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Abstract

:

In recent years, taste and odor (T&O) compounds in drinking water are becoming a serious problem, which has brought many challenges to drinking water treatment plants. Due to global concerns about the emergence of T&O compounds, researchers have proposed various water treatment technologies to ensure the quality of drinking water. In this paper, abiotic and biotic methods for the treatment of T&O compounds are reviewed, including process parameters, advantages and disadvantages, removal efficiency and mechanism. Geosmin (GSM) and 2-methylisoborneol (2-MIB) are the most common odorous substances with earthy and musty smells. The chemical and biological methods for the possible degradation pathways of these two compounds are summarized. Furthermore, suggestions and approaches are provided for efficient and safe strategies for T&O compound treatments and their future applications.
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1. Introduction


Taste and odor (T&O) compounds have become a universal problem in the water quality control of lakes due to increasing eutrophication [1]. T&O compounds are produced during the secondary metabolism of actinomycetes, algae and other living organisms, and also during the decay of aquatic plants and other organic matter [2]. There are different kinds of T&O compounds in water, such as geosmin (GSM), 2-methylisoborneol (2-MIB), 2-isopropyl-3-methoxypyrazine (IPMP), 2-isobutyl-3-methoxypyrazine (IBMP) and 2,4,6-trichloroanisole (TCA) [1,2,3,4]. Among them, GSM and 2-MIB are representative T&O compounds that are derived from the metabolism and biodegradation of certain types of cyanobacteria and actinomycetes [4]. Research has shown that from a toxicological perspective, T&O compounds in water pose no risk. However, long-term exposure to odors can have negative health effects, including emotional stress (anxiety or depression) and physical symptoms (eye irritation, headaches, respiratory problems, nausea or vomiting) [3,5]. In addition, these compounds possess a strong musty or earthy taste even at low concentrations of 10 ng/L [1,6]. T&O compounds in drinking water are direct sensory inducements causing consumer complaints, which have brought many challenges to drinking water treatment plants and have become major issues of global concern [7]. Therefore, it is necessary to explore effective treatment methods to ensure that the concentration of T&O compounds is below the odor threshold concentration (OTC) [1].



T&O compounds can be classified into four flavor categories or eight odor categories. The eight odor categories are the earthy/musty/moldy category, the grassy/hay/straw/woody category, the marshy/swampy/septic/sulfurous category, the chemical/hydrocarbon category, the fishy/rancid category, the medicinal/phenolic category, the chlorinous/bleachy category, and the fragrant/vegetable/fruity/floral category [8]. Different T&O compounds possess different physical and chemical properties. Microbial metabolism produces T&O compounds including terpenes, aldehydes, polyunsaturated fat derivatives, ethers and carotenoid derivatives [9]. However, they are a class of semivolatile substances and have a low molar mass of less than 1000 g/mol [10]. T&O compounds with very low OTC can cause taste and odor problems in drinking water [11]. Among T&O compounds, 2-MIB is a monoterpene while GSM is an irregular sesquiterpene [12]. However, they both contain a tertiary alcohol group, which makes them extremely stable and resistant to natural degradation and they have relatively low molecular weights of 182.31 g/mol and 168.28 g/mol, respectively. GSM and 2-MIB have small Henry’s law constants (low volatility), are moderately soluble and hydrophobic with octanol/water partition coefficients of 3.57 and 3.31 (logKow), respectively [9,10,12,13,14,15,16,17]. The physicochemical properties of T&O compounds such as IPMP, IBMP and TCA have also been described in the literature [18,19]. The presence of an unpleasant taste or odor of T&O compounds in drinking water can be an early warning that the water is contaminated. And GSM and 2-MIB, the two main T&O compounds, are both indicator compounds of possible water contamination [9].



At present, many studies have focused on the effective removal of T&O compounds from water. The removal of T&O compounds is an extremely complex problem. The treatment methods for T&O compounds are divided into three types: physical methods (conventional water treatment processes, adsorption, etc.), chemical methods (catalytic oxidation, ozonation, etc.) and biological methods (microbial degradation, biological contact oxidation, biological filter, ecological coupling, etc.) [11,20,21]. Physical and chemical technologies are widely used. However, conventional water treatment processes (coagulation, precipitation, filtration) or common oxidants such as chlorine, chlorine dioxide and KMnO4 cannot effectively remove T&O compounds alone [4,21,22]. Activated carbon adsorbent is an effective removal method and has been widely used in water treatment processes. However, reducing the concentration of T&O compounds to OTC requires a large amount of activated carbon, and high costs are associated with frequent carbon renewal and regeneration [23]. In natural water, activated carbon adsorption is susceptible to natural organic matter (NOM), which leads to the decline of its adsorption capacity [22]. In order to explore more effective water treatment methods, researchers have focused on the treatment of T&O compounds using advanced oxidation processes in various water conditions [11]. Ozone oxidation and photocatalytic degradation (usually refers to UV/chlorine, UV/H2O2, UV/TiO2) are the most commonly used advanced oxidation processes. The reaction principle of the advanced oxidation process is to use highly active hydroxyl radicals to degrade T&O compounds [11,24]. It has many advantages, such as a fast reaction speed, no selectivity, a high removal rate and the ability to handle multiple pollutants at the same time [11,25]. However, the degradation of T&O compounds through advanced oxidation processes that include chlorination may produce chlorination by-products when chlorine is in excess and organic substances are present in the water [26]. In recent years, the biological treatment of T&O compounds has also become a research hotspot. Studies have showed that biological treatment has been used to remove pollutants from drinking water and wastewater, but unlike wastewater, the application of biological methods for drinking water is limited [24]. Biotechnology is currently recognized as the best treatment technology for T&O compounds. Compared to physical and chemical methods, biological methods have the advantages of low cost, simple operation, no toxic by-products and high efficiency [20]. Therefore, biodegradation technology has broad application prospects in drinking water treatment and may become a cost-effective method for treating T&O compounds [25]. However, biological methods have the disadvantages of long treatment cycles, difficulty in controlling pH and humidity and the inability to effectively treat high-concentration pollutants [20]. In addition, it is also a big problem to select the right strains [20]. Membrane separation technology possessed a lot of advantages, such as higher separation efficiency, environmental friendliness, low energy consumption and simple operation [27]. Due to its priority, ceramic membrane ultrafiltration was combined ozone oxidation for the removal of 2-MIB and GSM, where the removal efficiencies reached 96% and 88%, respectively [28]. The ozone-bioactivated carbon-ultrafiltration process provided good removal of GSM and 2-MIB with the removal efficiencies of 92.2% and 92.5%, respectively [29].



This review paper summarizes the sources of T&O compounds and their impacts on health and drinking water management. The methods of removing T&O compounds from drinking water and their advantages and disadvantages are also reviewed. In addition, this paper deduces possible degradation pathways of 2-MIB and GSM.




