surfactants. The surface activity of these amphiphilic CDs is comparable to that of traditional non-ionic surfactants, and their surface activity trend with structural changes is exactly the same as that of the precursor. This means that non-ionic surfactant residues may be an important part of controlling surface activity. This type of surfactant not only inherits the good salt resistance of non-ionic surfactants, but also produces good temperature resistance, making it very suitable for high-temperature and high salinity petroleum reservoirs. Thanks to its excellent surface activity, the area of the oil film in crude oil displacement experiments can be reduced by up to 78% or more.



Silicon-based CDs have been proven to have good displacement effects, but the preparation of silicon-based CDs is relatively difficult. Recently, Farhad et al. [47] directly obtained silicon-based CDs using a one-step hydrothermal method with tetraethyl orthosilicate, providing a new approach for the preparation of silicon-based CDs. This type of silicon CDs can reduce the interfacial tension between high salinity seawater and crude oil to 7 mN/m, lower the contact angle on the rock surface to 31°, and integrate a series of conditions such as emulsification and wetting during crude oil displacement (Figure 2).



From the above literature, it can be seen that the improvement of crude oil recovery is usually achieved through the good amphiphilicity, temperature and salt resistance, and compatibility of CDs. Amphiphilicity is one of the most important properties, and CDs with good amphiphilicity can wet rock layers, emulsify crude oil, displace oil films, and reduce injection pressure. This shows us that we need to consciously introduce amphiphilic structures into CDs in the process of developing new oil displacement CDs. Among them, good hydrophilic groups include sugar groups, amino groups, polyoxyethylene fragments, etc.; hydrophobic groups include alkyl, siloxane, etc. Combining the unique branching structure of CDs can better enhance amphiphilicity.




3.2. CD-Based Demulsifier


The demulsification technology plays a crucial role in the extraction, processing, and processing of crude oil. Crude oil often exists in the form of an emulsion during the extraction process, which is mainly composed of crude oil, water, and emulsifiers. Due to the fact that asphaltene, petroleum cyclic acid, and various minerals contained in water in crude oil are natural emulsifiers, dehydration of crude oil has become a necessary problem to be solved in oil recovery and gathering [48,49]. On the one hand, the proportion of thick oil extracted annually in China is gradually increasing, and this thick oil is usually extracted in the form of emulsion, but it is difficult for traditional emulsion breakers to deal with this kind of emulsion efficiently [50]. On the other hand, the oily wastewater generated from petroleum industrial production also needs to be demulsified and purified to meet the discharge requirements [51,52]. Therefore, it is of great significance to develop a new type of demulsifier or demulsification technology.



In fact, the proportion of CDs in the research of nanodemulsifiers is not high because they have only recently been developed in this field, and the application of CDs in this field requires post modification. For example, as early as 2022, Guo et al. [53] reported the idea of doping iron elements into CDs. Subsequently, its materials gradually became an important carrier for magnetic demulsifiers. Jia et al. [54] modified fluorinated polyether on the surface of CDs and obtained a novel magnetic emulsifier by doping iron elements. This emulsifier has a demulsification rate of 96.68% and a clear oil–water interface. In addition, the emulsifier has magnetic response and can be recycled and reused 5 times under the action of an external magnetic field. It is interesting that the work using CDs as emulsifiers tends to use glucose as a precursor. Li et al. [55] similarly prepared a novel structured nanoemulsion breaker from glucose. It is important to emphasize that the significance of this work lies in the ingenious control of the CDs structure by the research team during the emulsion breaking process. Sugar-based CDs have hydrophilicity, and after hydrophobic modification with maleic anhydride and dodecanethiol, these CDs exhibit amphiphilicity. After modification, its surface can still carry positive charges, and under the synergistic effect of low interfacial tension and electrostatic repulsion at the interface, the demulsifier achieves a good demulsification effect. If the perspective is further extended to the field of oil–water separation, carbon dot-based composite materials also hold an important advantage. Recently, Ma et al. [56] used cysteine-derived CDs to modify polylactic acid and prepared superhydrophobic polylactic acid films. When the super hydrophobic membrane is used to separate water in oil lotion, its retention rate is up to 99.98%, and the flux can reach 315.74 L·m−2·h−1·bar−1. In addition, this membrane is resistant to acid and alkali and has good ecological characteristics, showing great potential for practical applications in oil–water separation.




