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Hyperbranched polymer is a kind of polymer with a three-dimensional structure, which contains a highly branched structure and a large number of modified terminal functional groups. The desired properties can be obtained by modifying the active end groups appropriately. Hyperbranched polymers have been successfully used in the development of oilfield chemicals due to their excellent properties of solubility, rheology, temperature resistance, and salt resistance. Therefore, the application of hyperbranched polymer is helpful to the efficient development of oilfields. In this paper, the synthesis methods of hyperbranched polymers are reviewed. The advantages and disadvantages of different synthesis methods are analyzed. Furthermore, the research progress of hyperbranched polymers in oilfield chemistry is systematically described, and the advantages and existing problems of their application in polymer flooding as oil displacement agents, demulsification of crude oil, clay hydration expansion inhibition, and shale inhibition are discussed. Finally, the application prospect of hyperbranched polymer in drilling chemistry, oil recovery chemistry, and gathering and transportation chemistry is forecasted, which is expected to help the popularization and application of hyperbranched polymer in oilfields.
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INTRODUCTION
Hyperbranched polymer is a kind of polymer with a three-dimensional structure that is highly branched and a large number of modified terminal functional groups. Hyperbranched polymers possess both the multi-terminal structure of dendritic macromolecules and the large molecular weight of linear polymers. The physical and chemical properties of hyperbranched polymers can be changed if the rich active end groups are appropriately modified. Moreover, the highly branched structure minimizes possible interactions and entanglement between molecular chains, resulting in a lower viscosity of hyperbranched polymers than linear polymers. Because of this special molecular structure, it shows better solubility, rheology, temperature, and salt resistance than linear polymers.
Hyperbranched polymers have attracted more and more attention in recent years. Their synthesis methods are constantly updated, and more monomers are used to synthesize hyperbranched polymers. Different synthesis methods have different requirements on reaction conditions and monomer structure, and the properties of hyperbranched polymers are also different. Although the concept of hyperbranched polymers was put forward less than 100 years ago, people have already completed laboratory research on industrial applications. Hyperbranched polymers have been successfully applied in medical treatment, textile, coatings, luminescent materials, and other fields (Zhang et al., 2020a; Zhang et al., 2020b; Shimizu et al., 2020; Wang et al., 2020).
With the extensive application of hyperbranched polymers in various fields, oilfield chemistry workers have also carried out research on hyperbranched polymers. In this paper, the synthesis methods of hyperbranched polymers are discussed, and the advantages and disadvantages of different synthesis methods are analyzed. Research progress in oilfield chemistry is reviewed, and the advantages and problems of applications in oil displacement, the demulsification of crude oil, control of clay hydration expansion, and shale control are analyzed. Moreover, the application prospect of hyperbranched polymer in other fields of oilfield chemistry is forecasted, which is expected to facilitate the popularization and application of hyperbranched polymer in oilfields.
SYNTHESIS METHODS OF HYPERBRANCHED POLYMERS
The history of hyperbranched polymers can be traced back to the end of the 19th century. In early studies, hyperbranched resins were prepared by polycondensation of organic acids and alcohols, but no name was given to this structure (Gao and Yan, 2004). It was not until 1952 that Flory first proposed the concept of hyperbranched polymers (Flory, 1952). In 1992, Kim and Webster (1992) successfully synthesized hyperbranched polystyrene, and since then, hyperbranched polymers have attracted much attention because of their unique properties.
Hyperbranched polymers can be divided into six types according to their structural characteristics, as shown in Figure 1.
[image: Figure 1]FIGURE 1 | Schematic structure of hyperbranched polymers: 1) dendrimer structure without grafting; 2) dendritic-linear grafted polymer structure; 3) hyperbranched macromolecular structure without grafting; 4) hyperbranched-linear grafted single-arm structure; 5) hyperbranched-linear grafted multi-arm structure; 6) hyperbranched grafted structure (Gao and Yan, 2004).
The structures of hyperbranched polymers are divided into the dendrimer structure without grafting, dendritic-linear grafted polymer structure, hyperbranched macromolecular structure, hyperbranched-linear grafted single-arm structure, hyperbranched-linear grafted multi-arm structure, and hyperbranched grafted structure. Figure 1 shows the six existing hyperbranched polymer structure types.