2. Degradation of T&O Compounds Using Abiotic Methods


2.1. Physical Methods


In previous studies, there were many physical methods for removing T&O compounds, such as conventional water treatment processes and adsorption (activated carbon, graphene oxide metal doped TiO2, fly ash-bentonite composite adsorbent, etc.) [22,30,31]. Physical methods used for the removal of T&O compounds and the degradation effect are listed in Table 1. Activated carbon adsorption is the most widely studied method for T&O compound removal and is often used in water treatment plants. Its porous structure combines with the positively charged hydrophobic surface to create the adsorption of organic matter and many micropollutants [23]. According to the particle size, activated carbon can be divided into three types: granular activated carbon (GAC), powdered activated carbon (PAC) and super-powdered activated carbon (S-PAC) [32,33]. As shown in the table, when GAC is used alone for the removal of T&O compounds, a large amount of activated carbon is required and only 70–80% of 2-MIB or GSM can be removed [22]. It has also been reported that GAC could absorb more than 90% of IPMP or IBMP when the reaction time is slightly longer [32]. Compared to GAC, PAC has a better removal effect on T&O compounds. After coagulation of 27 mg/L polyaluminum chloride and adsorption of 20 mg/L PAC treatments, the removal efficiency of GSM and 2-MIB with the initial dose of 100 ng/L reached 80% and 60%, respectively [34]. In another study, the removal efficiency of GSM and 2-MIB with an initial dose of 100 ng/L was greater than 80% using 32.14 mg/L of C-PAC [35]. The combination of PAC and membrane filtration processes can be also an effective alternative for T&O compounds [36]. Studies have shown that the combined use of PAC adsorption and gas stripping can increase the removal efficiency of GSM to over 93% [31]. Although PAC or S-PAC has a large specific surface area and a high adsorption capacity for GSM and 2-MIB, their adsorption time is long, and it takes about one week to reach the adsorption equilibrium [37]. In addition, the particle size and concentration of natural organic matter (NOM) are higher than T&O compounds in natural water, which greatly reduces the adsorption capacity of GAC or PAC [21,22,38]. Therefore, some researchers have explored pretreatment methods for the removal of NOM followed by a combination of adsorption to remove T&O compounds [39]. Due to the long adsorption time of activated carbon, some studies have applied graphene oxide (GO) to GSM and 2-MIB adsorption. Although GO can reach adsorption equilibrium quickly, its adsorption capacity is much smaller than activated carbon [37]. In addition, some studies have used composite adsorbents to remove T&O compounds such as fly ash-bentonite and metal-doped TiO2 nanoparticles [22,30]. Compared to activated carbon, fly ash-bentonite composite adsorbent has a lower cost; however, its removal efficiency is very low [33]. Metal-doped TiO2 is not only less susceptible to natural organic matters but has a higher removal rate [22]. Table 1 shows that Pt-TiO2 nanoparticles can remove 98% GSM within one hour, and Fe-TiO2 nanoparticles also have a removal rate of more than 90% for both 2-MIB and GSM [22]. Therefore, the composite adsorbent has certain application potential in removing GSM and 2-MIB.



Adsorption is a basic surface phenomenon that selectively removes contaminants from aqueous solutions by attaching solutes to solid surfaces (adsorbents) [43]. During the adsorption of T&O compounds (mainly GSM and 2-MIB) by the adsorbent, hydrogen bonding, hydrophobic force and van der Waals force work together or one of them works between each T&O compound and the adsorbent [37]. Due to the hydrophobicity of GSM and 2-MIB, both activated carbon and nanoparticles may be based on hydrophobic interaction to remove T&O compounds [22]. Compared to activated carbon, nanomaterials have a larger specific surface area and more surface atoms, thus showing stronger adsorption properties [22,43]. However, if GO is used as an adsorbent, these mechanisms may work together. Studies have shown that the chemical structures of GO, GSM, and 2-MIB have oxygen-containing functional groups and hydroxyl groups, respectively, which indicates that hydrogen bond interaction may be one of the reasons that GO can adsorb these two T&O compounds [37]. In addition, since the adsorption capacity and hydrophobicity of GSM are higher than 2-MIB, many studies have found that GSM was better adsorbed by the adsorbent than 2-MIB, indicating that hydrophobicity may play a leading role in T&O removal through adsorption, and it is also affected by its own structure and other properties [37,44].