3.3. CDs as Oilfield Tracers


An oilfield tracer is a substance that is used to monitor and analyze fluid flow during oilfield development. It plays an important role in predicting remaining oil saturation, indicating fractures, marking the flow direction of fluids in fractured sediments, locating faults, and measuring fluid motion in injection wells [57]. Compared to radioactive isotope tracing and mass spectrometry analysis, fluorescence tracing has the advantages of safety, effectiveness, simplicity, and intuitiveness [58]. CDs, as a typical photoluminescent material, have been applied in various scenarios for fluorescence tracing [59,60,61,62,63]. Obviously, CDs are highly suitable as a new type of additive in the field of oil fields for fluorescence tracing. Interestingly, its application as a fluorescent tracer is often integrated with other functions. For example, in 2022, Saba et al. prepared carbon dot tracers using citric acid, urea36, and phenylenediamine [64]. These tracers can improve crude oil recovery and maintain high quantum yields and good oil displacement effects in high-temperature and high-salt-concentration solutions. This kind of tracer can not only analyze the distribution of crude oil in oil fields but also make an important contribution to optimizing and understanding EOR processes through visualization. Yan et al. [65] used CDs as nanocrosslinking agents. The same crosslinking point can be connected to multiple guar gum molecular chains, endowing the fracturing fluid with good stability. The CDs employed in this system are prepared through the co-pyrolysis of four precursors: citric acid, borax, ethylenediamine, and diethanolamine. Consequently, they are, in fact, B- and N-doped CDs possessing rich amino and hydroxyl structures on the surface, which serves as an important structural basis for the non-covalent crosslinking between CDs and guar gum molecules. Fracturing fluids containing B- and N-doped CDs exhibit excellent temperature resistance and shear resistance. In combination with the strong blue luminescence of CDs, such fracturing fluids can also be used for fracturing tracing (Figure 3).




3.4. CD Protection for Oilfield Equipment


The diverse functions of CDs enable them to perform multiple protective functions for oilfield equipment, including but not limited to equipment lubrication, equipment descaling, and equipment anti-corrosion.



Research has shown that CDs, as a lubricating additive, can reduce friction and wear through various mechanisms such as forming a lubricating protective film, filling and repairing effects, and polishing effects [66,67]. In addition, the surface functional groups of CDs are abundant, and their lubrication performance can be further improved through strategies such as surface functionalization and heteroatom doping [68]. These characteristics enable CDs to have great application prospects in the fields of mechanical manufacturing, oil and gas equipment lubrication, etc. [69].



In the petroleum industry, the equipment is mostly located in environments with high salinity, high acidity, and various bacteria, which poses a huge challenge to the corrosion resistance of the equipment. However, currently, carbon dots provide a good solution to address the pain points in this industry. Berdimurodov et al. [70] provided a detailed review of CDs in this field and stated that CDs are currently one of the best green and corrosion-resistant materials for equipment in the petrochemical industry. It is worth mentioning that those used for corrosion-resistant materials usually have carboxyl, hydroxyl and other functional groups on the surface, and electron-rich elements such as N, P, S are also commonly used to modify the surface of CDs [71,72,73]. These types of carbon dots can effectively be absorbed on metal surfaces, thereby alleviating the destructive effect of corrosive media on metals. Later, this type of CD material began to be intelligently applied and used to construct intelligent anti-corrosion coatings, achieving self-healing and corrosion warning functions of the coatings.




