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Abstract

            
               
Water pollution is a serious environmental problem caused by anthropogenic activities. A group of pollutants that are not
                  controlled in the environment but that cause harmful effects on the ecosystem are known as emerging pollutants. One of these
                  groups of emerging pollutants detected in water bodies are pharmaceutical compounds. One of the main problems caused by pharmaceutical
                  compounds as pollutant is bacterial resistance. Tetracyclines are a family of antibiotics frequently used. Due to their poor
                  absorption they are released into the environment through feces and urine as active ingredients. Wastewater treatment consists
                  in three stages: primary, secondary, and tertiary treatment. Tertiary treatment employs methods such as reverse osmosis, oxidation-reduction,
                  ultraviolet irradiation, and adsorption. Adsorption is used because it is a simple and effective. For the choice of an effective
                  adsorbent material, surface area, porosity, adsorption capacity, mechanical stability, and factors such as profitability,
                  regeneration, sustainability, and selectivity are considered. In the present review, the adsorbents commonly used in the treatment
                  of water contaminated with tetracyclines were analyzed. The adsorbents used have been classified in a general way as metallic
                  materials, polymers, ceramics, composites, and materials based on biomass.
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               INTRODUCTION

            Nowadays, water pollution is an important environmental problem. The pollution problem begins when some pollutants from anthropogenic
               activities are directly or indirectly discharged into the aquatic bodies 1. Numerous chemical compounds and their by-products are often detected in water bodies around the world. The release of pollutants
               into freshwater ecosystems causes habitat degradation and loss of biodiversity 2. As a result, water quality is affected, because of that it is posed as a threat to ecosystems health 3. Pollutants detected in water bodies are mainly divided in two groups, inorganic and organic pollutants. Inorganic pollutants
               are in general heavy metals from aqueous waste streams from different industries, such as metal plating facilities, mining
               operations, and tanneries 4. Organic pollutants are pharmaceuticals compounds, industrial chemicals, dyes, pesticides, and their by-products. Pollutants
               are integrated in the environment through effluents from wastewater treatment plants and runoff from agricultural lands 5. 
            

            Emerging pollutants are defined as synthetic or natural chemicals that are not constantly monitored in the environment, but
               they have the potential to cause negative effects on the ecosystem and human health. Various emerging pollutants, their metabolites,
               and their by-products have been found in water bodies. Emerging pollutants can be released from specific pollution sources
               like wastewater treatment plants in urban or industrial areas, from diffuse sources by atmospheric deposition or from agricultural
               and animal production. Emerging pollutants are classified into more than 20 classes related to their origin, among which are
               pharmaceuticals compounds, pesticides, disinfection by-products, wood preservation, and industrial chemicals 6. In this review, it was discussed the main pollutants emerging from water bodies and the different adsorbent materials that
               have been used for the removal of tetracyclines which include metallic, ceramic, composite, polymer, and carbon-based materials.
               In addition, the different pollutant removal techniques that have been used were reviewed. Finally, some future considerations
               and advances in this research path will be highlighted.
            

            
               Pharmaceutical products
               
            

            Pharmaceutical compounds are stable chemical compounds created to improve human and animal health. Analgesics, anti-inflammatories,
               antibiotics, lipid regulators and beta-blockers are used in everyday life for diseases treatment 7. The increase in the use of pharmaceutical products by both humans and animals leads to an increase in their presence in
               ecosystems. The pharmaceutical molecules reach aquatic bodies through human excretion, improper disposal, leaching from land,
               water drainage, or industry. 
            

            As a result of human activities, also antibiotic pharmaceutical products are detected in urban wastewater effluents, surface
               waters, groundwater, and hospital effluents 8. Conventional treatment methods do not eliminate all the antibiotic compounds; because of that, they are found in treated
               water at low concentrations in the µg/L or ng/L range 9. Due to their toxicity and bacterial resistance, antibiotics represent a potential danger to aquatic species and to human
               health.
            