2.2. Chemical Methods


Compared to physical methods, chemical methods can degrade T&O compounds faster and have better degradation effects. However, common oxidants, such as chlorine, chlorine dioxide and KMnO4, are not effective in removing T&O compounds alone [1]. There are two reasons: one is that GSM and 2-MIB do not have functional groups, like double bonds, that can easily react with oxidants. The other is that GSM and 2-MIB have antioxidation tertiary alcohol structures [4]. Many studies have shown that advanced oxidation methods (AOPs) can effectively remove T&O compounds and have been widely used in drinking water treatment in recent years. However, it should be noted that AOP can lead to cell lysis and intracellular T&O release. Thus, elimination treatments for the residual oxidant and toxic by-product should be considered [9]. Coagulation-flocculation-decanting is a process that uses a coagulant or flocculant to aggregate smaller particles (e.g., microbial cells) into a larger substance and remove it by settling or floating. Coagulants were often used in the treatment of drinking water, including ferric chloride, aluminum sulfate and polymeric compounds [9]. Preoxidation can cause a reduction in algal cell stability and survival, thereby increasing the algal removal efficiency in the subsequent coagulation and filtration processes in water purification plants [45]. Therefore, preoxidation with oxidant and AOP were often used in conjunction with coagulation-flocculation-decantation to remove algal cells and odorants. Algal removal through ozone preoxidation combined with the coagulation of polyaluminium chloride and polyacrylamide increased from 43.3% to 75.5% and 80.2%, respectively, and the removal of 2-MIB approached 100% using a postperoxide process with 2.0 mg/L of O3 and 2.0 mg/L of H2O2 [46]. Preoxidation of 1 mg/L KMnO4, coagulation of 20–60 mg/L polyaluminum chloride and adsorption of 20 mg/L PAC were combined to treat GSM and 2-MIB, achieving 88% and 66% removal efficiency for GSM and 2-MIB, respectively [34]. In addition, a new coagulant plant–mineral composite (PMC) was developed, where coagulation process with 20 mg/L of PMC removed 94% of turbidity and 99% of algae and the concentrations of 2-MIB and GSM were reduced by 37% and 45%, respectively [47]. The results of studies on the degradation of T&O compounds by various AOPs in aqueous media are shown in Table 2. GSM and 2-MIB are the most common T&O compounds in water bodies, so many studies have focused on the removal effect of these two compounds. However, rare studies are found related to the reaction mechanism of AOPs, intermediate structure, degradation mechanism and degradation pathway of GSM and 2-MIB [11]. The removal of T&O compounds through ozonation and ozone-based AOPs (e.g., O3/H2O2 and UV/O3) has been investigated [48,49,50]. Ozone oxidation is one of the AOPs commonly used to degrade 2-MIB and GSM [11,51,52]. The removal rate of 2-MIB and GSM through ozone oxidation depends on reaction parameters, such as the pH, ozone dose, reaction time, water quality parameters, temperature and initial concentration [52]. The main water quality parameters include NOM, alkalinity and micropollutants [51]. It has been reported that when the dose of O3 was increased from 0.5 mg O3/mg DOC (dissolved organic carbon) to 2.5 mg O3/mg DOC, the removal efficiency of 2-MIB and GSM increased from 7% and 15% to 46% and 50%, respectively [48]. However, as the initial concentration of 2-MIB and GSM increases, the removal rate shows a downward trend. As Yuan et al. reported, when the initial concentration of 2-MIB and GSM increased from 100 ng/L to 500 ng/L, the removal rate of 2-MIB and GSM decreased from 93.6% and 97.9% to 66.4% and 72.6%, respectively [52]. GSM is more hydrophobic and volatile than 2-MIB and easily enters the gas phase from the liquid phase to react with ozone, resulting in better reaction kinetics [52,53,54]. Although increasing the dose of ozone could reduce the content of 2-MIB and GSM, this method resulted in the formation of bromate [48,50]. Bromate is a potential human carcinogen and poses a serious threat to human health [55]. It has been reported that long-term exposure to bromate can cause tumor development in different organs, kidney failure, hearing loss, etc. [55,56]. To overcome this dilemma, H2O2, catalysts, UV and electrochemistry are combined with ozone oxidation. At the same O3 concentration of 15.84 mg/L, 99% of GSM and 95% of 2-MIB were removed under UV radiation while 2-MIB and GSM were removed by 63% and 65.7% without UV radiation, respectively [57]. This could be mainly due to the decomposition of ozone and the production of •OH radicals when ozone was exposed to UV radiation [11]. However, there are many problems and shortcomings in the UV/O3 and H2O2/O3 treatment of T&O compounds, including a high cost, narrow application range, difficult storage and transportation and low safety [48,49,50]. To overcome those limitations, researchers used electrochemical methods to generate H2O2 on-site combined with UV for T&O removal [58]. In addition, the electro-peroxone (E-peroxone) process has been applied to water treatment, which combines electrochemistry and ozone technology to produce H2O2 from oxygen reduction [59,60]. Traditional ozonation can be easily upgraded to an electrochemical oxidation process, which greatly increases the generation of hydroxyl radicals [60]. Compared to traditional ozonation, the electrochemical oxidation process realizes the rapid removal of 2-MIB and GSM while also reducing the formation of bromate [48,61]. Although the E-peroxone process can significantly accelerate 2-MIB and GSM abatement, it can only moderately increase the removal efficiency when O3 is completely decomposed in the conventional ozone oxidation process [48]. The effectiveness of 2-MIB removal by alumina (γ-AlOOH and γ-Al2O3) catalyzed ozonation was investigated [62]. The results showed that γ-AlOOH had no significant effect on the removal efficiency of 2-MIB with a final removal efficiency of 27.5%, which was almost close to that of ozonation alone. However, the treatment of γ-Al2O3-catalyzed ozonation showed 98.4% 2-MIB removal with 30 min. γ-AlOOH-catalyzed ozonation was reported to provide the TCA removal of 79.3% while only 29.1% removal was achieved with ozonation alone. In this case, the removal efficiency of 2-MIB through ozonation also did not change significantly when γ-AlOOH was applied [63]. Besides the conventional catalysts, studies could explore novel types of catalysts to treat T&O compounds. It was believed that chemical catalysts with enzyme-active center characteristics were promising due to good catalytical efficiency and stability. An adjacent metal complex of PtII was fabricated as a metal-dependent esterase mimic and it effectively catalyzed the degradation of thiophosphate pesticides [64]. The cyclic platinum compounds with ligand oximes may be used to prepare specific and reactive catalysts for the treatment of T&O compounds.



Photocatalytic degradation (usually refers to UV/chlorine, UV/H2O2, UV/TiO2) is also one of most common AOPs. Among various photocatalytic degradation technologies, the combined use of UV and H2O2 is one of the most widely studied methods. UV/H2O2 has mild reaction conditions and can eventually mineralize organic matter into water, carbon dioxide and inorganic salts without other by-products [70]. However, in the actual process of treating water, the reaction is easily affected by water quality parameters such as total organic carbon (TOC), alkalinity and nitrate, which leads to the reduction of degradation efficiency [6]. In addition, another problem is the photolysis of nitrate to form nitrite during the UV treatment, which is harmful to human health [6]. To reduce the utilization dose of UV, the combination of UV and electrochemistry was studied and it greatly improved the removal efficiency of T&O compounds, resulting in a 95% removal efficiency for both 2-MIB and GSM [75]. Some studies show that the UV/chlorine method is more economical and effective than the UV/H2O2 method, and one of the reasons is that residual chlorine can be used as a secondary disinfectant [4]. In addition, the survival of H2O2 in the application occurred due to the different light absorption coefficients, and the removal of H2O2 increased the overall cost as well as the lower scavenging of •OH by HOCl [26]. In the UV/chlorine reaction, GSM and 2-MIB can be completely removed within one hour, and the degradation efficiency of GSM is higher due to its smaller steric hindrance [4]. Similarly, the process is effective for the removal of IPMP in both ultrapure water and drinking water, with a removal efficiency of 95.6% [68]. However, it might produce chlorination by-products. For example, chloroform is an intermediate of GSM and 2-MIB that which is found in the UV/chlorine reaction [4]. In addition, photocatalytic technology using TiO2 as the catalyst has been proven to have a good effect in degrading T&O compounds in recent years. Among them, the photocatalytic removal of 2-MIB and GSM has been reported, as well as IPMP [67,72]. In addition, the effectiveness of using UV/chlorine and UV/H2O2 to remove IPMP, IBMP and TCA was compared [79]. Studies have shown that the UV/TiO2 method can completely remove GSM and 2-MIB in 30 min. Moreover, the removal rate of IPMP is more than 95% and no by-products are generated in the process [67,72]. Apart from the above three most common photocatalytic processes, polyoxometalates (POM) and persulfates could also be used as the catalyst for the photocatalytic degradation of 2-MIB and GSM [3,67]. It is worth mentioning that POM has similar functions to TiO2 and is a highly efficient photocatalyst that can degrade and mineralize many organic pollutants [67]. Studies have shown that POM can completely degrade GSM and 2-MIB into carbon dioxide, water and inorganic anions under the action of UV [67]. Therefore, photocatalytic removal of T&O compounds has wide application prospects in water treatment processes.