3.5. Drilling Fluid Containing CDs


Drilling oil wells is one of the most fundamental and important projects in the petroleum industry. To protect the drill bit, improve drilling efficiency, and safeguard the rock and soil layers during the drilling process, drilling fluid is an indispensable and crucial material. However, drilling engineering frequently encounters extreme high-temperature and high-pressure conditions, with temperatures exceeding 150 °C and pressures of 10,000 psi or even higher [74]. This places quite high demands on drilling fluids. In order to maintain the required characteristics of drilling fluid, additives such as polymers, surfactants, and barite are usually introduced [75,76,77,78]. However, as the drilling environment becomes increasingly harsh, existing drilling fluids are unable to function properly on some oilfield sites, and the cost of drilling engineering has greatly increased. The development of new drilling fluid additives has gradually become an important issue in the petroleum industry.



In the 1920s, it was discovered that carbon-based materials, especially carbon nanomaterials, were very suitable as drilling fluid additives. By utilizing different synthesis conditions and the unique hybridization properties of carbon, nanomaterials with unique physical, chemical, and electronic properties could be produced. Their size, surface area, molecular interactions, adsorption characteristics, and thermal properties made them highly suitable for use in drilling fluid modification [79]. Azeem et al. described in detail the application of carbon based nanomaterials, including graphene, carbon nanotubes, nanocellulose, etc., in drilling fluids [80]. It cannot be denied that these materials generally have high application costs and preparation thresholds, among which the low-cost advantage of CDs may have more practical significance. Therefore, the application of CDs in drilling fluid systems deserves further research.




3.6. CDs Assist in Crude Oil Adsorption


CDs also show great potential in crude oil adsorption and cleaning. Different studies have prepared CDs with specific functions by using different precursors and synthesis methods, and applied them to substrates, which can effectively improve the adsorption efficiency of crude oil. These CDs mainly adsorb crude oil by changing the surface properties of the substrate. Related work was reported in 2017 [81]. In the work of Enrique et al., “multi-shell nanoparticles” were prepared using 10,12-pentadecanedioic acid and agave nectar as precursors. These are actually CDs with hydrophobic functional groups. When gauze is used as a substrate, a 91% absorption efficiency of petroleum distillates can be achieved, and the nanoparticles have functions such as biocompatibility and pollution remediation. However, the precursors and preparation methods used in this study evidently do not have industrial value. In 2020, Yin et al. [82] reported a one-step method to prepare alkyl CDs using inexpensive dodecylamine and citric acid. By employing a simple dip coating method to hydrophobically modify a polyurethane sponge, the water contact angle of the modified sponge could reach 138.8°, endowing the hydrophobic sponge with good absorption capabilities for various oils and non-polar organic solvents as well as high recyclability. Interestingly, this sponge could achieve visual absorption under ultraviolet radiation in the dark. By introducing alkylated Fe3O4 nanoparticles, the sponge could further achieve controllable oil-water separation. This type of carbon dot preparation is low cost and of great significance for large-scale applications. Subsequently, Neelima and Isnaeni prepared hydrophobic CDs using guava leaves and pencil lead as precursors, and then hydrophobically modified cotton and sponge, respectively. The composite materials prepared by both of them showed good adsorption efficiency for crude oil [83,84].



Since 2022, research on CDs in the field of oil pollution removal has flourished and CDs are often combined with other functions. CDs can reduce the viscosity of crude oil through photothermal conversion, thus helping to clean up crude oil pollution. Su et al. [85] modified sponges with superhydrophobic CDs through in situ chemical reactions, making the bonding between the CDs and the sponge more firm and uniform. CDs endow composite materials with a high solar thermal conversion rate, good thermal management, and superhydrophobic surface properties, enabling them to quickly remove large areas of crude oil pollution. In addition, Li et al. [86] prepared CDs with photothermal properties using a top-down method and assembled them onto a sponge, achieving an adsorption capacity of crude oil of 9.4 g/g. This was not only due to the hydrophobic modification of CDs but also relied on the photothermal and electrothermal conversion platforms provided by CDs. The value of the crude oil recovered within one hour by this composite material was 3.15–4.43 times the material cost, providing a new material architecture system for solving catastrophic large-scale oil spills (Table 2 and Table 3).





4. Challenges and Prospects


4.1. Challenges to the Application of CDs in the Petroleum Industry


At present, CDs are being applied in various areas of the petroleum industry. As a newly discovered nanomaterial in the 21st century, their development from laboratory to industrial applications is very rapid. However, in the process of rapid development of CDs in the petroleum industry, their development quality needs to be taken seriously.