The structural characteristics of these six types of hyperbranched polymers are determined by their synthesis methods. The dendritic structure and hyperbranched structure could be prepared through repeated reactions, and the molecular weight of polymers is relatively small. The other four kinds of structures are obtained by copolymerization of other monomers with a hyperbranched core, and the molecular weight is larger than that of dendritic macromolecules and hyperbranched macromolecules.
At present, the commonly used methods for synthesizing hyperbranched polymers are condensation polymerization, ring opening polymerization, and free radical polymerization. With the wide application of hyperbranched polymers, scholars have also tried to synthesize hyperbranched polymers by some novel synthesis methods, such as click chemistry, cross-coupling reaction, dipole cycloaddition reaction, and coupling monomer method.
Condensation Polymerization
Condensation polymerization refers to the process of repeated condensation reaction between monomers with two or more active groups to form polymers while releasing water and other small molecules. Most of the polycondensation reactions are reversible and stepwise, and the molecular weight increases gradually with the increase of reaction time. However, the conversion rate of monomers is almost independent of time.
Polycondensation of ABn-type monomers is a commonly used method for the synthesis of hyperbranched polymers. Many researchers have successfully synthesized polyphenylene, polyether, polyester, and polyamide by this method. The monomers used initially were AB2-type monomers, such as ethanolamine, ethylene glycol amine, and aminobenzene. With the wide application of this method, more and more monomers are used. Commonly used monomers are propylene glycol, trimethylol propane, and other AB3-type monomers (Zhang et al., 2019a), as well as ethylenediamine, pentaerythritol, p-diaminobenzene, and other AB4-type monomers (Wörl and Köster, 1999).
Guillaume (Rousseau et al., 2013) synthesized a hyperbranched polymer using ethanolamine and methyl acrylate as raw materials through Michael addition and condensation reaction of carboxylate ester with the amino group. The reaction process is shown in Figure 2. The hyperbranched polymer has the advantages of high yield and mild reaction conditions. However, this reaction is carried out under many repeated operations, and the products of each step need to be purified before the next step. Therefore, the cost of synthesis is expensive, which is not suitable for industrial applications. In addition, the reaction product contains a large number of ester groups, which are readily hydrolyzed at high temperature conditions. Therefore, the product is not suitable for high temperature conditions.
[image: Figure 2]FIGURE 2 | Condensation polymerization of AB2-type monomers into hyperbranched polymers (Rousseau et al., 2013).
The basic requirements for this reaction of ABn-type monomers are the following: 1) The A and B parts of the monomers will not have other side reactions during the polycondensation reaction. 2) All groups in part B have the same activity, and intramolecular cyclization does not occur in this group. To better control the molecular weight of the polymer and the geometric configuration of the molecular structure, a synthesis method of adding Bm to the ABn-type monomers to form ABn + Bm–type monomers was proposed. The method can control the molecular weight of the target polymer by controlling the different ratios of Bm and ABn. Li et al. (2019) synthesized a hyperbranched cationic clay stabilizer by condensation polymerization using ethylene glycol amine, trimethylolpropane, and maleic anhydride as materials.
The method of condensation polymerization has two advantages, high efficiency and wide-ranging sources of monomers, but its application is limited because the products are easily hydrolyzed.
Ring Opening Polymerization
Ring opening polymerization refers to the reaction in which cyclic compound monomers are converted into linear polymers through ring opening addition. The monomers used in the hyperbranched polymers synthesized by ring opening polymerization are heterocyclic compounds, such as ethylene oxide, caprolactone, tetrahydrofuran, and cyclic carbamate.
This method was first reported by Suzuki et al. in 1992. They synthesized hyperbranched polyamines by ring opening polymerization of cyclic carbamates under the catalysis of palladium. In 1998, they used the same method to synthesize hyperbranched polyamine from 5-methylene-1,3-oxazidinecyclo-2-one (Suzuki et al., 1998). Ring opening polymerization has been used to synthesize hyperbranched polyamide, polyether, and polyester.