            
               Antibiotics
               
            

            Antibiotics are the most widely used pharmaceutical compounds around the world due to their role in killing or inhibiting
               the growth of a wide group of microorganisms. They act as inhibitors of the synthesis of peptidoglycans (lactams, glycopeptides),
               protein synthesis (tetracyclines, chloramphenicol, mupirocin, macrolides, aminoglycosides-aminocyclitols) and the synthesis
               of nucleic acids by interrupting the metabolism of nucleotides (sulphonamides, diaminopyrimidinamines), or inhibit the DNA
               gyrase (quinolones). Some antibiotics (polymyxins) interfere with the integrity of the membrane. Large amounts of antibiotics
               are used in clinics and activities as agriculture, aquaculture, and livestock. After being used by humans and animals, approximately
               10 to 90 % of antibiotics are excreted through feces and urine as parental compounds or bioactive metabolites. Pharmaceutical
               products and their by-products take various routes to reach natural ecosystems 10. 
            

            Antibiotics have received increasing attention as pollutants due to their widespread consumption and widespread occurrence
               in the environment. The presence of various classes of antibiotics has been reported in soils, sewage sludge, rivers, lakes
               and in drinking water. One of the main problems caused by antibiotics as pollutants in aquatic bodies is bacterial resistance,
               it affects people, health, veterinary and agriculture industries, which makes it one of the drawbacks of most urgent public
               health in the world. Bacterial resistance is defined as the ability that germs such as bacteria and fungi develop to defeat
               pharmaceutical compounds designed to kill them. Which means that bacteria and fungi do not die and continue their growing
               11. Resistance to an antimicrobial agent can occurs through "intrinsic" or "acquired" mechanisms. Acquired resistance appears
               from the mutation or acquisition of various types of genetic material in the form of plasmids, transposons, and extra DNA
               chromosomal. Intrinsic resistance is a phenotype demonstrated by microorganisms prior to the use of an antimicrobial agent,
               that is mean a natural resistance property of the organism. Intrinsic resistance to antimicrobial agents is due to the nature
               and composition of the bacterial cell wall that can act as a permeability barrier, reducing the absorption of the compound,
               and also by constitutively synthesized enzymes that can cause the degradation of a compound 12. Hence the importance for looking adsorbent materials for the removal of this type molecules from water, as is the specific
               case of tetracyclines.
            

            
               Tetracyclines
               
            

            Tetracyclines are a family of natural (tetracycline, oxytetracycline, and chlortetracycline) or synthetic (demeclocin, methacycline,
               minocycline, doxycycline, rolitetracycline, lymecycline, and tigecycline) antibiotics from various species of Streptomyces
               spp. They act against a wide spectrum of gram positive and gram negative bacteria, such as: Borrelia sp, Coxiella burnetti,
               T. pertenue, T. pallidum, Mycoplasma, Clamydia sp, Helycobacter pylori, Plasmodium sp, Rickettsia sp, E. histolytica and mycobacteria
               13, 14. They are often used in humans and animals. Tetracyclines act by inhibiting the protein synthesis of different bacteria,
               adhere to the 30S subunit of the bacterial ribosome and prevent the binding of the aminoacyl site of the transfer ribonucleic
               acid to the 30S ribosomal subunit, thus preventing the integration of amino acids along the protein synthesis 14.
            

            
               Classification and chemical structure of tetracyclines
               
            

            According to year of discovery, tetracyclines are divided in three groups or generations; First generation (1948-1963): Includes
               tetracycline, chlortetracycline, oxytetracycline, lymecycline, demeclocycline, methacycline, and rolitetracycline; Second
               generation (1965 - 1972): Doxycycline and minocycline are included and third generation (1993): They are semisynthetic analogs
               such as glycylcycline 14. Tetracyclines have a nucleus with a linear structure consisting of four rings as can be seen in Table  1  and some examples of their main applications.
            

