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Abstract

:

In recent years, atmospheric composite pollution has become increasingly serious, and accelerating VOC governance has become the focus of and difficulty in atmospheric governance. Volatile organic compounds (VOCs) come from a wide range of sources, and industrial sources are the main source of anthropogenic VOC emissions in China. Chemicals, oil refining, and solvents are three typical VOC-emitting industries, and their control is an important part of accelerating and optimizing VOC governance. It can be controlled by source control, process control, and pipe end treatment; among these, pipe end treatment is divided into recovery technology and destruction technology. In pipeline end treatment, with the key materials of adsorption, absorption, catalytic oxidation, and catalytic combustion, the research and development of adsorbents, absorbents and catalysts has become a hot spot in recent years. This paper summarizes the chemical materials used in typical VOC pipe end-treatment technology (including adsorbents used in the adsorption method, absorbents used in the adsorption method, and catalysts used in the catalytic oxidation and catalytic combustion methods), summarizes the advantages and disadvantages of various materials and their application range, and looks forward to the direction of future developments.
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1. Introduction


VOCs are important precursors of PM2.5 and O3, which will react chemically with SO2 and NOx in the atmosphere and trigger secondary pollution [1,2,3]. In recent years, with the acceleration of industrialization, the annual emissions of VOCs have increased dramatically, especially in developing countries. Studies have shown that China’s anthropogenic VOC generation (2011–2019) is generally on an upward trend, and the VOC emissions in 2019 are still at a high level at about 23.42% [4], and if the existing control level is maintained unchanged, it is expected that the total anthropogenic VOC emissions in China will increase by 22.91% in 2025 compared with 2019 [5]. Therefore, the governance of VOCs is urgent.



The sources of VOCs are extensive and complex and are mainly divided into two categories: natural and anthropogenic sources. In China, industrial sources are the most important source of anthropogenic VOCs, and most of the VOCs come from human industrial development activities. The dominant ones are petrochemical, chemical, and solvent-using industries in China.



According to the Communiqué of the Second National Pollution Source Census of China, the top three industries in terms of VOC emissions are chemical raw materials and the chemical-product manufacturing industry, with 1,075,700 tons; the petroleum, coal, and other fuel-processing industries, with 677,500 tons; and the rubber- and plastic-product industry, with 403,600 tons. The above three industries together accounted for 44.78 percent of the VOC emissions from industrial sources.



The use of volatile chemical products (VCPs)—including pesticides, paints, printing inks, adhesives, detergents, and personal-care products—now accounts for half of the fossil fuel VOC emissions in industrialized cities [6].



China’s consumption of LPG plus motor gasoline is the second highest in the world, and China’s evaporative emissions in 2010 were as high as 185,000 tons [7]. Vehicle evaporative emissions are the main source of atmospheric VOCs and arise from two main pathways, namely tailpipe emissions and evaporative emissions [8]. Nowadays, tailpipe emissions have been greatly reduced as a result of national policies to control vehicle emissions and technological improvements, but according to statistics, in most parts of the world, except for the United States of America and Canada, VOCs emitted from oil and gas evaporation account for 10.6 percent to 30.0 percent of the total anthropogenic emissions [9,10,11,12].



In China, the highest proportion of VOCs from light-duty gasoline vehicles (LDGVs) and gasoline motorbikes are aromatics, and the highest proportion of VOCs from light-duty diesel vehicles (LDDVs) are alkanes [13]. The main VOCs emitted from diesel vehicles are carbonyl compounds, aromatics, and alkanes.



Solvent-using industries mainly include the automobile-production coating process and the furniture manufacturing industry but also includes motorbikes, containers, construction machinery and steel structures, aluminum profiles, wood processing, ships, and other characteristic industries. In 2018, volatile organic compound (VOC) emissions from the industrial-coating field were nearly 3500 kt, which accounted for about a quarter of China’s VOC emissions from industrial sources and many of the provinces’ (autonomous regions and municipalities directly under the central government) major industrial VOC emission sources.



In the petrochemical industry, the base materials for the aromatic petrochemical industry are compounds such as benzene, toluene, xylene, etc., and the only way to obtain aromatic compounds in this industry is through an aromatic extraction plan. About 98% of industrial ethylbenzene is produced through the alkylation reaction of ethylene and benzene, and the device used in this process is the dry-gas ethylbenzene plant (FCC); according to a survey, more than 20 enterprises in China, such as Dalian, Fushun, etc., are using this device [14,15]. Emissions of VOCs from production processes are frequent and occur in large quantities in the petrochemical industry.



The printing industry, as a national support industry in China, is widely used in the construction, apparel, food, and cosmetic industries, and in the development of the printing industry sector.



The printing industry is one of the most important contributors to industrial VOC emissions in China (nearly 10 percent), with emissions second only to industrial coatings (27 percent) [16]. Printing production generally includes three processes: pre-press, printing, and post-press processing, and the use of a variety of VOC-containing raw and auxiliary materials makes it possible to emit VOCs in each of these printing production processes.



In addition to these industries, there are many other industries where VOCs are designed to be emitted during the production process, such as the rubber industry, and the machinery-coating industry.



Because of the seriousness of the industrial emissions of VOCs, the State has formulated a series of policies and standards for VOC emissions.



Emissions of volatile organic compounds in China are bound by the standard for fugitive emission of volatile organic compounds (State. No: GB 37822-2019 [17]). The standard specifies the requirements for the control of unorganized emissions from the storage of VOC materials, the control of unorganized emissions from the transfer and conveyance of VOC materials, the control of unorganized emissions from process VOCs, the control of leakage of VOCs from equipment and piping components, the control of unorganized emissions of VOCs from the open surface of liquids, the requirements for the system of collecting and treating the unorganized emission of VOCs, and the requirements for pollution monitoring in and around the enterprise’s plant.



Of course, there are many standards for VOC emissions in various industries. Typical industry emission standards are shown in Table 1.



So, relaxing these typical standards will be a powerful blow to accelerating the optimization of China’s atmospheric management.



The control and management of VOCs can be realized in three ways: source containment, process control, and end-of-pipe management. Source containment refers to the selection of process routes and raw materials (and as far as possible, the use of VOC-free raw materials) for production; process control refers to the remediation of VOCs generated in the existing production process, with improving the sealing of each link being one of the effective measures; end-of-pipe treatment refers to the use of physical or chemical means for the collection and treatment of VOCs discharged during the production process. End-of-pipe treatment technology is an important part of VOC treatment, and optimizing end-of-pipe treatment is especially important. Among the recovery and destruction technologies for end-of-pipe treatment, adsorption, absorption, catalytic oxidation, and catalytic combustion are several commonly used VOC treatment methods, and adsorbents, absorbents, and catalysts, as the key to these methods, are of great help in studying their development and optimization for the treatment of VOCs.




2. Adsorption Method—Adsorbents


Adsorption is the most common method for treating industrial VOCs, and its equipment has the advantages of simple construction, high adsorption efficiency, and strong adaptability; adsorption can not only effectively enrich and separate VOCs, but the adsorption material can also be reused through thermal desorption or vacuum desorption [28]. Therefore, the adsorption method is a more commonly used approach in the process of VOC treatment. The adsorbent is the key to the adsorption method, and in the actual application process, the adsorbent material directly affects the investment and operation costs and safety. Therefore, many studies focus on the development and optimization of adsorbents [29]. The following adsorbents are used in the adsorption method.



2.1. Carbon-Based Adsorbent Materials


2.1.1. Activated Carbon


Activated carbon is a widely used adsorbent characterized by an extended surface area, microporous structure, universal adsorption effect, high adsorption capacity, and high surface reactivity. Activated carbon is synthesized from a variety of materials, the most used on a commercial scale being precursors of cellulose, such as peat, coal, lignite, and coconut shells, among other substances [30].



The activated-carbon adsorption method is one of the most-used technologies for the treatment of industrial VOCs, and activated carbon has become one of the most widely used adsorption materials because of its excellent properties such as large specific surface area, rich functional groups, high mechanical strength, and resistance to acids and alkalis [31].



There are two main types of activated carbon: granular activated carbon and activated carbon fiber. Granular activated carbon consists of particles with a rich pore structure and is usually used for gas-phase adsorption and liquid-phase adsorption. It is widely used in air and water purification, vapor recovery, exhaust-gas treatment, and other fields. Activated carbon fiber has a fibrous form and is usually made into plates, and it is widely used in air purification and protective masks. Common methods of preparing activated carbon include physical and chemical methods. Activated carbon prepared by the physical method usually has a uniform pore distribution and a large specific surface area, while activated carbon prepared by the chemical method can increase the selective adsorption capacity for specific substances through surface functional groups.