Specifically, the stability of CDs needs to be further optimized to ensure their long-term effectiveness in practical applications. The “good stability” mentioned here encompasses the following aspects: good chemical stability of CDs to adapt to complex petrochemical environments; good colloidal stability of CDs. Whether in the oil phase or the water phase, CDs need to maintain good phase stability in their application scenarios and be able to continue to function effectively in extreme high-temperature, high-salt, and high-pressure environments. The batch stability of CDs is good. However, the current theory of CD formation is still in the “black box” stage. Moreover, the precursor source, preparation conditions, and purification methods of CDs have a serious impact on the final product. Maintaining good batch stability of carbon dot preparation is an important prerequisite for large-scale application.



In addition, although CDs are currently one of the cheapest nanomaterials, their yield and output need to be further improved, and the preparation cost still needs to be further reduced. The application of additives in the petroleum industry usually requires consumption at the level of hundreds of kilograms or even tons. Processes that have good performance but involve complex synthesis steps, low yields, and dependence on expensive precursors need further optimization. It is recommended to use precursors that match the application scenario or can synergize with CDs to avoid complex and wasteful purification processes.



Finally, the practical application effect of CDs in the petroleum industry requires more on-site experiments to ensure their actual effectiveness and cost-effectiveness in oil fields.




4.2. Prospects for CDs in the Petroleum Industry


The advantages demonstrated by CDs in specific fields indicate that CDs have increasingly significant development prospects in the petroleum industry, despite numerous challenges that are mostly temporary issues in material development. Its future development direction is inevitably related to the challenges that need to be urgently addressed. Therefore, optimizing the preparation process for specific scenarios is a very promising development direction. Process optimization not only aims to enhance the three “stabilities” of CDs but also holds important practical significance for cost reduction and efficiency improvement. Moreover, currently, many outstanding new processes have begun to take into account the practical problems confronted by industrialization [87].



Relying on the flexible and adjustable structural characteristics of CDs, they possess a unique advantage of “oilfield customization” in the petroleum industry. As is well known, there are significant differences in the chemical environment, petroleum composition, and production conditions among different oil fields. In terms of the application effect of materials, the actual on-site environment in the same application scenario cannot be ignored [88]. CDs can be modified through simple structural adjustments, such as precursor ratio control, reaction condition control, and post modification, to adapt to the on-site environment of different oil fields.



The large-scale application of CDs materials in the petroleum industry in the future will not only rely on their unique properties and the increasingly stringent environmental requirements but also on their unique “one dose, multiple uses” characteristics. As mentioned earlier, CDs themselves have excellent photoluminescence properties and can achieve visual tracing effects in almost all application scenarios. The amphiphilic properties of CDs are required in the fields of oil displacement, emulsification, demulsification, scale inhibition, and completion fluids. The fields of equipment corrosion resistance and descaling rely on the complexation effect of CDs. Obviously, CDs are likely to be further applied as multifunctional additives in the petroleum industry in the future. This is of great significance for the development of CDs themselves and the cost reduction of the petroleum industry. As an example, Figure 4 lists some CD applications in different scenarios.
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Figure 1. (a) Reference number for explicitly reporting amphiphilic CDs, which reflects the relationship between the research popularity of amphiphilic CDs and the year. The star on top of 2024 denotes that the statistics of data in this year is incomplete (till August, 2024). (b) Surface tension of typical amphiphilic CDs [28,30,31,32,33], which represents the development status of surface activity of amphiphilic CDs in recent years. 
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Figure 2. Typical application cases and effects of carbon dot-driven oil displacement: (a) CDs enhance foam strength by reducing surface tension and increasing the thickness of the foam liquid layer, thereby improving the efficiency of foam-driven oil displacement [38] (reproduced with permission from Sivabalan Sakthivel, Energy & Fuels, ACS Publications, 2019, the scale bars in the second and third rows are the same with that shown at the bottom left, i.e., 500 μm). (b) CDs assist in improving the interfacial activity between rocks and oil, enhancing the efficiency of crude oil stripping [44] (reproduced with permission from Kaiyuanwen Liu, Journal of Molecular Liquids, Elsevier, 2024). (c) Change in underwater–oil contact angles in simulated formation water and S-CDs with time [45] (reproduced with permission from Yue Sun, Energy & Fuels, ACS Publications, 2023). (d) CDs can increase the contact angle of oil on rock surfaces, reducing the adhesion of crude oil to those surfaces [42] (reproduced with permission from Mengjiao Cao, Fuel, Elsevier, 2023). 
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Figure 3. Typical application cases and effects of CDs tracers: (A) CDs can maintain good photoluminescence after prolonged interaction with crude oil [41] (reproduced with permission from Saba Ranjbar, Energy & Fuels, ACS Publications, 2022). (B) CDs can maintain good photoluminescence at high temperature, high salt and mixed with crude oil [64] (reproduced with permission from Saba Ranjbar, Journal of Colloid and Interface Science, Elsevier, 2022). 
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Figure 4. Application of CDs in different scenarios. 
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Table 1. Comparison of properties, applications and characteristics between amphiphilic CDs and traditional surfactants.
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Amphiphilic CDs