            

            
                  
                  Table 1

                  
                     Chemicalstructure and uses of tetracyclines
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                           Tetracycline

                           
                        
                        	
                              
                           
                             Figure  1 
                           

                           
                           

                           
                        
                        	
                              
                           
                           Rickettsial infections, ehrlichiosis, anaplasmosis, leptospirosis, amebiasis, actinomycosis, nocardiosis, brucellosis, melioidosis,
                              tularemia, chlamydial infections, pelvic inflammatory disease, syphilis, traveler's diarrhea, early Lyme disease, acne, legionnaire's
                              disease, Whipple disease, rosacea, bullous dermatoses, sarcoidosis, Kaposi sarcoma, pyoderma gangrenosum, hidradenitis suppurativa,
                              Sweet syndrome, panniculitis, pityriasis, rheumatoid arthritis, scleroderma, and cardiovascular diseases [15 ].
                           

                           
                        
                     

                     
                           	
                              
                           
                           Chlortetracycline

                           
                        
                        	
                              
                           
                             Figure  2 
                           

                           
                           

                           
                        
                        	
                              
                           
                           In humans - allergic dermatitis.

                           
                           In veterinary medicine - Conjunctivitis (dogs, cats, and horses). Infected wounds (cattle, sheep, and pigs). Respiratory infections
                              (calves, pigs and chickens) [16 ].
                           

                           
                        
                     

                     
                           	
                              
                           
                           Oxytetracycline

                           
                        
                        	
                              
                           
                             Figure  3 
                           

                           
                           

                           
                        
                        	
                              
                           
                           Clostridial wound infections and anthrax. Infections of the respiratory and urinary tract, skin, ears, eyes and gonorrhea,
                              Legionnaires' disease, urethritis, Lyme disease, brucellosis, cholera, typhus, chlamydia and mycoplasma infections [16 ].
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                            Figure  4 
                           

                           
                           

                           
                        
                        	
                              
                           
                           Pneumonia, infections of the skin, eyes. Lymphatic, intestinal, genital, and urinary systems, acne, plague and tularemia [16 ].
                           

                           
                        
                     

                     
                           	
                              
                           
                           Methacycline

                           
                        
                        	
                              
                           
                           Figure  5  
                           

                           
                           

                           
                        
                        	
                              
                           
                           Methacycline has the same pharmacology as tetracyclines, with fewer side effects [16 ].
                           

                           
                        
                     

                     
                           	
                              
                           
                           Doxycycline

                           
                        
                        	
                              
                           
                           Figure  6 
                           

                           
                            

                           
                        
                        	
                              
                           
                           Doxycycline has the same pharmacology as tetracyclines. It is long-lasting, more active against pathogenic microorganisms
                              [16 ].
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                            Figure  7 
                           

                           
                           

                           
                        
                        	
                              
                           
                           Minocycline has the same pharmacology as tetracyclines. It has secondary effects on the vestibular apparatus [16 ].
                           

                           
                        
                     

                  
               

            

            
                  
                  Figure 1

                  (4S,4aS,5aS,6S,12aR)-4-(dimethylamino)-1,6,10,11,12a-pentahydroxy-6-methyl-3,12-dioxo-4,4a,5,5a-tetrahydrotetracene-2-carboxamide

               
[image: https://typeset-prod-media-server.s3.amazonaws.com/article_uploads/d69b4704-0660-4d2c-9353-7cba0bef609f/image/bb352466-6f0a-470d-8e51-0fc4086a9253-u13.png]

            
                  
                  Figure 2

                  (4S,4aS,5aS,6S,12aR)-7-chloro-4-(dimethylamino)-1,6,10,11,12a-pentahydroxy-6-methyl-3,12-dioxo-4,4a,5,5a-tetrahydrotetracene-2-carboxamide

               
[image: https://typeset-prod-media-server.s3.amazonaws.com/article_uploads/d69b4704-0660-4d2c-9353-7cba0bef609f/image/6dda494f-5344-41b6-b74d-9a866ed74572-u14.png]