Studies have shown that activated carbon can adsorb most VOCs such as alkanes, alcohols, aldehydes, ketones, esters, aromatics, etc. However, the adsorption capacity of activated carbon for organic gases such as ketones, ethers, and esters is greatly reduced. This is because acyl contains ketones, ethers, esters, and other organic gases, and acyl in the reaction process will produce an exothermic reaction and make acyl clusters on the carbon surface. If the acyl-containing organic gases are continuously adsorbed, the exothermic polymerization reaction will be intensified and cause the charcoal layer to catch fire. At the same time, due to the ketone polymerization reaction, the activated carbon pores are blocked, leading to activated carbon desorption and the regeneration of the difficulty of the increase in the cost; activated carbon for the adsorption of the higher humidity of the VOCs is not ideal. The theory of Dubinin and Serpinsky shows that water molecules first adsorb onto polar functional groups through hydrogen bonding at low relative pressure and then form water clusters to fill the pores of the activated carbon at high relative pressure, leading to high transport resistance and pore blockage [32]. This phenomenon can be weakened by removing surface oxygen groups and increasing the ratio of sp2/sp3 hybridized carbon atoms for the competitive adsorption of water molecules [32]. During use, there is a risk of spontaneous combustion if the desorption temperature exceeds 120 °C. Meanwhile, when the desorption temperature is lower than 120 °C, the VOC gas cannot be adsorbed within the activated carbon, and the organic matter cannot be completely desorbed. This results in a short service life of the activated carbon and an increase in operating costs.



According to that study, when the humidity rises from 0% to 90%, the adsorption capacity of VOC adsorption using activated carbon alone will drop by 55.9%. Because of this, scholars have used PDMS to cover the modification. After such modification, the adsorption capacity of activated carbon under the same humidity conditions is improved, though only by 19.3%, but the PDMS cost is high, and the regeneration ability is poor under the alternating current environment. To further enhance the adsorption capacity of activated carbon in high humidity, Lu et al. [33] experimented with modified activated carbon through the introduction of nanocarbon nanospheres originating from biomass sugar into the silica gel in a hydrothermal environment to prepare carbon–silica materials. The results showed that the adsorption capacity of VOCs could be maintained regardless of humidity and that these materials exhibited excellent desorption characteristics. However, the adsorption capacity of these carbon–silica materials was much lower than that of the formal AC.



At the same time, activated carbon after treatment with iron oxide or sodium hydroxide or sampling can usually obtain better adsorption performance. Hydrophobic modification of activated carbon can improve its adsorption selectivity. Li et al. [34] Hydrophobic modification of activated carbon (AC) using tetraethyl orthosilicate (TEOS) and trimethylchlorosilane (TMCS) showed that this modification led to a loss of specific surface area and pore volume as well as poor regeneration performance under dry working conditions, but it resulted in an increase in the relative humidity, improved the hydrophobicity, and facilitated adsorption and the post-regeneration adsorption performance. The resultant data are analyzed in Table 2.



Nowadays, scholars have even found that functional groups (HD/PR/PD) are favorable for the adsorption of VOCs at the edge of activated carbon, so in the future, we can utilize the functional groups to improve their adsorption of VOCs [35]. Green development is closely linked together with the management of VOCs and recycling. Recently, Zhou [33] and other scholars prepared environmentally friendly green activated carbon adsorbent materials with a high specific surface area and high adsorption performance by using fast-growing bamboo as the precursor and water vapor as the high-temperature activator. Through the fiber observation and BET tests, they found that the activated carbon prepared in this way has a high adsorption and cyclic adsorption capacity; this is also true for activated carbon, but this type of adsorption material provides a kind of environmental protection and uses green preparation, which could have future activated-carbon application prospects.



Overall, activated carbon adsorption is suitable for the treatment of industrial organic-waste gases with a large air volume, low concentration, and non-stable emission. When the concentration of waste gas is medium to high, the adsorption saturation cycle is short. It can be improved by regular desorption treatment.




2.1.2. Activated Carbon Fiber


Activated carbon fibers are activated-carbon-containing fibers, which are different from carbon-containing fibers due to the different high-temperature activation of carbonization; Figure 1 shows the activated carbon fiber preparation process. Activated carbon fiber has a high adsorption capacity, pore size, and specific surface area, among other characteristics; its specific surface area ratio is about dozens of particles of activated carbon than the specific surface area of hundreds of times. Activated carbon fiber’s fine fiber structure shows that it has many short and shallow fibers; through this microporous and fibrous structure, it can reduce the adsorption-bed pressure drop and mass transfer resistance, which makes the activated carbon fiber used in the adsorption of VOCs in the adsorption process able to accelerate the rate of mass transfer and increase the adsorption amount [36].



At present, there are four main types of activated carbon fibers that have been industrially produced: (1) polyacrylonitrile-based activated carbon fibers, (2) asphalt-based activated carbon fibers, (3) viscose-based activated carbon fibers, and (4) phenol–formaldehyde-based activated carbon fibers. The earliest industrial application is that of polyacrylonitrile-based activated carbon fiber; however, the most mature process involves asphalt-based activated carbon fiber. However, the most used activated carbon fiber in the industry is the viscose-based activated carbon fiber, because it has the characteristics of being insoluble and non-melting and can be directly carbonized without pre-oxidation during the preparation process, which is a simple and low-cost process; the carbon production rate is high, the emission of hazardous gases is low, the microporous structure is rich, and the specific surface area is large. As for the phenolic-based activated carbon fiber, there are fewer studies at present [37].



It was found that ACFs with more microporous structures had better adsorption of VOCs. Like activated carbon, activated carbon fibers can be modified to increase their adsorption capacity. Acid modification of activated carbon fibers can increase the number of oxygen-containing functional groups, which, in turn, improves the adsorption capacity of polar VOC molecules. Modification of activated carbon fibers using nitric acid was found to increase the adsorption capacity of acetaldehyde from 3.2% (mass fraction) to 9.9%, and modification of activated carbon fibers using metal oxides such as La2O3, CaO, MgO, ZnO, and Al2O3 was found to increase the adsorption capacity of acetaldehyde from 3.2% to 20% [38].



Activated carbon fiber (ACF) has also been produced by the reductive carbonization of cellulose fibers over nickel nano-catalysts. Measured by X-ray photoelectron spectroscopy (XPS), 99.5% of the oxygen originally present in the biomass was removed, with more than 63% of the carbon present as reduced material. The reduced ACFs have a high adsorption capacity for non-polar volatile organic compounds (VOCs), and the benzene-uptake capacity of the reduced ACFs is eight times higher than that of conventionally prepared carbon fibers [39]. The surface chemistry of activated carbon fiber (ACF) was modified with CuSO4. Tests yielded a higher adsorption capacity of CuSO4-modified ACF for benzene, toluene, methanol, and ethanol vapors compared with untreated ACF [40].



Compared with activated carbon, ACF has excellent adsorption properties, greater adsorption capacity, a faster adsorption rate, and easy regeneration for gas and liquid molecules [41,42,43].



However, the same activated carbon fibers are prone to saturation, have poor selectivity, are affected by temperature and humidity, are difficult to regenerate, and require complex waste treatment.




2.1.3. Biomass Charcoal


Biomass charcoal is a kind of carbon material made from biomass-based materials by pyrolysis activation and other processes at high temperatures, with a high specific surface area, rich pore structure, and chemically active surfaces, and it has a wide range of applications in the field of environmental pollution control. The sources of biomass carbon materials are relatively abundant and require mild preparation conditions; most of them come from industrial and agricultural wastes—for example, animal waste [44], wood flour [45], banana peels [46], animal bones [47]—and other biomass materials can be made into carbon materials by pyrolysis or carbonization. Current methods for preparing biomass carbon include thermal cracking, hydrothermal carbonization, microwave carbonization, and gasification. The thermal cracking technique is usually used, and the properties of biomass char largely depend on the natural feedstock properties and pyrolysis parameters, especially the control of the pyrolysis temperature [48]. Compared with activated carbon, biochar has several advantages: (1) lower preparation temperature; (2) no activation treatment (or simple activation treatment); and (3) low cost. However, it is also especially disadvantaged as unmodified biochar has a poor adsorption capacity for VOCs, so it is necessary to enhance its adsorption capacity by modifying it. Activation methods are divided into physical modification and chemical modification. The principle of physical activation is to form more micropores and mesopores on biomass charcoal to improve the pore structure and increase the specific surface area. The advantages are the absence of added impurities, the low cost, the introduction of oxygenated functional groups, and that it is clean and easy to control. Physical activation methods include UV irradiation, ball milling, ultrasonic treatment, and gas activation. Chemical activation involves pre-mixing the activator with the precursor raw materials and then activating this under the protection of inert gas at 450~900 °C. The advantages of chemical activation are that the specific surface area is usually higher than that of physical activation, which is as high as 3600 m2/g, and the yields and adsorption capacities obtained are higher than those of physical activation. The methods include alkali modification, acid modification, grafting of chemical functional groups, and modification with metal salts or metal oxides. The specific modification is shown in Table 3.