Based on the ring opening polymerization method, Xing14 synthesized a hyperbranched polymer containing hydroxyl group from trimethylpropane triglycidyl ether, butanediol, and o-diphenol through ring opening polymerization and condensation reaction successively, in which tetrabutylammonium bromide (TBAB) was the phase transfer catalyst. The reaction process is shown in Figure 3. Xiao et al. (2020) used methyl eleostearate (ME), maleic anhydride (MA), and diglycidyl ether of bisphenol A (DGEBA) as raw materials and synthesized a multi-carboxyl hyperbranched polymer called TOHBP by ring opening polymerization. The reaction process is shown in Figure 4. The analysis of the synthesis routes of the two hyperbranched polymers shows that the reaction has significant advantages. First of all, the synthesis of hyperbranched polymer from epoxy monomer requires only one step reaction, and the reaction process is simple. Second, this reaction can be carried out under mild conditions, with fewer by-products than polycondensation, and it is easy to obtain polymers of high molecular weight. However, this reaction has a non-negligible disadvantage, that is, its raw materials must contain epoxy-based monomer, so the source of the reactive monomer is limited.
[image: Figure 3]FIGURE 3 | Synthesis route for the hydroxyl-containing hyperbranched polymer (Xing et al., 2020).
[image: Figure 4]FIGURE 4 | Synthesis route of TOHBP (Xiao et al., 2020).
The monomers used in ring opening polymerization require a special ring structure, so the sources of monomers are limited. However, due to the special structure of the monomer, the synthesized polymer is amphiphilic after terminal modification. Therefore, its application field has also been expanded.
Free Radical Polymerization
The monomers of free radical polymerization are mostly alkenes containing unsaturated double bonds. In the reaction, the double bond in the monomer is opened, and the addition reaction is repeated many times between the molecules, thus joining many monomers together to form the macromolecule.
The free radical polymerization of hyperbranched polymers was first reported by Fréchet et al. (1995). The monomers used generally contain a vinyl group and a reactive group capable of initiating vinyl polymerization. The reactive group can be a free radical, cationic or anionic. During the reaction, reactive groups can initiate the growth of vinyl groups and migrate to form new active sites during the chain growth process to continue to initiate vinyl polymerization.
Marasini et al. (2020) synthesized a hyperbranched polymer through the reversible addition–fragmentation chain transfer (RAFT) polymerization technique using N,N-dimethylformamide (DMF) as the solvent. In this reaction, 4-cyano-4((dodecylsulfanylthiocarbonyl)sulfanyl)pentanol (CTA), polyethylene glycol monomethyl ether methacrylate (PEGMA), 2-aminoethyl methacrylate hydrochloride (AEMA), and ethylene glycol dimethacrylate (EGDMA) or N, N-bis(acryloyl)cystamine (BAC) are used as monomers and 2,2-azobis(2-methylpropionitrile) (AIBN) as an initiator. The reaction process is shown in Figure 5.
[image: Figure 5]FIGURE 5 | Radical polymerization to form hyperbranched polymers (Marasini et al., 2020).
The use of radical polymerization to synthesize hyperbranched polymers allows a wider range of monomers to be used, and polymers with a larger molecular weight can be obtained by taking advantage of the special interaction between vinyl and the active group excitation point. Unlike linear polymers, hyperbranched polymers synthesized by this method require multiple vinyl groups in the monomer. However, this method tends to produce gel in the reaction process, resulting in a very low polymerization conversion rate of monomer. And the degree of branched polymer cannot be measured by equipment. In addition, the molecular weight distribution of synthesized polymers is wide, so it is difficult to obtain fixed molecular weight polymers.
Other Synthetic Methods
With the further study of hyperbranched polymers, more and more novel synthesis methods have been used to prepare hyperbranched polymers.

1) Cross-coupling reaction
The Suzuki reaction, also known as the Suzuki coupling reaction or Suzuki–Miyaura reaction, is a relatively new organic coupling reaction. The reaction involves the cross-coupling of aryl or alkenyl boric acid (borate ester) with chlorine, bromine, iodinated aromatics, or olefins catalyzed by a zero-valent palladium complex. Zhang et al. (2020c) synthesized a type of hyperbranched polymer through Suzuki reaction using two monomers containing arylboronic acid groups and brominated aromatic hydrocarbons, as shown in Figure 6.