            
                  
                  Figure 3

                  (4S,4aR,5S,5aR,6S,12aR)-4-(dimethylamino)-1,5,6,10,11,12a-hexahydroxy-6-methyl-3,12-dioxo-4,4a,5,5a-tetrahydrotetracene-2-carboxamide

               
[image: https://typeset-prod-media-server.s3.amazonaws.com/article_uploads/d69b4704-0660-4d2c-9353-7cba0bef609f/image/e34453ac-37ec-45b7-935d-d6a021b468d2-u15.png]

            
                  
                  Figure 4

                  (4S,4aS,5aS,6S,12aR)-7-chloro-4-(dimethylamino)-1,6,10,11,12a-pentahydroxy-3,12-dioxo-4a,5,5a,6-tetrahydro-4H-tetracene-2-carboxamide

               
[image: https://typeset-prod-media-server.s3.amazonaws.com/article_uploads/d69b4704-0660-4d2c-9353-7cba0bef609f/image/8fc2d5f0-8306-40dc-9350-7b0aaa0ccc9d-u16.png]

            
                  
                  Figure 5

                  (4S,4aR,5S,5aR,12aR)-4-(dimethylamino)-1,5,10,11, 12a-pentahydroxy-6-methylidene-3,12-dioxo-4, 4a,5, 5a-tetrahydrotetracene-2-carboxamide

               
[image: https://typeset-prod-media-server.s3.amazonaws.com/article_uploads/d69b4704-0660-4d2c-9353-7cba0bef609f/image/e6c68803-e79e-4e97-95be-a7ad0db749fa-u17.png]

            
                  
                  Figure 6

                  (4S,4aR,5S,5aR,6R,12aR)-4-(dimethylamino)-1,5,10,11, 12a-pentahydroxy-6-methyl-3,12-dioxo-4a,5, 5a,6-tetrahydro-4H-tetracene-2-carboxamide
                     
                  

               
[image: https://typeset-prod-media-server.s3.amazonaws.com/article_uploads/d69b4704-0660-4d2c-9353-7cba0bef609f/image/99d16fe6-8ee1-4f6f-baf6-1bab6a4cae32-u18.png]

            
                  
                  Figure 7

                  (4S,4aS,5aR,12aR)-4,7-bis(dimethylamino)-1,10,11, 12a-tetrahydroxy-3,12-dioxo-4a,5, 5a,6-tetrahydro-4H-tetracene-2-carboxamide
                     
                  

               
[image: https://typeset-prod-media-server.s3.amazonaws.com/article_uploads/d69b4704-0660-4d2c-9353-7cba0bef609f/image/6a0ac85b-ce5e-43bc-ae53-0c2995581851-u19.png]

            Due to their bactericidal properties, tetracyclines are widely used to enhance the growth of livestock as veterinary medicine
               and prevent infectious diseases in modern medical care. Due to their poor absorption and metabolism in vivo, tetracyclines
               can be transmitted directly to the environment by feces and urine as active ingredients 17. The presence of tetracyclines has been reported as micro-pollutants in the environment at concentrations of 0.13-0.51 µg/L
               in surface waters, 86-199 µg/kg in soils and 4.58 mg/kg in animal manure samples 18. The main effects that tetracyclines have on the environment and organisms are generalized in the damage to the functions
               and productivity of the ecosystem. Also, they have effects onto the induction of antibiotic resistance genes and the increase
               in the transfer of resistance genes through the food chain. Tetracycline species show high persistence and good solubility
               in water, leading to the inability to completely remove them from the water in wastewater treatment plants 17. 
            