HCl, HNO3, H3PO4, H2SO4 NaOH, KOH, and ammonia are common acid–base modifiers [49]. In one study, the researcher used cow and sheep bone as raw materials for the preparation of biochar and acetic acid as a modifying reagent. It was found that hydroxyl and carboxyl groups appeared on the surface of modified biochar, and these groups were found to have an adsorption effect on formaldehyde. Activated carbon obtained from corn-kernel waste using ZnCl2 activation was used to remove toluene from exhaust gas; the corn-kernel biomass charcoal prepared by reacting at 550 °C for 1.0 h with an impregnation ratio of 1.0 showed the best toluene adsorption performance (4.36–4.64 mmol/g), and its cycling ability was good, with the retention of an adsorption capacity of 74% ± 3% after five cycles [50]. Waste tree branches were used as the raw material and modified with KOH base; it was found that the biochar so prepared exhibited a high specific area of up to 2150 m2/g and many micro- and ultra-microporous structures, and the adsorption capacity of the sample was maintained at more than 96% after five adsorption/desorption cycles [51]. Graded porous carbon was prepared from bovine bone as the raw material, and such graded porous carbon was found to have a high specific surface area, a unique three-dimensional graded porous structure, and a high nitrogen doping content that was 3.56 times higher than that of commercial adsorbents, and it still had excellent recoverable stability with a sample adsorption-capacity retention of more than 98% after five cycles of use [52]. Banana-peel-derived activated carbon was modified, and N-doped activated carbon was prepared by a high-temperature process using two N dopants, i.e., urea and melamine. Urea-doped N had a better effect on the surface excavation of activated carbon. The adsorption capacity of the nitrogen-doped activated carbon for the polar VOC acetone was 44.89 mmol/g at 30 kPa partial pressure of acetone, which was 1.83 times the adsorption capacity of untreated activated carbon (24.57 mmol/g). And it still had good adsorption stability after five adsorption/desorption cycles Yang et al. [53].



Studies have shown that biomass charcoal shows high adsorption performance toward common VOCs such as formaldehyde, benzene, toluene, ethylbenzene, etc., and it can be used as an air purification material; it can also be used for the remediation of VOCs in soil and water, and it can be used for industrial-waste gas treatment to remove VOC emissions. Biochar can be used in practice as a sustainable, low-cost, and effective adsorbent for the removal of hazardous VOCs [54]; however, the limited surface area and poor functional groups of biochar severely limit its application. Nonetheless, its textile structure and properties can be upgraded through various activation and/or modification processes to improve the adsorption performance of biochar [55].




2.1.4. Carbon Nanotubes and Graphite


CNTs are engineered carbon nanomaterials with graphene sheets rolled into cylindrical structures that are naturally highly hydrophobic. They are classified into single-walled carbon nanotubes, and multi-walled carbon can be prepared by arc discharge and solid-phase pyrolysis, followed by laser ablation, chemical vapor deposition, solid-phase pyrolysis, and polymerization reaction synthesis. As a new type of nanomaterial, CNTs are characterized by a large specific surface area, a controllable structure, a hydrophobic tube wall, and easy modification. Graphene is a two-dimensional crystal of carbon atoms arranged in a hexagonal arrangement connected by sp2 hybridization, which can be prepared by exfoliation, hydrothermal self-assembly, and chemical vapor deposition.



Since the basic structure of carbon nanotubes exhibits a hexagonal array of carbon atoms with strong interaction forces with a wide range of organic compounds, their adsorption capacity is higher than that of activated carbon, and many studies have shown that carbon nanotubes have higher adsorption efficiencies than other carbon materials in the removal of dioxins [56], thiophene [57], 1,2-dichlorobenzene, and polycyclic [58,59].



Carbon nanotubes can be used to adsorb organic vapors, including ethanol, n-hexane, n-nonane, and chlorinated carbonates [60,61]. Jang et al. [62]. investigated carbon nanotube (CNT) sponges as a novel adsorbent or to enrich for trace aromatic VOCs. Unlike carbon-based particulate adsorbents, single-walled carbon nanotubes, and multi-walled carbon nanotubes, CNT sponges are usually composed of particles of porous material with a reticulated three-dimensional framework, which is very favorable for trapping organic molecules.



Adsorption of isopropanol with single-walled carbon nanotubes revealed that the functional groups of organic gas molecules and the adsorbent material could undergo a slight chemical reaction, resulting in an adsorption capacity of 82.0 mg/g [63]. Multi-walled carbon nanotubes were used for the adsorption of polar VOCs, and it was found that the polar groups on the surface of the material dramatically altered its adsorption characteristics, extending the penetration time of ethanol on its surface by 65.7% [64].



The adsorption of toluene (VOCs) by reduced graphene oxide was found to be higher than that of graphene oxide under the same experimental conditions. The hydrophobicity enhances the adsorption of non-polar or weakly polar VOCs by graphene oxide, but a severe aggregation effect occurs during its use, which can be improved by making it into a composite material. The hexagonal lattice structure of the graphene layer can also absorb many aromatic VOCs through the effective π–π interactions between graphene and benzene rings [65]. Li et al. [66] prepared a new type of Vaseline-loaded expanded graphite (VEG) composite by the hot-dipping method, and the results showed that VEG was much more hydrophobic than the original expanded graphite and could adsorb more toluene.



Lim et al. [67] used graphene powder with a mesoporous structure to adsorb different concentrations of aromatic compounds (toluene, xylene) and found that compared with graphene oxide, the specific surface area of the thermally expanded graphene powder increased significantly to 542 m2/g. The chemical properties also changed from polar to nonpolar, and the adsorption efficiency for toluene and xylene was high, and the reusability was strong.



Hydrophobic bamboo-derived porous graphitized carbons (BPGCs) were prepared using a co-catalytic graphitization method, and the materials were found to have adsorption capacities for toluene, cyclohexane, and ethanol of 6.7, 3.8, and 2.4 mmol/g, respectively, under dry conditions. Under wet conditions at 80%, their adsorption capacities for toluene and cyclohexane were maintained at 82% and 66% under dry conditions, respectively, whereas the ethanol uptake increased by 33% [68].



Carbon nanotubes (CNTs) are promising adsorbents for carbon-based VOCs but are generally prone to aggregation and can be dispersed by surface activation. Graphene and carbon nanotubes have many potential advantages for adsorption applications due to their special structural and chemical properties. However, carbon nanotubes are toxic, and care should be taken to ensure that they are well packaged when in use. If leaked, they will affect the human body and environment.





2.2. Oxygen-Containing Adsorbent Materials


2.2.1. Metal–Organic Framework (MOF) Materials


MOFs are ordered one-, two-, or three-dimensional skeletons formed by the coordination of metal ions or clusters with organic ligands and are generally obtained by evaporative solvent, diffusion, solvothermal, ultrasonic, or microwave methods [69]. MOF materials can be categorized according to their components and preparation methods: iso-reticulated metal–organic frameworks (IRMOFs), porous coordination networks (PCNs), zeolitic imidazolium skeletons (ZIFs), and institute lava framework materials (MILs).



Among the MOF materials, IRMOF-1 (or MOF-5) is the most representative and has been the most studied. It was originally designed and synthesized by Yaghi’s group [70] with the help of the idea of metal carboxylate cluster chemistry. Materials like PCNs are porous materials formed by multiple octahedral cubic solid-pore cages; ZIF materials, which were first proposed by yaghi’s group [71], are tetrahedral framework materials synthesized from zeolite-like complexes, with imidazole coordination mainly via the reaction of imidazole ligands (Ims) with Co (II.) or Zn (II.) [72]; and MILs were first synthesized by Ferey at the University of Versailles, France [73]. Some MOF materials have been synthesized with other structures (e.g., UiO and HKUST-1) to make the family larger [74].



Currently, MOF materials for VOC adsorption mainly include the MIL series, IRMOF series, and UiO series. With regard to the adsorption of toluene by different types of MOFs, the size of the adsorption capacity is in the order of UiO-66 > MOF-199 > MIL-101 (Fe) [75]. MOFs are categorized into three types of materials: IRMOF materials, PCN materials, ZIF materials, MIL materials, and others.



The adsorption performance of MIL-101 was found to be superior to that of commercial activated carbon with a similar specific surface area. By modulating the surface functional groups of MOF materials, the hydrophobicity of the materials can be, and specific adsorption can be achieved [76]. A hydrophobic MOF material with naphthalene dicarboxylic acid as a ligand was synthesized, and the adsorption of benzene was 261.7, 229.6, and 205.4 mg/g (20 °C) at 5%, 40%, and 60% relative humidity, respectively [77]. The adsorption effect of the MOF material is better than that of the traditional adsorbent materials such as activated carbon and a zeolite molecular sieve. The adsorption effect of MOFs was better than that of the traditional activated carbon and zeolite molecular sieves, and the selectivity of adsorption and separation could be further improved by designing and regulating the pore structure of MOFs.



MOF materials have significant chemical and structural diversity and are superior to conventional porous materials in the adsorption of hazardous gases/vapors due to the ability to fine-tune the pore size and chemistry of MOFs at the molecular level. Furthermore, the average VOC adsorption capacity of MOFs is 1.7 times higher than that of AC, 5.8 times higher than that of zeolites, and 2.1 times higher than that of polymer resins [4,78].



Although MOF materials have many advantages, they still have some disadvantages, such as low mechanical strength, being a powder solid, poor water stability, etc. To improve these shortcomings to meet the needs of practical applications, a series of MOF composites were generated one after another, effectively introducing multifunctionality and synergistic effects, improving the original performance, and extending the functionality, so the MOF composites have a good application in the absorption of VOCs [79].