[image: Figure 6]FIGURE 6 | Synthesis of hyperbranched polymers by Suzuki–Miyaura reaction (Zhang et al., 2020c).
The Sonogashira coupling reaction is also a typical cross-coupling reaction, in which a carbon–carbon bond is formed between a terminal alkyne and an aryl or vinyl halide by using a palladium catalyst. Wei et al. (2020) used tris(4-acetylenylphenyl)amine (TPEP) and 9-ferrocenylidene-2,7-diiodo-9H-fluorene (FIF) as monomers and carried out Sonogashira coupling reaction under the action of Pd catalyst to synthesize two kinds of hyperbranched polymers, a spherical polymer called SP and a hollow polymer called HP. The polymer HP was synthesized according to the same procedure as SP; however, zeolitic imidazole framework-67 (ZIF-67) was added to the reaction mixture as the template. The reaction process is shown in Figure 7.
[image: Figure 7]FIGURE 7 | Sonogashira coupling reaction to synthesize hyperbranched polymers (Wei et al., 2020).
The Heck reaction is a reaction in which a halogenated hydrocarbon and activated unsaturated hydrocarbon generate coupling products under palladium catalysis. Gan et al. (2020) synthesized a hyperbranched polymer from an AB2-type monomer and B3-type monomer through Cu-catalyzed Heck reaction. The reaction process is shown in Figure 8.
[image: Figure 8]FIGURE 8 | Heck reaction to synthesize hyperbranched polymers (Gan et al., 2020).

2) Huisgen reaction
The Huisgen reaction, also known as the 1,3-dipolar cycloaddition reaction, is a cycloaddition reaction between 1,3-dipole and alkene, alkyne, or derivatives of alkenes and alkynes. The product is a five-member heterocyclic compound. Based on click chemistry, Ye et al. (2020) synthesized a hyperbranched polymer containing a poly(ε-caprolactone) (PCL) chain and polystyrene (PS) chain through azide-alkyne Huisgen cycloaddition reaction, as shown in Figure 9.
[image: Figure 9]FIGURE 9 | Synthesis of hyperbranched polymers by azide-alkyne Huisgen cycloaddition (Ye et al., 2020).

3) Coupling monomer method
Yan and Gao (2000) used the coupling monomer method to make the two monomers in situ generate ABn-type intermediates in the reaction system and then obtained hyperbranched polymers by further polymerization. At present, hyperbranched polyether, polyethoxylsilane, polyamide, and poly(ester-amide) have been successfully synthesized by this method. Based on this method, Zhang et al. (2020a) synthesized a hyperbranched polysulfide with abundant end-sulfhydryl groups called HBPTE by Michael addition reaction. The reaction process is shown in Figure 10.
[image: Figure 10]FIGURE 10 | Synthesis of hyperbranched polymers by the coupling monomer method (Zhang et al., 2020a).
At present, condensation polymerization, ring opening polymerization, and free radical polymerization are commonly used in the synthesis of hyperbranched polymers. Although many scholars have studied some new methods for the synthesis of hyperbranched polymers, their application is limited due to the particularity of reaction conditions and monomer structure. And scholars have only discussed the feasibility of these novel synthetic methods for the synthesis of hyperbranched polymers, and these methods are still in the exploratory stage, and there is not enough evidence to prove their advantages and disadvantages. The advantages and disadvantages of three common synthesis methods for hyperbranched polymers are listed in Table 1.
TABLE 1 | Advantages and disadvantages of different synthesis methods.
[image: Table 1]By comparing the characteristics of different synthesis methods of hyperbranched polymers and the structural requirements of monomers, it can be seen that the most suitable synthesis method for industrial production is free radical polymerization because the synthesis method of hyperbranched polymers by radical polymerization has few steps and relatively low cost in the reaction process.