            
               Techniques for wastewater treatment
               
            

            Wastewater treatment consists on the contained organic mass separation. Water treatment aims to eliminate the greatest amount
               of pollutants 19. Currently, the processes for wastewater treatment consist of three stages: primary, secondary, and tertiary or advanced
               treatment. Primary treatment consists in the elimination of insoluble matter present in wastewater through physicochemical
               procedures. This process includes pH neutralization treatments, separation and removal of oils and fats by flotation and sedimentation
               by centrifugation 20. Secondary treatment decreases biochemical oxygen demand (BOD) and chemical oxygen demand (COD) using biological processes.
               Most used secondary treatments are filters and activated sludge. Secondary treatments make use of bacteria and other microorganisms
               to break down organic pollutants. Water resulting from secondary treatment has a decrease of approximately 90 % in BOD 19. Tertiary or advanced treatment is applied to waters from the primary and secondary treatments. Its objective is to treat
               the water and achieve the highest possible purity before reincorporating it into the environment. Tertiary treatment employs
               the methods of reverse osmosis, electrodialysis, oxidation-reduction, ion exchange, precipitation, neutralization, coagulation,
               photodegradation, and ultraviolet irradiation and adsorption. Among the methods used, adsorption is one of the most used due
               to its high efficiency 9.
            

            
               Advanced oxidation
               
            

            Advanced oxidation processes (AOP) involve the production of hydroxyl radicals (OH·) in large quantities to purify water.
               AOPs are applied for the destruction of organic and inorganic pollutants in water and wastewater. Hydroxyl radicals, as a
               powerful oxidizing agent, are expected to destroy pollutants in sewage and transform them into less toxic and even non-toxic
               products 21. 
            

            
               Advanced oxidation processes based on hydroxyl radicals
               
            

            Hydroxyl radical is the most reactive oxidizing agent in water treatment, it reacts rapidly with numerous species, it attacks
               organic pollutants through four ways: radical addition, hydrogen abstraction, electron transfer and radical combination. Their
               reactions with organic compounds produce carbon-centered radicals (R· or R·–OH). In the presence of O2, carbon-centered radicals can be transformed into peroxyl radicals (ROO·). All radicals react with the formation of more
               reactive species such as H2O2 and superoxide (O2•-), leading to chemical degradation and even mineralization of organic compounds. Because hydroxyl radicals have a short lifespan,
               they are only produced through different methods; in combination of oxidizing agents (H2O2 and O3), irradiation (ultraviolet light or ultrasound) and catalysts (Fe2+) 21. 
            

            
               Filtration
               
            

            Filtration is a process that separates particles of a certain size from treated wastewater. Separation processes are pressure
               driven and rely on diffusion or convection mass transfer phenomena to separate dissolved and suspended components from aqueous
               solutions. The filters used vary from one system to another depending on the condition of the entering water. It exists two
               main types of filtration in wastewater treatment systems: particle filtration and membrane filtration 22. 
            

            Particulate filtration is a system that separates solids from liquids using physical or mechanical means. When it comes to
               wastewater treatment, particulate filtration is designed to remove solids that are more than one micron in size. Membrane
               filtration is commonly used when particulate filtration is not enough for water reuse. When it is required the highest quality
               of water, membrane filtration systems are used. Membrane filtration is a splitting process that uses a semi-permeable membrane
               to separate the stream into two fractions: a permeate that contains the material that passes through the membranes and a retentate
               that comprises the species that is left behind. Membrane filtration can be classified in terms of the size range of permeable
               species, driving forces employed, chemical structure, composition of membranes, and geometry of the construction. The most
               important types of membrane filtration are pressure-driven processes that include nanofiltration (NF), microfiltration (MF),
               ultrafiltration (UF), and reverse osmosis (RO) 23. Next, adsorption technique will be deepened as it is the main topic of this manuscript.
            

            
               Adsorption 
                  
               
            

            Adsorption is a surface process, it occurs when a molecule, called adsorbate presents in a solution, adheres to the surface
               of a solid, called adsorbent, without diffusing into its structure. There are two types of adsorption; 1) Physical adsorption
               (physisorption) when adsorbate adheres to the surface due to physical forces such as Van der Waals interactions. 2) Chemical
               adsorption (chemisorption) if the adsorbate is chemically bound to the surface of the adsorbent, forming an actual chemical
               bond (usually covalent) with the surface of the adsorbent. Adsorption is used because it is a very simple, effective, inexpensive
               process, insensitive to toxic compounds and has regenerative capacity. It is an effective way to remove inorganic and organic
               pollutants from water in wastewater purification and treatment processes 24.
            