Qin et al. [80] prepared Co-M-MOFs (M = Cu, Mn, Ni, and Zn) by the ion-assisted solvothermal method. High performance and stability of the composites were achieved. Li et al. [81] synthesized Cu-BTC@GO, and the toluene adsorption capacity of Cu-BTC@GO-5 was much higher than that of conventional activated carbon and zeolite. Cu-BTC, ZSM-5, and Cu-BTC@ZSM-5 were synthesized by a hydrothermal method, and the high specific surface area and hydrophobicity of Cu-BTC@ZSM-5 could enhance the competitive adsorption of toluene to water vapor. Porous crystalline solids comprising metal–organic frameworks (MOFs) have been used for the selective capture of volatile organic compounds (VOCs) containing carboxylic acid functional groups and/or VOCs containing hydroxyl functional groups [82].



In recent years, significant progress has been made in the green synthesis of MOF materials, which has led to the promise of the scaled-up production of MOF materials in a more economical, sustainable, and environmentally friendly manner. Green synthesis can be achieved by the waste synthesis of MOFs, solvent-free synthesis of MOFs, room-temperature synthesis of MOFs, microwave synthesis of MOFs, sequential synthesis of MOFs, and macro synthesis of MOFs [83,84]. MOFs are prime candidates for VOC capture and detection applications due to their high internal surface area (1140–4293 m2) [4].



Compared with other traditional adsorbent materials, MOF materials have the characteristics of having a rich structure and being easy to regulate, and they include a variety of structural compositions and powerful renewable metal active sites as well as the ability to be chemically modified, which show good application prospects in the adsorption and removal of VOCs.




2.2.2. Zeolites (Molecular Sieves)


Zeolites are microporous crystalline silica–aluminates with a highly ordered pore structure, which are widely used in the field of environmental protection due to their adjustable pore size, high hydrophobicity, and easy surface modification [85].



Molecular sieves are categorized into natural and synthetic zeolites. Most of the natural zeolites are formed by the reaction of volcanic tuffs and tuffaceous sedimentary rocks in marine or lacustrine environments. Among the known zeolite ores, the common species include plagioclase zeolite, rhodochrosite, silky zeolite, and hairy zeolite. They are mainly distributed in the United States, Japan, France, and other countries, but China also has many deposits of mercerized zeolite and plagioclase zeolite, while Japan is the country with the largest amount of natural zeolite mining. However, due to resource constraints on natural zeolites, synthetic zeolites have been adopted in large quantities since 1950. Compared with carbon-based materials, zeolite molecular sieves are chemically stable, not easily combustible, and can be used for the adsorption of VOCs at higher temperatures and humidity. By designing the pore structure and silica–aluminum ratio of zeolite materials, their hydrophobicity and surface functional groups can be tuned to achieve the selective adsorption of VOCs.



The ZSM-5 molecular sieve is a zeolite molecular sieve with an MFI structure that was first developed by the Mobil Corporation in the USA; it is cheap and easy to obtain, with an easily tunable silica–aluminum ratio and high-silica three-dimensional cross channels providing active sites for effective adsorption, which can adsorb VOC molecular sieves with different silica–aluminum ratios. ZSM-5 molecular sieves with higher silica–aluminum ratios were found to be better absorbents than NaY molecular sieves with a lower silica–aluminum ratio. At higher relative levels of coated ZSM-5 on cordierite honeycomb ceramics, metal honeycomb base, and monocrystalline silicon wafers by the fuselage slurry, it was found that the adsorption capacity of formaldehyde became stronger in all of these materials. ZSM-5 molecular-sieve adsorbents prepared using silica sol as a binder were also found to have stronger hydrophobicity and desorption properties than activated carbon with a lower pressure drop and lower resistance [86]. VOC gases are often a mixture of multiple gases, and at higher humidity, this moisture will compete for adsorption with the VOCs and reduce the adsorption capacity of the adsorbent, while Gao et al. found that the strong hydrophobicity of high-silica ZSM-5 molecular sieves made it difficult for water vapor to be adsorbed, and the adsorption performance toward VOCs could be ensured even at a relative humidity of 60%. At an adsorption temperature of 28 °C and a relative humidity of 35%, the adsorption of butyl acetate exhaust gas by AgY molecular sieves with a silica–aluminum ratio of 40 was strongly inhibited, and the adsorption capacity was reduced by 42% compared with that of the dry condition, while the adsorption capacity of AgZSM-5 molecular sieves with a silica–aluminum ratio of 140 was reduced by only 7% [87].



In summary, ZSM-5 molecular sieves with a high silica to aluminum ratio have high adsorption capacity and adaptability to humid environments.



ZSM-5/SBA-15 composite molecular sieves have excellent adaptability to humid environments [88]. The adsorption penetration time of toluene could be maintained at 27.3 min under high humidity. This molecular sieve does not work easily in a high-temperature environment. Recently, a series of modified ZSM-5 molecular sieves was prepared by treating with a mixed alkali solution of sodium hydroxide and tetra-propylammonium hydroxide. The results showed that the alkali-modified molecular sieves increased both the specific surface area and the total pore volume, and their intermediary pore specific surface area and the volume of the pore volume were increased by a factor of 8.6 and a factor of 12.3, respectively. The adsorption capacity of the samples was enhanced [89]. Modification of ZMS-5 molecular sieves with barium ions revealed that the morphology and crystal shape of ZSM-5 molecular sieves were not changed, but their total pore volume and stacked mesopore pore volume increased significantly, and the microporous pore volume decreased; Ba-ZSM-5 molecular sieves had better adsorption performance toward toluene, n-butanol, and ethyl acetate relative to ZSM-5 molecular sieves [90]. All-silica ZSM5, a high silica–aluminum-ratio Y molecular-sieve raw powder (not high-temperature roasting containing a templating agent), and silica sol were mixed in a mass ratio of 7 to 1:1, and thermo-crystallization was carried out under the condition of 300–500 °C. The silica sol self-assembled and grew around the molecular sieves under the action of the molecular-sieve templating agent, and the hollow-particle molecular sieves with no binder were formed. The prepared hollow particles of molecular sieves do not contain binders and are characterized by high strength, high hydrophobicity, high VOC adsorption capacity, and high-temperature stability. The molecular-sieve adsorbent molded by this preparation method was regenerated about 5000 times or more, and the crystallinity was reduced to 50% (adsorbent failure) [91].



Therefore, the molecular sieves can be modified by suitable modification of the squareness to improve the adsorption capacity.




2.2.3. Silica Gel


Silica gel is one of the alternatives to carbon-based adsorbents because it is cheaper, safer, recyclable, and has a similar adsorption capacity to activated carbon. The preparation of silica gel is divided into three steps: gel preparation, aging, and drying.



The adsorption of three adsorbents, activated carbon, and silica gel on octamethylcyclotetrasiloxane from industrial exhaust at 25 °C was compared, with silica gel having the highest adsorption capacity [92]. The adsorption of toluene by silica gel was investigated at 25 °C, and silica gel was found to have the advantages of a fast adsorption and desorption rate, high adsorption capacity (up to 437.4 mg/g), and long service life [93]. The adsorption capacity of silica gel for toluene was stronger than that of activated carbon, and the desorption amount was much higher than that of activated carbon; the vacuum desorption test showed that the desorption capacity of silica gel for toluene vapor (61.6% desorption rate) was much higher than that of AC desorption (46.22% desorption amount) under ambient temperature conditions. In addition, a significant accumulation of toluene was observed on AC after five cycles of dynamic adsorption/desorption tests. Long-term operational tests showed that more than 75% of the adsorbed toluene could be recovered from the silica gel. Kutluay et al. [94] obtained diacid calix aromatic-tethered silica (DACTS) as an adsorbent by tethering calix aromatic carboxylic acid derivatives to 3-glycidyloxypropyl-bonded stationary phases (GBSs), and the results showed that the successfully synthesized DACTS adsorbent exhibited excellent adsorption capacity and reproducibility for VOCs.



In the study by Li et al. [95], hydrophobic mesoporous silica gel was successfully prepared by the co-condensation method using sodium silicate and phenyltriethoxysilane (PTES) as mixed precursors under acidic conditions. The synthesized silica gel adsorbent has a good mesoporous structure (5.1 nm) and hydrophobicity, significantly enhanced moisture resistance, and a high desorption rate (up to 89.7%) when first recovered by vacuum desorption under humid conditions. The adsorption/desorption cycling test demonstrated the stability of the adsorption capacity after five repeated cycles.



Vacuum swing adsorption (VSA) using silica gel (SG) proved to be a promising method for the recovery of volatile organic compounds (VOCs). Sui [96] systematically investigated the removal and recovery of o-xylene, a typical volatile organic compound (VOC), from silica gel by the vacuum swing adsorption (VSA) process. VSA offers greater advantages than conventional thermal treatment and absorption methods because it uses the recovered VOCs as products.



Considering the long-term operation of future applications, silica gel is more suitable for removing and recovering high concentrations of toluene vapors from gas streams using a combined normal adsorption and vacuum desorption process at room temperature [97]. Silica gel can effectively remove aromatic hydrocarbons (toluene, o-xylene) from the gas stream. To explore the adsorption by silica gel of oxygenated VOCs, starting from exploring the principle of the adsorption and desorption of oxygenated VOCs by silica gel, it was found by adaptation that silica gel has a better adsorption of oxygenated VOCs; also, when the temperature rises by 10–30 °C during desorption, the desorption process is enhanced, which means that the recovery of VOCs is more secure.