The limitations of the current synthesis of hyperbranched polymers mainly lie in the control of synthesis costs and the elimination of reaction amplification effects. By comparing the advantages and disadvantages, the free radical polymerization method is the most suitable for the industrial production of hyperbranched polymers because of its advantages, such as a simpler synthesis process and lower cost.
APPLICATION PROGRESS OF HYPERBRANCHED POLYMERS IN OILFIELD CHEMISTRY
Oil Displacement Agent
Polymers are frequently used oil displacement agents to enhance oil recovery by increasing the viscosity of the injected fluid, improving the oil–water ratio, and expanding the sweep volume of the displacement fluid (Guo et al., 2012; Liu et al., 2012). Polyacrylamide and its derivatives are widely used as oil displacement agents because of their good water solubility and viscosity enhancement (Shi et al., 2010). However, in the process of mixing and pumping, the molecular chain of polyacrylamide is broken due to shear degradation, resulting in a decrease in polymer molecular weight and solution viscosity. Obviously, its displacement effect will be greatly reduced. High temperature and high salinity conditions will aggravate the degradation of polyacrylamide. The network structure of a hyperbranched polymer can reduce the effect of shear on polymer molecular chain. The copolymerization with temperature- and salt-resistant monomers also allows the polymer to maintain effective viscosity under high temperature and salinity conditions. Therefore, hyperbranched polymers have significant advantages in polymer flooding under extreme conditions (Li et al., 2018).
Lai et al. (2013) synthesized a new hyperbranched polymer using acrylamide, acrylic acid, N-vinyl pyrrolidone, and hyperbranched functional monomer as raw materials, and the synthesis process is shown in Figure 11. The hyperbranched polymer has good temperature and salt resistance, and the viscosity retention rate is 22.89% higher than that of AM/AA copolymer at 95°C. The enhanced oil recovery was 23.51% with 1,500 mg/L polymer solution at 80°C.
[image: Figure 11]FIGURE 11 | Synthesis route of the hyperbranched polymer as an oil displacement agent (Lai et al., 2013).
Offshore heavy oil development requires higher shear resistance of polymers. Chen et al. (2018) synthesized a hyperbranched polymer called HPG–HPAM–C10AM with a spherical parent nucleus and zwitterionic functional chain segment. The spherical parent nucleus is a polyether called HPG, which is obtained by the ring opening reaction of 1,1,1-trihydroxymethylpropane with glycidyl, as shown in Figure 12. Then, the copolymer HPG–HPAM–C10AM was obtained by copolymerization of acrylamide and 2-(dimethylamine)methacrylate ethyl bromide betaine with HPG as the parent nucleus. Under high shear action, the viscosity retention rate of HPG–HPAM–C10AM is about 70% and that of linear polymer HPAM is about 40%, which indicates that HPG–HPAM–C10AM has better shear resistance.
[image: Figure 12]FIGURE 12 | Spherical parent nucleus (HPG) (Chen et al., 2018).
Crude Oil Demulsifier
With the rapid development of water flooding, polymer flooding, and tertiary oil recovery technologies, the crude oil produced mostly exists in the form of oil-in-water (O/W) emulsion. The demulsification and dehydration of crude oil is particularly important (Liu et al., 2017). The common crude oil demulsification methods include physical demulsification, chemical demulsification, and biological demulsification, among which the chemical demulsification method is the simplest and most widely used (Yang et al., 2009; Liu et al., 2011). Most demulsifiers are amphiphilic compounds, which can adhere to the oil–water interface, reduce the interfacial tension, increase flocculation and coalescence, and promote phase separation. But these demulsifiers have many problems, such as high cost, complex modification, a large amount of addition, slow starting effect, and poor reservoir adaptability. The hyperbranched polymer is a kind of topological three-dimensional macromolecule with a highly branched structure. Its unique topological structure and modified terminal functional groups mean it has the potential to be a good demulsifier (Sun et al., 2019; Ye et al., 2019).
Zhang et al. (2018) synthesized a hyperbranched polyamidoamine called H-PAMAM with good demulsification ability by using methyl acrylate and ethylenediamine as synthetic materials through the “one-pot multi-step” method. H-PAMAM Figure 13 has a hyperbranched topological structure and abundant amino groups, so it acts quickly. The demulsification balance can be achieved within 30 min, and the oil removal rate is 91%. The product obtained by this method does not need to be purified, and the cost of synthesis is reduced.