According to the different ways of generating •OH radicals and reaction conditions, the advanced oxidation processes used for the treatment of odor substances also include heterogeneous photocatalysis, ultra-sonication, Fenton (Fe2+/H2O2) and photo-Fenton process [45,54,65,68]. Park et al. compared the removal of GSM and 2-MIB through various oxidation processes (UV, UV/H2O2, Fenton and photo-Fenton) [65]. Research shows that 21.19% of GSM and 34.08% of 2-MIB are removed, respectively, in the process of using UV [65]. Similarly, the research of Jo et al. showed that about 20% of GSM and 2-MIB was degraded by the UV process [66]. This means that GSM and 2-MIB can be directly degraded by the UV process; however, it is not an effective method. H2O2 can be added into the UV process to become UV/H2O2 process, and Fe2+ can be added into the UV/H2O2 process to transform into the photo-Fenton process. The results showed that the addition of H2O2 can increase the degradation efficiency of GSM and 2-MIB. On the basis of the UV/H2O2 process, the addition of Fe2+ further improved the degradation efficiency [65]. However, the Fenton process was the least effective method due to it producing the least hydroxyl radicals [65]. In recent years, many researchers have made efforts to prepare new photocatalytic materials, which were applied to the treatment of T&O compounds to provide an effective method for removing T&O compounds. Moztahida et al. prepared a heterogeneous catalyst material (reduced graphene oxide supported magnetite—rGOF) similar to the Fenton system for photocatalytic degradation of 2-MIB, with a degradation efficiency of 99% [45]. TiO2/PAC was fabricated by loading TiO2 nanoparticles on the surface of PAC, and its degradation efficiency of 2-MIB reached 97.8% in combination with UV [74]. Ultrasonication is also an advanced oxidation process used to induce the degradation of T&O compounds. Song et al. reported the ultrasonic-induced degradation of 2-MIB and GSM for the first time [54]. The research showed that the degradation efficiency of these two compounds was above 90% after 40 min of ultrasonic irradiation [54]. However, it is difficult to control the conditions of the ultrasonic reaction, and the processing equipment is complicated, expensive and difficult for large-scale applications.




2.3. Degradation Pathway Using Chemical Methods


Some studies have identified the intermediates in the degradation process of 2-MIB and GSM by using gas chromatography-mass spectrometry (GC-MS) [24,50]. The degradation pathways of 2-MIB and GSM under different processes are shown in Figure 1 and Figure 2, respectively, in which a number of reactions took place, such as dehydration, ring opening and bond scission. Degradation of 2-MIB and GSM using different methods could lead to different intermediates. Figure 1 shows the formation and decay of various degradation products of 2-MIB during photocatalysis or ozonation. Among them, 2-MIB is dehydrated to form 2-Methyl-2-bornene and 2-Methylenebornane in the process of ozonation and UV/chlorine and 1,2,7,7-Tetramethyl-bicyclo [2.2.1]hept-2-ene in the process of UV/TiO2 or UV/SiW12O404− [4,52,72]. The UV/H2O2 process generated similar intermediates in 2-MIB degradation as those in UV/chlorine [80]. At the same time, 2-MIB generates primary degradation products such as alcohols, alkenes and ketones through demethylation, ring opening, bond breaking and other reactions [4,52,72]. Finally, chloroform is produced as a by-product during the UV/chlorine process [4]. Similarly to the 2-MIB degradation process, GSM also dehydrates first, and its dehydration products include 1,4-Dimethyladamantane, 8a-Hydroxy-4a-methyl-octahydro-naphthalen-2-one, 1,3-Dimethyl-Adamantane, 8,8a-Dimethyl-decahydro-naphthalen-1-ol, etc. [4,52,72]. Then GSM or the primary degradation products of GSM are further degraded by ring opening, bond breaking, rearrangement, hydroxylation, etc. [4,52,72]. Tan et al., identified and compared the transformation products of GSM under four UV-based AOPs in phosphate-buffered saline (PBS) and demonstrated that their degradation intermediates were partially identical [81].



In conclusion, the intermediates of 2-MIB are composed of its alcohols, ketone and diketone derivatives, ring compounds and open-chain aliphatic compounds [72]. The intermediates of GSM are composed of cyclic ketone, which leads to the generation of linear saturation and unsaturated products when the ring is opened [72]. Although the intermediates produced after the degradation of 2-MIB and GSM are quite different, the mechanisms of degradation are almost the same through different processes. Their possible mechanisms of degradation are dehydration, ring opening and bond breaking, followed by hydroxylation from •OH radical attack and the formation of ketones [72]. Finally, the cyclic ketone can be further decomposed through a ring-opening reaction. Among them, hydroxyl radical plays an important role in the degradation mechanism [72]. This conclusion has been proven by experiments in the literature. It was mentioned in the literature that the addition of •OH radical scavengers delayed the ozonation or photodegradation rate of these two compounds, indicating that the degradation mechanism was caused by •OH radical [60,82]. In addition, the presence of most oxygen-containing degradation products suggests that the mechanism involved in the production of most intermediates is indeed hydroxyl radical oxidation, driven by electrophilic substitution reactions [72].





3. Degradation of T&O Compounds by Biological Methods


3.1. Degradation Efficiency of Microorganisms


In recent years, microbial degradation of T&O compounds has become a research hotspot and is widely used in drinking water or wastewater treatment [24]. Compared to physical and chemical methods, a prominent advantage of microbiological methods is that the biological treatment process can be carried out at normal temperature and pressure [20]. The biological treatment process does not require the use of any chemical substances, which is more environmentally friendly [20]. In addition, the degradation process of microorganisms is essentially a general oxidation process, and it seldom produces complex metabolites [20]. It usually causes mineralization to produce carbon dioxide, water, sulfate and nitrate compounds during the degradation process [20,25]. However, the treatment cycle of the microbiological method is long and it is difficult to control the pH and temperature throughout the treatment process [20,25]. When treated with high concentrations of contaminants, the degradation efficiency of the microorganisms is low [20]. Therefore, it is very important to screen the appropriate strains and optimize the degradation conditions for the efficient degradation of microbial methods.



The microorganism (mainly bacteria and fungi) culture for T&O compound degradation was isolated from nature (e.g., water, soil) through an enrichment technique [82]. Some identified microorganisms have been proven to be effective in degrading T&O compounds (mainly 2-MIB and GSM). Different microorganisms degrading T&O compounds in aqueous solution are shown in Table 3. Taking bacteria for example, odor compounds can be used as the only carbon and energy sources for enrichment and separation of bacteria. The most extensively studied bacteria belong to Pseudomonas and Bacillus [83]. As shown in Table 3, it takes 25 days for Pseudomonas spp. to degrade more than 85% of 2-MIB [84]. In contrast, Bacillus has better degradation efficiency. Research has shown that Bacillus idriensis, Bacillus fusiformis and Bacillus sphaericus can almost completely degrade 2-MIB [82,85]. In addition, Bacillus subtilis can degrade more than 90% of 2-MIB and GSM within 7 days [86]. Besides the above two genera, Bacteroidetes and α-Proteobacteria strains with the degradation ability of MIB and GSM have also been reported [13]. Although the removal rate of T&O compounds using these bacteria is high, the reaction time is very long.