            
               Adsorption processes 
               
            

            Through adsorption processes it is possible obtain information about the sorption mechanism and the maximum adsorption capacity
               of the used adsorbent. Adsorption processes can be carried out by two techniques: batch and continuous adsorption. Batch adsorption
               is performed on laboratory scale and therefore a small amount of wastewater can be treated. The obtained data from the batch
               adsorption process is not useful for application on an industrial scale. While the column or continuous adsorption process
               is preferred for industrial applications 25.   
            

            To achieve that an adsorbent will be effective, parameters such as surface area, porosity, adsorption capacity, mechanical
               stability must be as high as possible along with the feasibility of factors such as cost effectiveness, easy regeneration,
               sustainability, and selectivity 26. Many adsorbents used in recent years are derived from agricultural, domestic, industrial wastes, polymers, organic and inorganic
               materials. But in most cases, adsorbents obtained from inexpensive materials have low adsorption efficiency 27.Therefore, it has become necessary to find more advanced, and effective adsorbent materials for the efficient treatment of
               wastewater.
            

            
               Materials 
               
            

            Material is a set of elements with a unique composition and structure used for a specific purpose. Materials science has as
               its main objective the fundamental knowledge of the internal structure, properties, and preparation of materials. Properties
               that a material possesses are defined by the organization of its atoms 28. Materials science and engineering mainly classify them into metallic, polymeric, ceramic, and composite materials 29.
            

            
               Metals
               
            

            Metallic materials are inorganic compounds composed mostly of metallic elements such as Fe, Cu, Al, Mg, Ni, Ti, but they have
               non-metallic elements such as Ca, N, and O. Metallic elements have a crystalline structure ordered by the arrangement of its
               atoms. Among their properties is that they are good thermal and electrical conductors, resistant and ductile at room temperature,
               high resistance even at high temperatures. Metals are used in a wide variety of industries, including biomedical, aeronautics,
               electronics, energetic, civil structures, and transportation 29.
            

            
               Nanoparticles
               
            

            Nanomaterials are materials that are small, less, or equal than 100 nm, and therefore possess the unique property of an exceptionally
               high surface/volume ratio, offering faster adsorption and much higher removal efficiency of pollutants. Nanomaterials have
               been widely synthesized and used in the removal of pollutants from wastewater 30. Recently, research interest has been focused in nanostructured materials that are available in different forms; nanotubes,
               nanoparticles and nanowires. Nanoscience and nanotechnology have received a great attention in wastewater treatment, nanoadsorbents
               work quickly, penetrate deeply, and have excellent pollutant-binding capacity, thus treating wastewater more effectively 27. 
            

            Nanoparticles (NPs) are defined as ultra-fine materials with a dimension less than 100 nm 31. Synthesis of nanoparticles is mainly divided into two methods; 1) The top down method involves the partitioning of mass
               solids into smaller fractions. The method involves chemical processes, grinding, and the volatilization of the solid followed
               by the condensation of the volatilized components, and 2) The bottom-up method manufactures nanoparticles from the condensation
               of atoms or molecular compounds in gaseous phase or in solution 32. Nanoparticles possess the property of unique size which leads to a larger surface area compared to their volume. While the
               arrangement of their atoms increases their surface energy, directly reflecting on their characteristic reactivity 33. Nanoparticles have been used to remove persistent pollutants from the environment due to their adsorption capacities related
               their high specific surface areas and their reusability. NPs are adsorbents with a great capacity to adsorb antibiotics in
               water 34.
            