[image: Figure 13]FIGURE 13 | Synthesis route of H-PAMAM (Zhang et al., 2018).
In order to reduce the synthesis steps of hyperbranched polymers and production cost, Yan et al. (2020) obtained a novel core–shell amphiphilic polymer called HPEI-g-Cn with hyperbranched polyethyleneimine (HPEI) as the core and Cn as the shell through one-step synthesis. Cn is usually 10, 12, 14, 16, and 18 saturated fatty acids. The results show that, in the presence of HPEI-g-Cn, the oil–water emulsion can be completely separated into two phases within 40 min, and the oil removal rate is more than 99.9%. HPEI-g-Cn is evenly and closely distributed on the oil–water interface after demulsification, which is convenient for subsequent recycling. Therefore, HPEI-g-Cn is environmentally friendly and reduces the application cost.
Clay Stabilizer
In the process of oilfield development, clay minerals in the formation may swell, fall off, and migrate when they contact the external low salinity entry fluid. This can clog the pore channels of oil flow and reduce well productivity, especially in low-permeability reservoirs (Zou et al., 2013; Gao et al., 2014). The water sensitivity of the formation is mainly caused by clay minerals (Assemi et al., 2015; Marco-Brown et al., 2015). The commonly used clay stabilizers are mainly inorganic salts, cationic surfactants, and cationic polymers. Cationic polymer clay stabilizers are most widely used to inhibit clay swelling by forming irreversible adsorption on the surface of clay particles. The cationic polymers are mostly linear polymers with high molecular weight and easily entangled chains, which are easily absorbed and entangled in pores. Thus, pore channels are blocked, and reservoir permeability is reduced. Hyperbranched polymers have many active groups at their molecular ends, which is convenient for molecular structure design. And a clay stabilizer with low molecular weight, low entanglement rate, good solubility, low viscosity, easy film formation, and high reactivity was obtained (Morikawa and Akagi, 2012; Wang et al., 2015; Chen et al., 2018).
Feng et al. (2020) used maleic anhydride (MA) and diethanolamine (DEA) as raw materials to react to obtain a monomer called MD, which has one carboxyl group and four hydroxyl groups. Then, the polyhydroxyl group on trimethylpropane reacts with the carboxyl group on MD to obtain a hyperbranched unsaturated polyester containing multiple hydroxyl groups called HBP-OH. Through the ring opening polymerization of HBP-OH and epichlorohydrin, hyperbranched polyester amides with chloromethyl end groups called HBP-ECH were obtained. Finally, triethylamine was added to cationize the terminal group of HBP-OH to obtain a hyperbranched cationic polymer called HBP-QAT. The reaction process is shown in Figure 14. The results show that HBP-QAT compresses the electric bilayer by neutralizing the negative charge on the surface of clay particles, which strongly adsorbs on the surface of clay particles and forms a waterproof polymer film. It can prevent swelling by inhibiting water intrusion into the clay interlayer, which is scour resistant and effective for a long time. However, the synthesis process of HBP-OH is complicated and the production cost is expensive, which restricts its popularization and application.
[image: Figure 14]FIGURE 14 | Synthesis route of HBP-QAT (Feng et al., 2020).
The hyperbranched cationic polymer has a higher cationic degree than the linear cationic polymer, so its inhibition of clay hydration expansion is more effective and lasting. Therefore, the hyperbranched cationic polymer is an ideal clay stabilizer, which can effectively reduce the permeability damage to the reservoir.