	
Traditional Surfactant






	
Properties

	
Ring structure, stable at high temperature and high salt.

	
Linear structure, easy to degrade under high temperature and high salt.




	
Good biodegradability and low toxicity.

	
It is difficult to degrade and may be harmful to the environment.




	
Solubilization, emulsification, demulsification, deposition inhibition and other functions.

	
Single function, usually only used in specific scenes.




	
Low adsorption loss and high efficiency.

	
It is easy to adsorb on the rock surface, and the efficiency is reduced.




	
Applications

	
Releasing crude oil through clathration with high efficiency.

	
Under extreme conditions, it easily fails and is inefficient.




	
A stable emulsion is formed, and the demulsification effect is good.

	
The emulsion stability is poor and the demulsification effect is limited.




	
Effectively inhibit asphaltene deposition and reduce equipment blockage.

	
The effect of inhibiting asphaltene is limited, which may cause other deposition problems.




	
Good biodegradability and environmental friendliness.

	
Difficult to degrade, which may cause pollution to the environment.




	
Performance metrics

	
The recovery ratio is improved by 10–20%.

	
The recovery ratio is improved by 5–10%.




	
Emulsification stability time > 24 h.

	
Emulsification stability time < 12 h.




	
Demulsification efficiency > 90%.

	
The demulsification efficiency is 70–80%.




	
Low toxicity and easy degradation.

	
Highly toxic and difficult to degrade.











 





Table 2. Application of CDs in the petroleum industry and its preparation method.
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	Application Scenario
	Preparation Methods
	Efficiency





	Improve oil recovery
	Chemical modification (such as alkylation, sulfonation)
	The recovery ratio is increased by 10–20%



	Emulsification and demulsification
	Amphiphilic modification (such as graft polymer)
	Emulsification stability is more than 24 h, and demulsification efficiency is more than 90%



	Inhibition of asphaltene deposition
	Enhancement of inclusion (e.g., introduction of hydrophobic groups)
	The deposition rate is reduced by 50–70%



	Oil displacement agent
	Compounding with polymers or nanoparticles
	The oil displacement efficiency is improved by 15–25%



	Environment-friendly drilling fluid additive
	Green chemical synthesis

(such as bio-based modification)
	The biodegradability is more than 80%, and the toxicity is reduced by 60%










 





Table 3. Performance of CDs in oil recovery.
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	Performance Index
	CDs
	Traditional Materials





	Recovery ratio
	Increase by 10–20%.
	Increase by 5–10%.



	Inhibition of deposition effect
	The deposition rate is reduced by 50–70%.
	The deposition rate is reduced by 20–30%.



	Environmentally friendly
	Biodegradability > 80%, low toxicity.
	Biodegradability < 50%, high toxicity.



	Temperature tolerance and salt tolerance
	Stable at high temperature (>100 °C) and high salt (>10% NaCl).
	Easily fails under extreme conditions.
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