Currently, there are fewer studies on silica gel as an adsorbent for VOCs and, like clay materials, the hydrophilic Si-OH on the surface of silica gel makes its adsorption performance poor under high humidity conditions. The use of organic modifiers such as trimethylchlorosilane to coat the surface of the silica gel material can effectively improve its hydrophobicity.




2.2.4. Clay


Natural clays, such as bentonite, are found in large quantities in many soils. Porous clay heterostructures (PCHs) are novel materials with a specific surface area of up to 400–900 m2/g, a unique combination of micropores and mesopores, a high adsorption capacity, and high mass-transfer rates.



Clays are hydrous aluminosilicate minerals that are mainly found in soils, sediments, and weathered/altered rocks; they are layered silicates, consisting of four and six layers of coordinating cations (Si, Al, Mg, etc.) stacked on top of each other. In general, the particle size is small, the surface area is large, and they have good cation-exchange capacity and a negative surface charge. In addition, they are abundantly available in almost all countries at a low cost, 1/20th that of activated carbon. Therefore, a PCH is likely to be an efficient adsorbent to meet the requirements of VOC adsorption/separation technology. The PCH is prepared by using waste or virgin organic clay (e.g., organ-bentonite) as a raw material, and then by inserting a cationic surfactant into the interlayer zone of the bentonite, low-cost and abundant organ-bentonite can be prepared [98]. PCH adsorbent synthesized from organ-bentonite from wastewater treatment was used to adsorb CCl4, and high adsorption of benzene and CCl4 by PCHs was observed [99]. A PCH synthesized from cetyltrimethylammonium bromide (CTMAB) and dodecyl ammonium (DDA)-modified bentonite (Bent) was found to have adsorption properties toward six volatile organic compounds (VOCs). In addition to pheromone clay, another clay that researchers are most interested in is kaolin, which is generally adsorbed through hydrogen bonding and has been found to have excellent regenerative ability [100,101] and a good adsorption capacity for phenol and toluene in the air.



Silicones are hydrophobic, organophilic materials that reversibly extract dissolved or dispersed organic compounds with high adsorption capacity and effectively remove butanol, methyl tertiary butyl ether (MTBE), perchloroethylene, trichloroethylene, ethanol, and toluene from freshwater and saltwater [102].



Mobasser et al. [103] used activated carbon, organosilicon, and zeolite for the adsorption of benzene and toluene, and as a result, activated carbon and organosilicon proved to have potential as adsorbents for hydrocarbon VOCs in air purifiers, while zeolite had the least adsorption capacity.



Jarraya et al. [104] modified the clay material by inserting docosyl dimethyl ammonium bromide. The adsorption isotherms showed that the insertion of dimethyl ammonium bromide decoys into the clay material increased its adsorption capacity for toluene, cyclohexane, and chlorobenzene to 2, 2.5, and 3.5 mg/g, respectively.



In the future, its adsorption capacity can be improved by acid modification or alkali modification.





2.3. Other Adsorbent Materials


Adsorption Resin


Adsorption resin is a kind of high polymer that is mainly divided into a gel type and a large-pore type. Currently widely used is the large-pore-type adsorption resin for VOCs with concentration and separation. The ultra-highly crosslinked adsorption resin is also a commonly used adsorbent, with a high specific surface area and richly microporous; compared with activated carbon, it has higher mechanical strength, a more hydrophobic surface, a pore structure that can be adjusted, and other advantages, which make it a potential alternative to an activated carbon adsorbent. Its main feature is the high hydrophobicity of the surface so that humidity has less influence on the adsorption of VOCs; the polarity can be judged by the water contact angle, as shown in Table 4 below. Compared with activated carbon and activated carbon fiber, the contact angle of the ultra-highly linked adsorbent resin is the largest, as shown in Figure 2, which shows that the hydrophobic ultra-highly cross-linked adsorbent resin is the most hydrophobic.



The ultra-highly cross-linked adsorbent resin with rich microporous medium-pore distribution significantly improves the adsorption/desorption performance for medium and high concentrations of VOCs, which can be seen in the pore size distributions of the new resin and the commercial resin; the comparison of adsorption and desorption performances is shown in Figure 3.



It has a regular spherical appearance, a high specific surface area (generally up to 1000 m2/g or more), and high mechanical strength, and the pore structure of the material can be regulated according to the characteristics of VOCs. It is non-catalytic and has a wide range of adsorption objects; it can be used for the adsorption and recovery of chemically active VOCs, such as ketones, and of chlorinated hydrocarbons, such as methylene chloride, ethylene chloride, trichloroethylene, and other chlorinated hydrocarbons.



The adsorption resin is significantly better than activated carbon and molecular sieves in terms of its hydrophobicity and non-catalytic activity, but its solubilization effect and high wind resistance due to its small size need to be considered in industrial applications.



The adsorbent resins HCR-1, HCR-2, and HCR-3 were prepared by combining the resin powder as the raw material, firstly by dispersion polymerization and then by cross-linking modification, using organic adhesive as a binder [105]. The specific surface area of the three resins is quite large, and their structures include microporous, mesoporous, and microporous structures. HCR-2 has the best performance among the three adsorbent materials after experimental testing.



Compared with HCR-2, HCR-2 has the following advantages: The desorption rate of column-adsorbent HCR-2 for toluene (8000 mg/m3) in exhaust gas reaches more than 98.7% in 0.8s of residence time. When the concentration of toluene is 8000 mg/m3, the dynamic adsorption amount is 148 mg/g. Compared with the traditional adsorption resin ball G-01, the wind resistance is greatly reduced, significantly reducing the energy consumption in industrial use.



A new environmentally friendly hybrid (organic–inorganic) hyper-crosslinked resin has been designed for the removal of acetic acid (AcOH). Based on the combination of a biomass-derived resin matrix and inorganic particles capable of stabilizing and neutralizing AcOH, the new ZnO/COPs are expected to outperform state-of-the-art VOC absorbers [106].



The large specific surface area and hydrophobicity of HCP make it still have a good adsorption effect in high humidity, and future research should be devoted to the functionalization modification of its surface and the optimization of the synthesis process.



The advantages and disadvantages of the adsorption of VOCs by adsorbent materials, as well as the types of applicable VOCs, are summarized in the following Table 5.






3. Absorption Method—Absorbents


The absorption method is the use of a non-volatile or low-volatile liquid as an absorbent for a variety of VOC components in tail gas. Using the absorbent solubility differences and a packed tower, a spray tower, and a rotating packed bed as absorption equipment, the VOC components in the tail gas are transferred from the gas phase to the liquid phase, and then the different physical properties of the VOCs and the absorbent are used to achieve the separation of governance. Absorption is widely used because of its simplicity, high efficiency, low operation, low investment cost, and the ability to regenerate the absorbent. However, to achieve high absorption efficiencies while meeting the principles of green chemistry and green engineering, it is necessary to select suitable absorbents.



The absorbent is usually selected with a high boiling point, low volatility, low toxicity, and VOC solubility of oil organic solvents, such as diesel oil, washing oil, etc. Water is the most commonly used type of absorbent, but generally, ammonia, H2S, and other inorganic gases have a better absorption effect. The absorption of organic gases is not obvious; this is because the majority of the VOCs’ water solubility is poor, such as the solubility of benzene in water under the conditions of room temperature, which is only 0.07 g for each 100 g of water. In recent years, the research of hot-spot absorbers has been endless, such as that on surfactant absorbers, microemulsion absorbers, ionic liquid absorbers, etc.



At present, more absorbers have been reported, which can be divided into the following four categories: organic solvents, surfactants, microemulsions, and ionic liquids.



Organic solvent absorbent: The use of this absorbent to treat VOC gases can be traced back to the 1970s. It is used up to a certain boiling point for very heavy oil substances, such as waste motor oil, lubricating oil, washing oil, biodiesel and diesel fuel, and some pure organic solvents.



As an intramolecular material with both hydrophilic and hydrophobic groups, surfactants can spontaneously form a nonpolar micellar microenvironment after reaching a certain concentration in solution, which significantly improves the solubility performance of insoluble or insoluble organics. Researchers used cyclodextrin as an absorbent for the absorption and purification of toluene exhaust gas. The results showed that β-cyclodextrin absorbed toluene the most, about 250 times more than water. Some other surfactants (e.g., anionic sodium dodecyl sulfate, nonionic polyoxymethylene octyl phenol ether, cationic cetyltrimethylammonium bromide, and biosurfactants such as rhamnolipids and lipopeptides) have shown high adsorption effects on VOCs.