Compared to bacteria, there are few studies on the degradation of T&O compounds using fungi. Fungi can effectively remove hydrophobic volatile organic compounds (VOCs) in a biological filter [92]. Therefore, it can be putative that fungi have the potential to degrade T&O compounds. Fungi contain filamentous structures with aerial hyphae and a large surface area, which makes it easy to absorb many VOCs from the gas phase [93]. Meanwhile, their resistance to low humidity favors the mass transfer of hydrophobic VOCs from the gas phase to their surface [93]. In comparison to bacteria, other advantages of fungi include tolerance to low pH and starvation [94]. Various studies indicate that fungi can not only improve the removal ability of biological filters but also enhance the resistance to the environment [92]. However, compared to aerobic bacteria, the fungal metabolic rate is lower and the start-up periods are much longer [95,96]. In addition, their filamentous structures often lead to clogging in biofilters [83].



Besides the screening for new strains of bacteria and fungi, biofiltration, membrane bioreactor (MBR) and moving-bed biofilm reactor (MBBR) have been studied for the removal of T&O compounds. The removal efficiency of 2-MIB and GSM remained more than 90% throughout the 7-month treatment with the filtration with GAC filter [97]. Biofiltration could also be combined with ozonation, where biofiltration removed the by-products and the remaining T&O compounds after ozonation treatment [98]. In the O3/GAC-biofiltration pilot test, the concentrations of GSM and 2-MIB in water were reduced from 200 ng/L to 0.1 ng/L and 3.85 ng/L, respectively [99]. The performance of biofiltration was improved by inoculating GSM-degrading bacteria to sand filters, resulting in 75% of GSM removal efficiency [100]. By adding biopowdered activated carbon to an immersed ultrafiltration membrane bioreactor (UF-BPAC), the application of MBR intensified the conventional treatment in the removal of T&O compounds, where the average post-treatment concentrations for both 2-MIB and GSM were less than 10 ng/L [101]. A steady-state T&O removal was achieved in the MBBR after 3.5 months of operation, providing 84% and 87% removal of GSM and 2-MIB, respectively [102]. Genetic engineering can also be a potential method to improve the degradation ability of microorganisms. The gene related to camphor degradation from camphor-degrading bacteria was recombinant expressed in Escherichia coli, and thus the resulting E. coli strain exhibited the ability to degrade 2-MIB [88]. In addition, the development of biologics and targeted modifications to alter the catalytic properties of enzymes may also be promising approaches for the removal of T&O compounds. The solution of hexahistidine-tagged organophosphorus hydrolase (His6-OPH) was mixed with polyanion to obtain enzyme-polyelectrolyte complexes (EPC) for the detoxification of organophosphorus pesticides, and it provided good detoxification efficiency [103]. Lyagin and Efremenko modeled the structure of EPCs based on His6-OPH with different biopolymers using molecular docking techniques and the obtained EPCs exhibited 20–40% higher catalytic efficiency in the hydrolysis of organophosphate esters than that of natural His6-OPH [104].




3.2. Degradation Pathway Using Biological Methods


The possible degradation pathways of 2-MIB under bacterial conditions are shown in Figure 3, during which oxidation and dehydrogenation reactions mainly occurred. Studies have shown that the reason for microbial degradation of 2-MIB and GSM can be attributed to their structure being similar to degradable alicyclic alcohols and ketones [88]. Among them, the structure of 2-MIB is similar to camphor. Therefore, some researchers use bacteria that can degrade camphor to degrade 2-MIB. Researchers have proved that these bacteria can hydroxylate 2-MIB on the three secondary carbons of the six-membered ring and further oxidize them [105,106]. In addition, 2-methylcamphene and 2-methylenebornane were also identified as possible degradation intermediates in the process of bacterial degradation of 2-MIB [105,107]. Compared to the biodegradation of 2-MIB, GSM has been found to be extremely difficult to degrade using microorganisms [108]. The biodegradation of GSM may be similar to cyclohexanol but its degradation pathway has not been clearly proposed. Saito et al. found that GSM can be degraded into 1, 4a-dimethyl-2, 3, 4, 4a, 5, 6, 7, 8-octahydronaphthalene and a kind of enone [108].





4. Conclusions and Prospects


Physical methods, mainly referring to adsorption, have the advantages of low investment cost, high removal efficiency and flexibility. However, the adsorption capacity of the adsorbent was limited and could be easily affected by the other organic substances in water. In fact, adsorption was a process for the enrichment of T&O compounds without any transformation. Therefore, how to deal with the T&O compounds in the adsorbent is still a problem. The screen of low-cost and biodegradable adsorbent can be an alternative way to solve this problem. For example, the agricultural lignocellulosic materials possessed good potential for the removal of T&O compounds due to their high porosity and abundant functional groups on the surface. Following adsorption using these materials, microbial degradation or thermal incineration of the adsorbents enriched with T&O compounds could be applied to transform the T&O compounds into nontoxic compounds or energy. Biofiltration with adsorbent possessed good potential in the removal of T&O compounds, where adsorption and biodegradation occurred simultaneously. In addition, the development of novel materials with high adsorption capacity and easy regeneration is also another direction for the treatment of T&O compounds.



Chemical methods can also provide high degradation efficiency. The advanced oxidation process has been proven to be the most promising way. However, the oxidant residues and the toxicity and accumulation of degradation products are the main problems. To solve these problems, photocatalytic-biodegradation (e.g., UV) is an attractive treatment technology for the complete mineralization of T&O compounds. However, the application of UV on a large scale is still difficult due to the energy cost of UV supply and the lack of suitable equipment. Recently, polymer semiconductors are regarded as a new kind of nonmetallic photocatalytic material, which has a wider absorption spectrum and can also play a photocatalytic role under visible light. Therefore, photocatalytic degradation under visible light using semiconductors can be a potential chemical method in T&O degradation with good prospects.



Biological degradation of pollutants has been a hot research topic in recent years due to the biodegradation being environmentally friendly, capable of completely degrading T&O compounds and being able to be carried out at room temperature and normal pressure. Thus, screening of bacteria and fungi capable of efficiently degrading T&O compounds can be a promising research direction in T&O biodegradation. Moreover, the application of a membrane bioreactor can improve the efficiency of T&O degradation through the combination of microorganisms. In fact, the information on degradation pathways using microbes was limited and the enzymes involved in the degradation could be isolated and characterized. After obtaining this information, genetic engineering and synthetic biology can be applied to construct a new strain with high degradation efficiency. Enzyme degradation of T&O compounds is also a potential method. However, exploring a specific enzyme with high catalytic efficiency is essential for this method. For this purpose, biologics and targeted modifications of enzyme can be an efficient strategy. In addition, the combination of enzymes and other chemical catalysts can be an alternative way to completely degrade T&O compounds into nontoxic compounds.
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Abbreviations