Heavy Oil Viscosity Reducer
Heavy oil is an important oil resource with abundant geological reserves all over the world (Zhang et al., 2019b). It is well known that resins and asphaltenes greatly increase the viscosity of crude oil, making flow difficult and resulting in low recovery of heavy oil. Therefore, effectively reducing the viscosity of heavy oil is the premise of enhancing oil recovery. Viscosity reduction technologies for heavy oil mainly include thermal viscosity reduction technology, diluting viscosity reduction technology, chemical viscosity reduction technology, and gas miscible oil flooding technology (Mao et al., 2017; Yang et al., 2017; Li et al., 2018; Sun et al., 2018). The thermal viscosity reduction technology consumes large amounts of energy, diluted viscosity reduction is limited by dilute oil resources in that the thin oil in oilfields with abundant heavy oil reserves is very limited, and gas miscible flooding technology has the problem of shortage of gas source. The addition of chemical viscosity reducers to reduce the viscosity of heavy oil is popular because of their high efficiency and low cost. At present, most of the reported heavy oil viscosity reducers are mainly linear polymers, but their effect on heavy oil viscosity reduction is limited. Some scholars have studied hyperbranched polymers as heavy oil viscosity reducers.
Shi et al. (2021) used third-generation polyamidoamine dendrimers (Figure 15), acrylamide, acrylic acid, and surfactants as raw materials, which are copolymerized in deionized water to form a hyperbranched polymer called HVR. The authors studied the apparent viscosity, crude oil viscosity reduction ability, interfacial tension, and other properties of HVR solution. The results show that the HVR solution has low apparent viscosity and good viscosity reduction ability for heavy oil. By comparing the asphaltene aggregation after the interaction of linear polymer (HPAM) and HVR, it was found that the interlayer spacing, interchain distance, and diameter of the aromatic layer were larger after the interaction with HVR. Due to the reaction with HVR, the aromatic cluster height and the effective number of aromatic flakes are reduced. Furthermore, the absorbance of HVR-treated asphaltenes in toluene decreases more significantly with increasing concentration compared with that of HPAM-treated asphaltenes. All of these suggest that the HVR has a better viscosity reduction effect than the linear polymer HPAM. It is worth noting that the synthesis process of the third-generation polyamidoamine dendrimers is complicated. Each generation of products is prepared by Michael addition reaction and amidation reaction, and purification operation is required after each step of reaction. So, the synthesis cost is very expensive.
[image: Figure 15]FIGURE 15 | Third-generation polyamidoamine dendrimers.
Zheng et al. (2021) used octadecyl methacrylate, styrene, and ethylene glycol dimethacrylate as raw materials to synthesize a hyperbranched polymer viscosity reducer for heavy oil. The results show that the viscosity reduction rate is more than 60% at the concentration of 800 ppm. By comparing the influence of different concentrations of viscosity reducer on the settlement point, settlement amount, and asphalt particle size, it is found that adding a hyperbranched polymer viscosity reducer can increase the settlement point of asphalt and significantly reduce the settlement amount and average particle size of asphalt. In general, adding this kind of viscosity reducer can make the asphaltene precipitation have good dispersibility. The hyperbranched polymer viscosity reducer can change the polarity of asphaltene molecules, produce hydrogen bonds, disperse asphaltene molecules, and adsorb or embed an asphaltene molecular sheet, and other methods inhibit the formation of asphaltenes. The hyperbranched polymer viscosity reducer has good dispersion and inhibition effects on asphaltene precipitation. The polymer greatly reduces the synthesis cost of hyperbranched polymers while ensuring high performance.
Shale Inhibitors
Shale contains a large amount of clay minerals (sodium bentonite) and hard and brittle minerals, which are easily hydrated and swelled in contact with water-based drilling fluid during drilling, which eventually leads to wellbore instability and collapse (Al-Arfaj et al., 2014). To inhibit the hydration swelling of sodium bentonite, domestic and foreign scholars have developed a series of polymer shale inhibitors. Due to the limitation of the number of inhibited functional groups and the linear molecular structure, the adsorption of linear polymer shale inhibitors on sodium bentonite is often uneven and irregular, with relatively few adsorption sites. Under high temperature and high-speed turbulent flow conditions, the adsorption of linear polymer shale inhibitors on sodium bentonite was further weakened. Different from linear polymers, hyperbranched polymers are quasi-spherical polymers with many branched structures, and there are many terminal groups at the end of the molecular chain, which determine the chemical properties of the entire polymer molecule. Adding multiple amine groups to the end group can enhance its adsorption on clay, dehydrate the clay crystal layers, and reduce the swelling force. At the same time, the polyamine groups on the molecular chain can fix the clay wafer, destroy its hydration structure, and better exert the inhibitory effect of amine inhibitors on shale (Qu, 2009).