A microemulsion is a thermodynamically stabilized system that is generated spontaneously from components such as a co-surfactant, surfactant, water or brine, and oil in appropriate ratios. Due to its strong solubilizing effect on organic pollutants, it has been widely used to absorb and purify VOC exhaust gas in recent years. The researchers constructed a microemulsion system with Tween as a surfactant, n-butanol, n-butyric acid, and n-butylamine as co-surfactants, as well as toluene as the oil phase, and realized the absorption and purification of toluene exhaust gas through a packed tower. The results showed that the absorption efficiency of the Tween-20/n-butylamine/toluene/water microemulsion system for toluene could reach 65%. Although the preparation of the microemulsion absorbent is complicated, and it is not easy to regenerate and reuse after absorption saturation, the use of a microemulsion to purify and treat VOC exhaust gas is technically feasible, and the effect is better than that of a single surfactant. However, industrialized applications are not common at present.



An ionic liquid absorbent means an ionic liquid, which consists of an organic cation and an organic or inorganic anion and that is liquid at or near room temperature. As a green solvent with high designability, ionic liquids can achieve the selective solvation and absorption of specific gases by introducing structure-specific functionalized groups through the fine-tuning of their structure and properties. Researchers investigated the dissolution and absorption of 14 representative VOCs in 135 imidazolium-based ionic liquids, and the results showed that the cations and anions in the ionic liquids play a decisive role in the absorption and purification efficiency of VOCs. By substituting cations and anions in ionic liquids, the interaction between ionic liquids and VOC molecules can be enhanced, thus improving their absorption and purification efficiency.



Zhang et al. [107] prepared a novel complexing absorbent consisting of polyethylene glycol 200 (PEG200) and ionic liquids (ILs) for the absorption of volatile organic compounds (VOCs) such as dichloromethane (DCM) and benzene, and its absorption rate was 85.46% for DCM and 87.15% for benzene in the first 5 min; the regeneration performance was remarkable as the absorption rates of DCM and benzene did not show significant attenuation or obvious decay over five cycles. Gui et al. [108] used 1-ethyl-3-methylimidazole acetate ([EMIM][Ac]) to absorb two common pharmaceutical volatile organic compounds (VOCs), dichloromethane (DCM) and ethanol. The results showed that the removal rates of DCM and ethanol reached 91.82% and 97.01%, respectively.



However, the viscosity of ionic liquids is usually high, which makes the gas–liquid two-phase mass transfer limited; second, the cost of ionic liquids is relatively high, resulting in poor economic feasibility. They have long been considered green solvents; however, recent data suggest that ionic properties do not necessarily infer nontoxic or low-toxicity properties. Several ionic compounds have shown significant toxicity, leading the scientific community to reduce the use of ionic liquids or find other, more environmentally friendly alternatives. The use of renewable, biodegradable, and non-toxic sources, such as amino acids, amino alcohols, or sugars, can improve the green properties of ionic liquids. Novel bio-based ionic liquids obtained from choline chloride and fatty acids can absorb hydrophilic and hydrophobic VOCs and are usually less toxic to various organisms than the usual chlorinated and commercial ionic liquids [109].



Deep eutectic solvents (DESs) have emerged as a more environmentally friendly alternative to ionic liquids. Hydrophobic deep eutectic solvents (DESs) have been developed as a new type of green absorbent for efficient hydrophilic VOC elimination [110].



The most common deep eutectic solvents are usually based on mixtures of ammonium or phosphine salts with hydrogen-bonding donors, which are capable of interconnecting with each other through hydrogen-bonding interactions. This combination forms a liquid with a melting point that is significantly lower than the melting point of each component. Deep eutectic solvents share many of the properties of ionic liquids, but they are cheaper to produce, are often made from naturally occurring chemicals, are less toxic, and are mostly biodegradable. Scholars have studied the absorption of three VOCs by seven deep eutectic solvents at different temperatures and VOC concentrations [111]. Significantly lower gas–liquid partition coefficients were obtained compared with water. The VOC absorption capacity of the solvents increased linearly with an initial VOC concentration of up to 1000 g/m3. Absorbed VOCs could be easily desorbed by heating, and the solvents showed very good reusability. The high absorption capacity, the ease of the desorption process, and the fact that they are inexpensive, easy to prepare, and have a low environmental impact make deep eutectic solvents excellent candidates for VOC absorption processes [112].



A DES based on tetrabutylammonium bromide and decanoic acid showed a high absorption capacity and versatility for different tested VOCs. The maximum absorption enhancement of 1-decene reached 60,000-fold at 303 K compared with water. Regeneration of the absorber was carried out by several absorption/desorption cycles or after water removal without a loss of absorptive capacity [113].



Using a combination of modified CD and acetylpropionic acid, four analogs of DESs, called supramolecular low-melting-point mixtures (LMMs), were formed to study their absorption properties toward five VOCs (acetaldehyde, butanone, methylene chloride, thiophene, and toluene). The gas–liquid partition coefficient of the supramolecular LMMs was reduced by a factor of 250 compared with water; toluene and methylene chloride were absorbed by the supramolecular LMMs at 99% and 95%, respectively (also at higher concentrations). The LMMs also retained their absorption capacity after five absorption/desorption cycles [114].



Each absorber has different advantages and disadvantages when absorbing VOCs and is suitable for different types of VOCs to be absorbed, as shown in the following Table 6.




4. Catalytic Oxidation Method and Catalytic Combustion Method—Catalysts


The catalytic oxidation method uses a catalyst to oxidize VOCs at a lower temperature (250~500 °C) into O2, H2O, and other relatively less harmful compounds. To achieve this harmless treatment of VOCs, the role of the catalyst is to reduce the reaction activation energy. The catalytic combustion method involves preheating to the ignition temperature of the VOC exhaust gas, with catalyst surface-oxidation decomposition. The key to the catalytic oxidation and catalytic combustion methods is the selection of the catalyst. The design and preparation of new high-efficiency catalysts is an important guarantee for the advancement of this technology. At present, VOC catalysts are mainly classified from the active components, including precious-metal catalysts and non-precious-metal oxide catalysts.



4.1. Precious-Metal Catalysts


Precious metals such as platinum and palladium are the main components that have high catalytic activity, thermal, and resistance to mesotoxicity, but the cost is relatively high. The development of noble-metal catalysts and transition-metal oxides for the catalytic oxidation of VOCs has been widely reported. The oxidation of benzene, butanol, and ethyl acetate by alumina-carrier-loaded group VII metal catalysts was investigated; palladium and cobalt were the most active metals in the oxidation reaction of ethyl acetate; various metals had the highest oxidative activity toward butanol, and the lowest oxidation activity was toward ethyl acetate. Precious-metal catalysts were the earliest catalysts studied in catalytic combustion: mainly Pt, Pd, Rh, Ru, and Au, and so on [115].



Precious-metal catalysts are more mature catalysts with higher activity and selectivity. It was found that the precious-metal-based catalysts loaded with platinum and palladium showed good activity for the complete oxidation of VOCs at low temperatures. Despite the many advantages of precious-metal catalysts, they inherently suffer from the problem of easy sintering at high temperatures. Therefore, it is necessary to load the noble-metal catalysts, where the noble metal is dispersed and loaded onto the carrier; noble-metal catalysts are high-cost, have poor stability, and easily poisoned. Due to the high price and low precious-metal reserves in nature, single-atom catalysts (SACs), especially single-atom precious-metal catalysts, have attracted much attention due to their maximum atomic utilization and dispersion. The emergence of SACs has significantly reduced the number of precious metals and increased the catalytic activity, making the catalytic process progressively more economical and sustainable [116].



Currently, research on SACs is mainly focused on finding suitable carriers for the synthesis of stable single atoms. Depending on the carrier, there are “bottom-up” and “top-down” approaches. The difference between the two is that in the former, the metal precursor is dispersed on the carrier at the atomic scale, while in the latter, metal NPs or bulk metals are used as precursors [117].



The researchers then turned toward the direction of the catalytic activity of highly stable non-metallic catalysts.




4.2. Non-Precious-Metal Catalysts


Non-precious metals are mostly transition metals, containing unsaturated d orbitals, which can easily adsorb and activate reactant molecules and have good catalytic activity. Oxides of transition metals such as Mn, Co, Ce, Cu, etc. have various valence states, and after pretreatment, they will create defects on the catalyst surface and thus enhance the ability for the adsorption and activation of VOCs [118,119,120].



Compared with noble-metal catalysts, non-precious-metal catalysts have a lower cost, but their catalytic activity and toxicity resistance are relatively weak. Currently, catalysts used for the catalytic oxidation of VOCs mainly include manganese oxide, cerium oxide, cobalt oxide, and copper oxide. Common non-precious-metal catalysts include manganese-based oxide catalysts, cerium-based oxide catalysts, copper-based oxide catalysts, and cobalt-based oxide catalysts. Next, we analyze these non-precious-metal catalysts.



Manganese-based (Mn-based) oxides, as economical and practical environmentally friendly materials, are some of the most competitive and promising candidates for the catalytic degradation of VOCs in thermo-catalytic or photo/thermal catalytic systems [121].