	Abbreviation  
	Term



	T&O
	Taste and odor



	GSM
	Geosmin



	2-MIB
	2-methylisoborneol



	IBMP
	2-isobutyl-3-methoxypyrazine



	IPMP
	2-isopropyl-3-methoxypyrazine



	TCA
	2,4,6-trichloroanisole



	OTC
	Odor threshold concentration



	NOM
	Natural organic matter



	GAC
	Granular activated carbon



	PAC
	Powdered activated carbon



	S-PAC
	Super-powdered activated carbon



	GO
	Graphene oxide



	[R.T.]
	React time



	AOPs
	Advanced oxidation methods



	PMC
	Plant-mineral composite



	DOC
	Dissolved organic carbon



	E-peroxone
	Electro-peroxone



	TOC
	Total organic carbon



	POM
	Polyoxometalates



	rGOF
	Reduced graphene oxide supported magnetite



	GC-MS
	Gas chromatography-mass spectrometry



	PBS
	Phosphate-buffered saline



	VOCs
	Volatile organic compounds



	UF-BPAC
	Ultrafiltration membrane bioreactor



	MBR
	Membrane bioreactor



	MBBR
	Moving-bed biofilm reactor



	EPCs
	Enzyme–polyelectrolyte complexes



	His6-OPH
	Hexahistidine-tagged organophosphorus hydrolase
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Figure 1. Proposed degradation pathway of 2-MIB [4,52,65,72]. 
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Figure 2. Possible degradation pathway of GSM [4,52,72]. 
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Figure 3. Proposed degradation pathway of 2-MIB using biological methods [105,107]. 
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Table 1. Summary of physical methods for degradation of T&O compounds.
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	Material
	Adsorbent

Dose (mg/L)
	Specific Surface

Area (m2/g)
	Iodine Value

(mg/g)
	Condition
	Adsorption

Substrate
	Initial

Concentration

(μg/L)
	Degradation

Rate
	References





	Granular activated

carbon
	160
	274
	--
	T = 25 ± 1 °C,

React Time [R.T.] = 1 h
	2-MIB
	0.7
	73%
	[22]



	Granular activated

carbon
	160
	274
	--
	T = 25 ± 1 °C,

[R.T.] = 1 h
	GSM
	0.7
	82%
	[22]



	Granular activated

carbon
	200
	--
	1046
	pH = 3.0–11.0,

[R.T.] < 12 h
	IPMP
	150
	>90%
	[32]



	Granular activated

carbon
	200
	--
	1046
	pH = 3.0–11.0,

[R.T.] < 12 h
	IBMP
	150
	>90%
	[32]



	Powdered activated carbon
	15
	1256
	950
	[R.T.] = 15 min
	GSM
	0.08
	45%
	[40]



	Powdered activated carbon
	15
	1256
	950
	[R.T.] = 15 min
	2-MIB
	0.08
	45%
	[40]



	Powdered activated carbon
	15
	--
	1115
	[R.T.] = 60 min

aeration flow rate of 15 L/min
	2-MIB
	--
	74%
	[31]



	Powdered activated carbon
	20
	830–850
	--
	[R.T.] = 50 min
	2-MIB
	1
	60%
	[34]



	Powdered activated carbon
	20
	830–850
	--
	[R.T.] = 50 min
	GSM
	1
	80%
	[34]



	Powdered activated carbon
	15
	--
	1115
	[R.T.] = 30 min

aeration flow rate of 15 L/min
	GSM
	--
	93%
	[31]



	C-powdered

activated carbon
	32.14
	1216
	--
	[R.T.] = 20 min
	2-MIB
	0.1
	>80%
	[35]



	C-powdered

activated carbon
	32.14
	1216
	--
	[R.T.] = 20 min
	GSM
	0.1
	>80%
	[35]



	Wood-powdered

activated carbon
	2
	--
	--
	[R.T.] = 30 min
	GSM
	0.024
	62.5%
	[41]



	Wood-powdered

activated carbon
	2
	--
	--
	[R.T.] = 30 min
	2-MIB
	0.968
	37%
	[41]



	Graphene oxide
	100
	478
	--
	pH = 7.4–7.5,

[R.T.] = 15 min
	2-MIB
	1
	15%
	[37]



	Graphene oxide
	100
	478
	--
	pH = 7.4–7.5,

[R.T.] = 15 min
	GSM
	1
	22%
	[37]



	Fly ash-bentonite

(fly ash to bentonite ratio of 0.4:0.6)
	15
	63.5
	--
	pH = 8.0,

[R.T.] = 60 min
	2-MIB
	0.042–0.234
	59.9%
	[30]



	Fly ash-bentonite

(fly ash to bentonite ratio of 0.4:0.6)
	15
	63.5
	--
	pH = 8.0,

[R.T.] = 60 min
	GSM
	0.042–0.234
	63.7%
	[30]



	Alginate-based

carriers
	35
	--
	--
	[R.T.] = 24 h
	GSM
	1
	90%
	[42]



	Alginate-based

carriers
	35
	--
	--
	[R.T.] = 24 h
	2-MIB
	1
	80%
	[42]



	Pt-TiO2
	125
	567
	--
	T = 25 ± 1 °C,

[R.T.] = 1 h
	GSM
	0.7
	98%
	[22]



	Fe-TiO2
	125
	423
	--
	T = 25 ± 1 °C,

[R.T.] = 1 h
	2-MIB
	0.7
	93%
	[22]



	Fe-TiO2
	125
	423
	--
	T = 25 ± 1 °C,

[R.T.] = 1 h
	GSM
	0.7
	95%
	[22]
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	Materials and Methods
	Condition
	Degradation

Substrate
	Initial

Concentration

(μg/L)
	Degradation

Rate
	Possible Intermediate
	References





	UV (254 nm)

UV fluence = 3348 mJ/cm2
	T = 25–31 °C, pH = 5.0

[R.T.] = 1 h
	2-MIB
	0.1
	34.08%
	--
	[65]



	UV (254 nm)

UV fluence = 3348 mJ/cm2
	T = 25–31 °C, pH = 5.0

[R.T.] = 1 h
	GSM
	0.1
	21.19%
	--
	[65]



	UV fluence = 1200 mJ/cm2
	--
	2-MIB
	0.108
	20%
	--
	[66]



	UV fluence = 1200 mJ/cm2
	--
	GSM
	0.04
	20%
	--
	[66]



	UV (254 nm)/chlorine

[chlorine] = 0.5 mg/L
	T = 25 °C, pH = 7.0

[R.T.] = 1 h
	2-MIB
	5
	100%
	2-methylenebornane and

2-methyl-2-bornene
	[4]



	UV (254 nm)/chlorine

[chlorine] = 0.5 mg/L
	T = 25 °C, pH = 7.0

[R.T.] = 40 min
	GSM
	5
	100%
	1,4-dimethyl-adamantane and 1,3-dimethyl-adamantane
	[4]



	UV/chlorine

UV = 250 mJ/cm2,

[chlorine] = 0.5; 1.2 mg/L
	pH = 5.0
	2-MIB
	0.06
	>97%
	--
	[67]