Ferreira et al. (2016) synthesized a non-ionic active shale inhibitor, hydrophobic hyperbranched polyglycerol, using glycerol, dimethyl carbonate, and trimethylolpropane as raw materials. In association with KCl, hydrophobic hyperbranched polyglycerol showed superior performance in comparison with unmodified hyperbranched polyglycerol, and intact cutting recoveries were around 80%. The proposed inhibition mechanism suggests the formation of a complex between hydrophobic hyperbranched polyglycerols and K+ ions and its penetration into the clay interlayer spacing to minimize the shale–water interactions and remove water molecules present in the clay galleries. In addition, these aggregates formed by the amphiphilic structures can obstruct the pore throats of clay minerals, thereby making it even more difficult for water molecules to penetrate. Although the hyperbranched polymer has excellent shale inhibition, the synthesis process needs to be completed in multiple steps, so its production cost is relatively high.
Zhang (2016) used succinic anhydride and diethylenetriamine as raw materials to synthesize a shale inhibitor with multiple amino-terminated hyperbranched polymers called HP-NH2 by a “one-pot” method. The results show that HP-NH2 has good inhibitory performance on the hydration dispersion and swelling of shale, and its inhibitory performance is enhanced with the increase of HP-NH2 content. HP-NH2 is effectively adsorbed on the surface of montmorillonite, and the unit adsorption amount can reach 0.35 g/g, and it can enter the interlayer spacing of montmorillonite and extrude the bound water by replacing the interlayer hydration cations, which can inhibit swell of montmorillonite. Compared with linear polymer amine inhibitors, HP-NH2 has more terminal amine groups, so its inhibition is better improved.
CONCLUSION AND PROSPECTS
It has been more than 100 years since hyperbranched polymers were proposed. With the excellent properties of hyperbranched polymers in various fields, their synthesis methods have also been developed from traditional condensation polymerization, ring opening polymerization, and free radical polymerization to click chemistry, cross-coupling reaction method, dipole cycloaddition reaction method, coupling monomer method, and other new synthesis methods, and each synthesis method has its advantages and scope of application. Scholars have also innovatively developed monomers used in different synthesis methods. Hyperbranched polymers have many advantages that linear polymers do not have. It is also the key research direction of hyperbranched polymers to explore the potential properties of hyperbranched polymers and further expand their application fields.
Hyperbranched polymers have the characteristics of temperature resistance, shear resistance, and easy modification. In view of the high temperature and high salinity conditions in oilfield development, the highly branched structure of hyperbranched polymers can provide enough sites for grafting different groups to improve the performance of various chemical additives. However, the application of hyperbranched polymers also has some limitations. The limitations of the application of hyperbranched polymers in oilfield chemistry are mainly the cost of synthesis and the amplification effect of the reaction. The research on hyperbranched polymers in oilfield chemistry is still in the stage of laboratory synthesis. To expand production and application, the two problems of synthesis cost and amplification effect must be solved.
In the field of oilfield chemistry, the application of hyperbranched polymers goes far beyond oil displacement agents, crude oil demulsifiers, clay stabilizers, and shale inhibitors. Studies have shown that hyperbranched polymers form a network structure in an aqueous solution, and the multi-terminal structure can introduce adsorption groups and charged ions, which can be used as efficient water treatment agents for the treatment of oilfield wastewater. Based on the hyperbranched polymer as an oil displacement agent, amphiphilic groups can be introduced to synthesize hyperbranched polymer surfactants, and the use of hyperbranched polymer surfactants as oil displacement agents is expected to greatly improve oil recovery. Hyperbranched polymers have low viscosity properties and unique network structures. After being modified by other functional monomers, it can be used as a rheology modifier for water-based drilling fluids to improve the rheology of drilling fluids. The unique properties of hyperbranched polymers make them have broad application prospects in the fields of drilling fluid chemistry, oil production chemistry, and gathering and transportation chemistry in the field of oilfield chemistry.
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