Studies have shown that the activity of MnOx catalytic oxidation of toluene is in the following order: Mn3O4 > Mn2O3 > MnO2 [122]. The grain size, morphology, and crystalline surface of MnOx catalysts lead to a great difference in the pore properties, specific surface area, and redox capacity [123,124]. Manganese oxides in the form of rods, wires, tubes, and floral spheres, which are prepared by hydrothermal and solution methods, are used for the catalytic oxidation of toluene and of VOCs. For the catalytic oxidation of toluene, the best catalytic performance was obtained for rod-shaped MnO2; the catalytic performance of core-shell spheres, hollow cubes, and nanorods of Mn2O3 prepared by the sacrificial template method and the hydrothermal method was found to be in the following order: core-shell spheres > hollow cubes > nanorods [125,126].



Increasing the adsorption amount of oxygen and increasing the reaction-specific surface area during preparation can improve the catalytic activity; doping of elements also produces a series of effects—the effect of transition elements, rare earth elements, etc. By introducing doping, it is possible to form composite manganese oxides with spinel-type and chalcocite-type structures, and manganese-based composite oxides show a higher catalytic activity for the oxidation of toluene than a single manganese oxide catalyst. A series of manganese oxides mixed with Zr, Fe, Co, and Cu oxides were reported to be prepared using the reverse microemulsion method for the catalytic combustion of toluene; it was found that the manganese oxides containing the mixed oxides exhibited very good activity for the catalytic combustion of toluene, suggesting that the reverse microemulsion method is an effective way to incorporate highly active substances into combustion catalysts, thus highlighting some potential catalytic combustion active substances. In addition, the catalytic performance of the loaded manganese-based catalysts can be improved by choosing suitable carriers for the preparation of the catalysts [127].



Cerium is a rare-earth element with very abundant reserves. CeO2 has more Lewis acid sites and abundant oxygen vacancies, which effectively improve the reactive oxygen mobility, enhance the adsorption capacity of reactive oxygen, and show a good ability to store and release oxygen. The catalytic performance of CeO2 catalysts for VOCs can be effectively improved by adjusting their morphology and exposing the crystalline structure. Morphologies of CeO2 catalysts (Figure 4), i.e., shuttle (CeO2 (S)), nanorods (CeO2 (R)), and nanoparticles (CeO2 (P)), were used to catalyze the probing reaction of toluene oxidation. The CeO2(S) catalysts were found to exhibit the most favorable performance, with a larger surface area and higher surface-oxygen vacancies [128].



Generally speaking, the catalytic activity of Ce-based oxides for VOCs is not high, but due to their low redox potential (Ce 3+/Ce 4+), low oxygen-vacancy formation energy, and unique 4f electronic structure, it is easy to form a 4f-d structure with other metals (transition metals, noble metals) to produce inter-electronic interactions, and they are often used as functional carriers or additives to enhance the catalytic performance of catalysts.



Zhou et al. [129] prepared a series of ceria-based high-entropy oxide catalysts (1:1 ratio of CeO2 to HEO) by solid-phase reaction, and 100% toluene conversion above 328 °C was achieved for Ce-HEO-T samples. Among all the prepared samples, the medium-content (0.5 wt%) Au/Ce-HEO-500 exhibited the lowest temperature for the complete combustion of toluene (260 °C), which was nearly 70 °C lower compared with the Ce-HEO-500 carrier. In addition, it showed excellent stability for 60 h with 98% toluene conversion. Most importantly, at 5 vol.% H2O vapor, the toluene conversion remains unchanged or even increases slightly compared with dry air, showing excellent water resistance.



As non-precious-metal catalysts, copper-based catalysts have various valence states (+1, +2, +3), mainly in the form of Cu2O and CuO. In the process of toluene oxidation, the oxygen-rich vacancies can accelerate the adsorption and activation of gaseous oxygen and improve the catalytic activity of toluene oxidation. However, there are some problems with Cu-based oxide catalysts: if Cu+ is the catalytic activity center, due to its unstable nature, it is easy to be oxidized and becomes inactive during the oxidation reaction, so the follow-up research on Cu-based oxide catalysts should focus on enhancing its stability.



Developing an environmentally friendly selective catalytic reduction (SCR) catalyst, one study synthesized a series of new commercial V2O5-WO3/TiO2 catalysts modified with Cu for the removal of NO and toluene from gas by wet impregnation. The modification of Cu metal resulted in a significant increase in the removal activity of the catalysts, which promoted the redox cycle of the Cu metal and V substances to produce more reactive oxygen species [130].



Cobalt ions usually exist in the form of Co2+ and Co3+, which have high redox properties and can construct a variety of defects, so the controllability of the material is greatly improved [131]. Co3O4 is a very promising transition-metal oxide for the catalytic oxidation of VOCs, which has many advantages such as high low-temperature activity, abundant reserves, and good redox properties, etc. Co3O4 has a high activity for the cleavage of C-H bonds with high bond energies, and it is usually used to catalyze the harder balkanization of VOCs [132]. It was found that the doping of small amounts of rare-earth elements (Ce, Pr, Sm, and Nd) could significantly promote the catalytic activity of Co3O4. In particular, the Nd-doped Co3O4 catalyst exhibited excellent catalytic activity with 90% toluene removal at 162.1 °C, which was even better than that of the Pt-doped Co3O4. Nd doping resulted in a higher ratio of Co3+/Co2+ and more oxygen vacancies compared with the other rare-earth metal dopings [133].



Grape-like GdCoO3 chalcogenides were synthesized by a simple one-step method. Characterization results showed that abundant reactive oxygen species existed on the surface of GdCoO3. Most notably, the catalysts prepared in this way exhibited significant catalytic activity for VOC oxidation [134].



However, the catalytic performance of non-precious-metal oxide catalysts with a single active component for the oxidation of VOCs is usually lower than that of precious metals. To enhance the catalytic effect of the catalysts, researchers have developed composite non-precious-metal oxidation catalysts, and the composite metal oxide catalysts are mainly categorized into bimetallic and polymetallic composite oxide catalysts.



Ag-Mn bimetallic catalysts containing 10 wt.% silver were synthesized by doping, impregnation, and reduction methods and applied to the catalytic oxidation of benzene. It was found that silver loading by the reduction method significantly improved the physicochemical properties of the manganese oxides, exhibiting a larger surface area and pore volume, a higher surface Mn to Mn ratio, stronger reducibility, and stronger surface-oxygen species activity, which are favorable for the catalytic activity of manganese [135].



Cerium–manganese mixed metal oxide catalysts with different Ce/Mn ratios were co-precipitated with sodium carbonate and found to have the highest activity for the Mn-rich sample and the highest activity for Ce0.25Mn0.75Ox [136].



A set of Cu-Mn oxides was prepared by the simple and effective solution-combustion synthesis method of Cocuzza et al. [137]. The prepared catalysts were tested for the complete oxidation of volatile organic compounds (ethylene, propylene, and toluene) and it was found that for total VOC oxidation, optimum performance was achieved with a copper content between 15% and 45%.



Liu et al. [138] synthesized Au@Cu-MnO2-like core shells and applied them to the catalytic removal of VOCs. They found that H2-TPR and O2-TPD showed better reducibility, abundant oxygen uptake, and accelerated the deep oxidation of toluene, which resulted in excellent activity and stability.



Cobalt–zirconium oxide catalysts in unlimited Co/Zr ratios were synthesized for the catalytic combustion of propane using the sol-gel method. The results showed that the catalyst with a Co/Zr ratio of 4 (Co4Zr1) not only exhibited a catalytic performance of 90% conversion at 242 °C but also maintained high thermal stability and water resistance. In addition, the introduced Zr resulted in more surface Co3+ material and greater surface uptake of oxygen compared with the Co4Zr1 catalyst. These results suggest that CoxZry catalysts are promising alternative materials for propane degradation [139].



Wang et al. [140] used potassium manganese oxide x-CeO2 prepared by a modified co-precipitation method as a catalyst to catalyze formaldehyde, yielding the following Table 7.



These catalysts are mostly loaded catalysts and composite catalysts, and the structural properties, chemical modification, and loading methods of the carriers have an important influence on the stability, structure, and catalytic performance of the catalysts. The common carriers are SiO2, γ-Al2O3, zeolite, carbon materials, and monolithic materials. Some of the carriers have certain catalytic activity, and some of them are inert carriers without catalytic activity. There are fewer reports on loaded catalysts of advanced porous materials and their derivatives. The porous material matrix has several advantages: (1) it can provide more reaction micro spaces for the catalytic oxidation reaction of VOCs and accelerate the mass and heat transfer; (2) it is favorable for the dispersed loading of active components [141].



The porous material matrix includes MOF-based catalytic materials, zeolite molecular-sieve-based materials, and porous carbon-based materials. Non-precious-metal oxides, such as MnOx, CeOx, and CoOx, are rich in reactive oxygen species, oxygen vacancies, and have good redox properties; in this context, the metal oxides obtained by pyrolysis of non-precious-metal-based MOFs can exhibit very good catalytic properties. CeO2 in air is from the in situ pyrolysis of Ce-MOF. MOF-derived catalysts have shown excellent results in the catalytic combustion of toluene at high temperatures when high humidity is present [142]; among them, UiO-66 is widely used as a carrier for catalysts because of its adjustable pore size and long-term thermal and chemical stability. The advantages and disadvantages of different catalysts and what types of VOCs are suitable for them to catalyze are summarized in the Table 8 below.