	UV/chlorine

UV = 250 mJ/cm2,

[chlorine] = 0.5; 1.2 mg/L
	pH = 5.0
	GSM
	0.06
	>97%
	--
	[67]



	UV (210 nm)/chlorine,

[chlorine] = 100 mg/L
	T = 25 °C, pH = 7.0
	IPMP
	1 × 104
	95.6%
	--
	[68]



	UV-LED (275 nm)/chlorine

UV-LED = 420 mJ/cm2

[Chlorine]0 =  200 μM,
	T = 25 ± 1 °C

pH  =  7.0  ±  0.1
	TCA
	20
	80%
	--
	[69]



	UV/H2O2

UV fluence = 1200 mJ/cm2,

[H2O2] = 6 mg/L
	--
	2-MIB
	0.306
	65%
	--
	[66]



	UV/H2O2

UV fluence = 1200 mJ/cm2,

[H2O2] = 6 mg/L
	--
	GSM
	0.183
	90%
	--
	[66]



	UV (254 nm)/H2O2

UV fluence = 3348 mJ/cm2,

[H2O2] = 20 mg/L
	T = 25–31 °C, pH = 5.0

[R.T.] = 1 h
	2-MIB
	0.1
	52.1%
	--
	[65]



	UV (254 nm)/H2O2

UV fluence = 3348 mJ/cm2,

[H2O2] = 20 mg/L
	T = 25–31 °C, pH = 5.0

[R.T.] = 1 h
	GSM
	0.1
	38.28%
	--
	[65]



	UV/H2O2

UV fluence = 350 mJ/cm2,

[H2O2] = 6 mg/L
	--
	2-MIB
	0.275
	96.58%
	--
	[70]



	UV/H2O2

UV fluence = 600 mJ/cm2,

[H2O2] = 4 mg/L
	--
	2-MIB
	0.219
	>80%
	--
	[6]



	UV/H2O2

UV fluence = 600 mJ/cm2,

[H2O2] = 4 mg/L
	--
	GSM
	0.231
	> 80%
	--
	[6]



	UV (238 nm)/persulfate

I0/V = 1.26 μE s−1 L−1,

[PDS]0 = 10 μM
	T = 20 °C, pH = 7.0

[R.T.] = 10 min
	2-MIB
	40
	86%
	--
	[71]



	UV (219 nm)/persulfate

I0/V = 1.26 μE s−1 L−1,

[PDS]0 = 10 μM
	T = 20 °C, pH = 7.0

[R.T.] = 10 min
	GSM
	40
	94.5%
	--
	[71]



	UV (365 nm)/

SiW12O404− (7 × 10−4 M,

200 mg/L)
	[R.T.] = 100 min
	2-MIB
	1 × 103
	100%
	1,2,7,7-tetramethyl-bicyclo

[2.2.1]hept-2-ene and 1,7,7-trimethyl-bicyclo [2.2.1]

heptan-2-one (d-camphor)
	[72]



	UV (365 nm)/

SiW12O404− (7 × 10−4 M,

200 mg/L)
	[R.T.] = 120 min
	GSM
	1 × 103
	100%
	8a-hydroxy-4a-methyl-octahydro-naphthalen-2-one and 8,8a-dimethyl-decahydro-

aphthalen-1-ol
	[72]



	UV (365 nm)/TiO2

[TiO2] = 200 mg/L
	[R.T.] = 25 min
	2-MIB
	1 × 103
	100%
	1,2,7,7-tetramethyl-bicyclo

[2.2.1]hept-2-ene and 1,7,7-trimethyl-bicyclo [2.2.1]heptan-2-one (d-camphor)
	[72]



	UV (365 nm)/TiO2

[TiO2] = 200 mg/L
	[R.T.] = 30 min
	GSM
	1 × 103
	100%
	8a-hydroxy-4a-methyl-octahydro-naphthalen-2-one and 8,8a-dimethyl-decahydro-naphthalen-1-ol
	[72]



	Simulated sunlight/

Zn-Al-La-MMO (1 g/L)
	I = 10 A
	2-MIB
	0.2
	95%
	--
	[73]



	UV/TiO2

I = 600 W/m2,

[TiO2] = 100 mg/L
	[R.T.] = 20 min
	IPMP
	1 × 104
	95%
	--
	[3]



	UV (365 nm)/

TiO2/PAC = 3 mg/L
	T = 20 ± 1 °C, pH = 7.5

[R.T.] = 3 h
	2-MIB
	1
	97.8%
	--
	[74]



	UV (254 nm)/NaCl

[NaCl] = 60 mmol/L

I = 15 mA/cm2
	T = 25 °C, pH = 7.0

[R.T.] = 25 min
	2-MIB
	1
	95%
	--
	[75]



	UV (254 nm)/NaCl

[NaCl] = 60 mmol/L

I = 15 mA/cm2
	T = 25 °C, pH = 7.0

[R.T.] = 25 min
	GSM
	1
	96%
	--
	[75]



	Photo-Fenton

UV fluence = 3348 mJ/cm2,

[Fe2+] = 2 mg/L,

[H2O2] = 20 mg/L
	T = 25–31 °C, pH = 5.0

[R.T.] = 1 h
	GSM
	0.1
	48.38%
	nonanoic acid and butyl

butyrate (or isobutyl isobutyrate)
	[65]



	Photo-Fenton

UV (365 nm)/rGOF,

[rGOF] = 1 g/L
	T = 25–31 °C, pH = 3.0

[R.T.] = 3 h
	2-MIB
	5
	99%
	nonanoic acid and butyl

butyrate (or isobutyl isobutyrate) from GSM
	[45]



	[O3] = 0.5–2.5 mg O3/mg DOC
	T = 23 ± 1 °C

pH = 7.9–8.1,

[R.T.] = 40 min.
	2-MIB
	10
	7–46%
	--
	[48]



	[O3] = 0.5–2.5 mg O3/mg DOC
	T = 23 ± 1 °C

pH = 7.9–8.1

[R.T.] = 40 min.
	GSM
	10
	14–50%
	--
	[48]



	[O3] = 2 mg O3/mg DOC

(E-preoxoen)
	T = 23 ± 1 °C, pH = 7.9–8.1

I = 40 mA, [R.T.] = 5 min
	2-MIB
	10
	48%
	--
	[48]



	[O3] = 2 mg O3/mg DOC

(E-preoxoen)
	pH = 7.9–8.1,

I = 40 mA, [R.T.] = 5 min
	GSM
	10
	54%
	--
	[48]



	[O3]0 = 2.2 mg/L
	pH = 7.0

[R.T.] = 30 min
	2-MIB
	1
	31%
	--
	[52]



	[O3]0 = 2.2 mg/L
	pH = 7.0

[R.T.] = 30 min
	TCA
	1
	49%
	--
	[52]



	[O3] = 4.19 mg/L
	T = 25 ± 1 °C, pH = 7.3

[R.T.] = 20 min
	2-MIB
	0.1
	93.6%
	2-methylenebornane and

2-methyl-2-bornene
	[53]