Recently, a number of emerging catalysts have emerged, using resins and MOF derivatives as catalysts for VOCs.



A super-crosslinked polymer resin (LXQ-10) was selected as the carrier to synthesize Fe/LXQ-10 catalysts for the removal of gaseous toluene, and the iron loading on the surface of the LXQ-10 resin could improve the toluene removal efficiency compared with the original LXQ-10 resin [143]. A series of Fe-based MOFs with different morphologies were synthesized by pyrolysis for the catalytic oxidation of toluene. The FeOx-100 catalyst was found to have optimal properties, such as a large specific surface area, small microcrystalline size, highly dispersed active sites, and toluene oxidation defects, and FeOx-100 exhibited excellent low-temperature reducibility and good oxidation performance of toluene at low temperatures [144].





5. Conclusions


Existing adsorbent materials include carbon-based adsorbent materials (activated carbon, activated carbon fiber, biochar, graphene, and carbon nanotubes), oxygen-containing adsorbent materials, zeolite (molecular sieve), silica gel, clay, and MOFs. The adsorption effect of VOCs is mainly related to the structure of the adsorbent material, the surface functional groups, and other factors. Therefore, the selection of adsorption materials needs to comprehensively consider various factors to improve their adsorption capacity in the process of practical application. In the field of adsorption and removal of VOCs, traditional activated carbon and zeolite materials perform well, but their poor water stability affects their industrial application, and their adsorption capacity under high humidity can be improved by adjusting the structural properties and functional groups on the surface of the materials. As a new type of porous material, MOFs have the advantage of a large surface-adjustable adsorption capacity, but their high cost and huge pore space limit their large-scale application. Composites based on MOFs, especially those coated with inexpensive microporous materials such as biochar, clay, zeolite, etc., are promising alternatives to the current traditional VOC-adsorbent materials.



Absorbents include organic solvents, surfactants, microemulsions, and ionic liquids. Organic solvents were the first to be used for the absorption of VOCs; surfactants also have a certain degree of an adsorption effect on VOCs. Microemulsions have a better adsorption effect on the adsorption of VOCs, but their preparation is more complex and difficult; ionic liquids have always been regarded as a green and non-toxic absorbent, but it was found that it is not non-toxic. There is the deep eutectic solvent (DES), which has similar properties to the ionic-liquid-type absorber and has a low cost, low toxicity, and is easy to decompose. In the future, it is likely to become the alternative absorber to ionic-liquid absorbers.



Catalysts are divided into precious-metal and non-precious-metal oxide catalysts and composite metal catalysts. The precious-metal catalyst catalytic activity is high, but it is unstable and easy to poison; the non-precious-metal oxide catalyst catalytic activity is not as high as the precious-metal catalyst activity, so it is necessary to increase research into the composite non-precious-metal oxidation catalysts.



MOF materials have abundant chemical sites that can produce a strong interaction with VOCs to degrade in situ. In the future, because of its superior activity, it will increasingly become a new material for catalyzing VOCs, but its stability is poor, resulting in its limited application in industrial catalysis. Some scholars have improved the stability of MOFs by combining highly dispersed noble metals with a MOF, which is not a promising catalyst. Subsequent research work can focus on the development of new preparation methods, constructing the synergistic effects between metal and metal and metal and carrier in composite metal oxidation, exploring the catalytic mechanism, designing and preparing catalysts rich in multiple defective adsorption sites, anti-poisoning, and the generation of long-life catalysts, which can provide a new way of thinking about the catalytic oxidation of VOCs.
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Figure 1. Preparation process of activated-carbon fiber. The red arrow is the fusion spraying process, the blue arrow is the adsorption of VOCs by activated carbon fibres, and the small red circle is the VOCs. 
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Figure 2. (a) Ultra-highly cross-linked adsorbent resin (contact angle 132°). (b) Activated carbon (contact angle 48°). (c) Commercial ultra-high crosslinking adsorbent resin (contact angle 98°). (d) Activated carbon fiber (contact angle 0°). 
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Figure 3. Pore size distribution of the new resin (a). Pore size distribution of the new resin (b). Comparison of adsorption performance between the new resin and NDA-150 resin (c). Comparison of desorption performance between the new resin and the NDA-150 resin (d). 
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Figure 4. Temperature versus conversion for different shapes of CeO2. 






Figure 4. Temperature versus conversion for different shapes of CeO2.



[image: Energies 17 01861 g004]







 





Table 1. VOC emission standards for typical industries in China.
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	Ordinal Number
	Standard Caliber
	Standard Name
	Implementation Date





	1
	GB 31570—2015 [18]
	Emission standard of pollutants for the petroleum refining industry
	1 July 2015



	2
	GB 31571—2015 [19]
	Emission standard of pollutants for the petroleum chemistry industry
	1 July 2015



	3
	GB 24409-2020 [20]
	Limit of harmful substances from vehicle coatings
	1 December 2020



	4
	GB 30981-2020 [21]
	Limit of harmful substances from industrial protective coatings
	1 December 2020



	5
	GB 20951—2020 [22]
	Emission standard for air pollutants in petroleum transport
	1 April 2021



	6
	GB 20952—2020 [23]
	Emission standard for air pollutants in gasoline filling stations
	1 April 2021



	7
	GB 33372-2020 [24]
	Limits for volatile organic compound content in adhesives
	1 December 2020



	8
	GB 38507-2020 [25]
	Limits for volatile organic compounds (VOCs) in printing inks
	1 April 2021



	9
	GB/T 38508-2020 [26]
	Limits for volatile organic compound content in cleaning agents
	1 December 2020



	10
	GB/T 38597-2020 [27]
	Technical requirement for low-volatile-organic-compound-content coating products
	1 February 2021










 





Table 2. Analysis of activated carbon properties before and after TEOS and TMCS modification.
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Activated-Carbon Status

	
Water Contact Angle

(>90 Indicates Hydrophobicity)

	
Adsorption of Toluene (RH: 0%, 60%, 90%) (mg/g)

(Breakthrough Adsorption Capacity and Saturation Adsorption Capacity)

	
Toluene Adsorbed after Regeneration (1st, 2nd, 3rd) (mg/g)

(Breakthrough Adsorption Capacity and Saturation Adsorption Capacity)






	
Bare AC

	
111.6° ± 1.61°

	
462.1–564.1

	
165.4–237.3




	
232.5–311.0

	
120.0–172.4




	
170.0–201.3

	
119.7–160.4




	
AC/TEOS-30%TMCS-24h

	
143.6° ± 2.66°

	
363.4–439.7

	
247.3–357.2




	
352.9–413.3

	
152.4–229.6




	
325.3–397.8

	
150.9–218.8




	
C/TEOS-50%TMCS-24h

	
143.4° ± 1.35°

	
379.3–444.6

	




	
366.1–404.9




	
332.1–384.6











 





Table 3. Methods of biomass modification.
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	Modification Method
	Purpose
	Common Reagents





	Alkali modification
	Increased surface area, oxygenated functional groups
	KOH, NaOH, ammonia, etc.



	Acid modification
	To remove impurities such as metals and to introduce acid functional groups on the surface of the physical carbon
	Sulfuric acid, nitric acid, phosphoric acid and citric acid



	Grafting of chemical functional groups
	Increased adsorption properties, regulated hydrophilic/hydrophobicity, pH, surface charge, etc.
	Carboxy, carbonyl, phenolic hydroxyl and lactone groups.



	Metal salt or metal oxide modification
	To improve the adsorption efficiency toward VOCs, it is necessary to add properties such as catalytic and magnetic properties
	MgNO3,

MgSO4,

MgCl2,

CH3COOH.










 





Table 4. Relationship between water contact angle and polarity.
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	Water Contact Angle
	Polarities





	0° ≤ θ ≤ 70°
	Hydrophilic



	70° ≤ θ ≤ 110°
	Mesopolar



	110° ≤ θ ≤ 180°
	Hydrophobic










 





Table 5. Advantages and disadvantages of different adsorption materials for VOC adsorption and types of applicable VOCs.
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	Absorbent Material
	Pros
	Cons
	Applicable VOC Types





	raw materials
	High adsorption capacity, acid and alkali resistance, low cost
	Incomplete desorption/desorption

Difficult regeneration due to high-temperature resistance
	Small molecular weight, medium to high polarity, gaseous, water-soluble, and aromatic VOCs



	activated carbon fiber
	Fast adsorption, easy regeneration, large adsorption capacity
	Higher cost, easy to saturate, poor specificity
	Small molecular weight, low to medium polarity, and aromatic groups containing VOCs.



	biochar
	Green environmental protection, high-efficiency adsorption, safety
	Slow adsorption speed, high cost, poor adsorption selectivity
	Large molecular weight, medium to low polarity, and oxygenated compounds



	carbon nanotube
	Fast adsorption, efficient adsorption, renewability
	High preparation cost, poor stability, possible toxicity, and environmental impacts
	Adsorption of many types of VOCs, especially small molecular weight, polar, and aromatic hydrocarbon VOCs



	graphene
	Highly efficient adsorption, high stability, renewability
	Slow adsorption speed, easy to saturate, can only be used in specific environments.
	Small molecular weight, polar, and ar