	[O3] = 4.19 mg/L
	T = 25 ± 1 °C, pH = 7.3

[R.T.] = 20 min
	2-MIB
	0.5
	66.4%
	--
	[53]



	[O3] = 4.19 mg/L
	T = 25 ± 1 °C, pH = 7.3

[R.T.] = 20 min
	GSM
	0.1
	97.9%
	cis-1,4-

dimethyladamantane and 1,3-dimethyl-adamantane
	[53]



	[O3] = 4.19 mg/L
	T = 25 ± 1 °C, pH = 7.3

[R.T.] = 20 min
	GSM
	0.5
	72.6%
	--
	[53]



	UV = 250 mJ/cm2

[O3]0 = 15.84 mg/L
	--
	GSM
	--
	99%
	--
	[57]



	UV = 250 mJ/cm2

[O3]0 = 15.84 mg/L
	--
	2-MIB
	--
	95%
	--
	[57]



	[O3]0 = 0.5 mg/L

[γ-AlOOH] = 500 mg/L
	pH = 7.05

[R.T.] = 10 min
	IPMP
	38
	94.2%
	--
	[76]



	[O3]0 = 0.5 mg/L

[γ-AlOOH] = 200 mg/L
	T = 25 °C, pH = 6.7
	TCA
	23.2
	79.3%
	--
	[63]



	[O3]0 = 0.5 mg/L

[γ-AlOOH] = 200 mg/L
	T = 25 °C, pH = 6.7
	2-MIB
	23.2
	27.5%
	
	[63]



	[O3]0 = 0.5 mg/L

[γ-Al2O3] = 200 mg/L
	T = 25 ± 2 °C, pH = 6.7, [R.T.] = 30 min
	2-MIB
	23.2
	98.4%
	--
	[62]



	[K2FeO4] = 50 mg/L
	pH = 9.0
	2-MIB
	--
	31.9%
	--
	[77]



	[K2FeO4] = 50 mg/L
	pH = 9.0
	GSM
	--
	22.5%
	--
	[77]



	peroxide/Fe2+-based

Fe2+ = 0.1 mmol/L,

Peroxide = 0.05 mmol/L
	pH = 6.5
	TCA
	10
	77.9%
	--
	[78]



	Fenton

[Fe2+] = 2 mg/L,

[H2O2] = 20 mg/L
	T = 25–31 °C, pH = 5.0

[R.T.] = 1 h
	2-MIB
	0.1
	16%
	--
	[65]



	Fenton

[Fe2+] = 2 mg/L,

[H2O2] = 20 mg/L
	T = 25–31 °C, pH = 5.0

[R.T.] = 1 h
	GSM
	0.1
	17%
	--
	[65]



	Ultrasound (640 kHZ)
	T = 4 °C

[R.T.] = 40 min
	2-MIB
	10
	>90%
	2-methylenebornane and

2-methyl-2-bornene
	[54]



	Ultrasound (640 kHZ)
	T = 4 °C

[R.T.] = 40 min
	GSM
	10
	>90%
	(1S, 4aR)-1, 4a-dimethyl-1, 2, 3, 4, 4a, 5, 6, 7-octanhydronaphthalene and (R)-4a, 8-dimethyl-1, 2, 3, 4, 4a, 5, 6, 7-octahydronaphthalene
	[54]
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	Strain
	Degradation Substrate
	Initial

Concentration

(μg/L)
	Period
	Degradation Rate
	Possible Intermediate
	Reference





	Rhodococcus ruber
	2-MIB
	27.8
	16 h
	--
	3-hydroxy-2-MIB
	[22]



	Pseudomonas putida
	2-MIB
	3.6
	20 h
	--
	6-hydroxy-2-MIB
	[22]



	Rhodococcus

wratislaviensis
	2-MIB
	2.5
	20 h
	--
	5-keto-2-MIB
	[22]



	Bacillus idriensis
	2-MIB
	2 × 106
	20 d
	99.98%
	--
	[82]



	Chitinophagaceae

bacterium
	2-MIB
	2 × 106
	20 d
	99.99%
	--
	[82]



	Bacillus sp.
	2-MIB
	5 × 106
	72 h
	60%
	---
	[87]



	Pseudomonas sp.
	2-MIB
	---
	---
	---
	2-methylcampbene

and 2-methylenebornane
	[88]



	Enterobacter sp.
	2-MIB
	---
	---
	---
	Camphor

4,7,7-trimethyl-2-oxabicyclo

[2,2,1]-heptan-3-one
	[88]



	Acinetobacter
	3-methylindole
	2 × 108
	6 d
	>85%
	---
	[89]



	Bacillus subtilis
	2-MIB
	0.7
	7 d
	98%
	--
	[86]



	Bacillus subtilis
	GSM
	1
	7 d
	94%
	--
	[86]



	Shinella zoologeoides
	2-MIB
	2
	3 d
	23.3%
	--
	[82]



	Bacillus idriensis
	2-MIB
	2
	3 d
	32.9%
	--
	[82]



	Chitinophagaceae bacterium
	2-MIB
	2
	3 d
	17%
	--
	[82]



	Micrococcus spp.
	2-MIB
	4.2 × 106
	25 d
	86.1%
	2-methylborane and 2-methyl-2-borane
	[84]



	Flavobacterium spp.
	2-MIB
	4.2 × 106
	25 d
	84.4%
	2-methylborane and 2-methyl-2-borane
	[84]



	Brevibacterium spp.
	2-MIB
	4.2 × 106
	25 d
	86.7%
	2-methylborane and 2-methyl-2-borane
	[84]



	Pseudomonas spp.
	2-MIB
	4.2 × 106
	25 d
	86.0%
	2-methylborane and 2-methyl-2-borane
	[84]



	Bacillus fusiformis
	2-MIB
	5 × 103
	72 h
	100%
	--
	[85]



	Bacillus sphaericus
	2-MIB
	5 × 103
	72 h
	100%
	--
	[85]



	Rhodococcus
	2-MIB
	6
	7 d
	--
	--
	[90]



	Comamonadaceae
	2-MIB
	6
	7 d
	--
	--
	[90]



	Chryseobacterium sp.
	2-MIB
	2 × 103
	18 d
	84.0%
	--
	[90]



	Sinorbizobium sp.
	2-MIB
	2 × 103
	18 d
	80.2%
	--
	[90]



	Stenotrophomonas sp.
	2-MIB
	2 × 103
	18 d
	74.4%
	--
	[90]



	Methylobacterium sp.
	2-MIB
	2.5
	6 d
	90%
	--
	[87]



	Trametes hirsuta
	2,6-dibromophenol
	---
	---
	52%
	---
	[91]



	Novosphingobium

hassiacum
	GSM
	--
	--
	--
	--
	[13]



	Sphingomonas

oligophenolica
	GSM
	--
	--
	--
	--
	[13]
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