            
               Polymers
               
            

            Polymers are composed of extensive chains or molecular networks of organic compounds. Most polymers are not crystalline; however,
               some may have crystalline and non-crystalline regions. Due to their structure, they are not good materials for conducting
               electricity, they are good insulators, they have low densities and decomposition temperatures. Industries that work with polymers
               focus on the synthesis of alloys or polymer blends to suit specific applications in which no other element is appropriate
               on its own. Polymeric blends are used in power tool housings, automotive bumpers, sporting goods, and synthetic components
               of athletic track facilities, among others 29.
            

            
               Ceramics
               
            

            Ceramics are inorganic materials composed of metallic and non-metallic elements chemically united. Ceramics can be crystalline,
               non-crystalline, or a combination of both. Their properties are high hardness and resistance to high temperatures, they are
               brittle, with limited weight, resistance to wear, little friction, and insulating properties, which is why they are used in
               the melting of metals and in furnace linings. Applications of ceramic materials are in the aeronautical, metallurgical, biomedical,
               and automotive industries, among others 29.
            

            
               Aluminosilicates
               
            

            Aluminosilicates are materials formed by TO4 (T = Si, Al) interconnected by oxygen atoms. Internal structure of the aluminosilicates is generated from this three-dimensional
               framework built by the SiO4 and AlO4 tetrahedra. Size of the pores is within the range of 0.3 - 2 nm, therefore they are classified as micropores. Its structure
               makes its physical and chemical properties unique 35. Aluminosilicates have defined cavities, high surface area, high molecular selectivity and adsorption capacity, chemical
               and thermal stability. Ion exchange capacity of aluminosilicates is an intrinsic property of all minerals, it is the result
               of the exchange of Si atoms in the crystalline structure of aluminosilicates for other available atoms 36. The structure type defines the structural properties of the aluminosilicates, including the opening of the pores, structure
               of the cavities and channel. The opening of the pores of the aluminosilicates, composed of T atoms (T = Si, Al) and connected
               oxygen atoms, is the entrance of a cavity or a channel where organic pollutants enter. Pores with more T atoms/oxygen atoms
               have larger sizes. The pore space of the aluminosilicates is divided into cavities and/or channels. Cavities are the polyhedral
               units of aluminosilicates, while channels are composed of joined polyhedral units. Aluminosilicate channels vary from straight
               to sinusoidal or wide to narrow. Surface area and size of the pores depend directly on the characteristics of the cavities
               and channels of the aluminosilicates 37. 
            

            Aluminosilicates properties are different according to the proportion of silica and aluminum content. Low silica aluminosilicates
               have excellent ion exchange capacity. In water treatment, low silica aluminosilicates can be applied for softening, ammonium
               removal and heavy metals such as zinc, nickel, copper, and cadmium removal. High silica aluminosilicates are manufactured
               industrially by replacing the aluminum content with silica 38. High silica zeolite powders have been shown to be effective adsorbents for the removal of pollutants of an organic nature
               from water, including pharmaceutical compounds, personal care products, and industrial chemicals 37. 
            

            
               Zeolites
               
            

            Zeolites are crystalline aluminosilicates, their structure is negatively charged, and they can adsorb exchangeable cations
               such as Na+, K+, Ca2+ y Mg2+. They have a defined three-dimensional structure, composed of silicon and aluminum tetrahedra that share oxygen vertices.
               Their tetrahedral units can connect differently thus forming a wide range of structures. Zeolites are found in nature, in
               volcanic areas around the world, but they can also be synthesized 39. Zeolites have a high specific surface area, high cation exchange capacity, high chemical stability, abundant reserves, and
               they are inexpensive. Natural zeolites have been widely used as adsorbents to remove pollutants from aqueous solutions. Zeolites
               are also widely used as catalysts, ion exchangers, molecular sieves, and adsorbents due to the possibility to encapsulate
               many small molecules in their channels 40. 
            

            
               Clays
               
            

            Clays are aluminosilicates formed by small crystalline particles, they are inorganic materials composed of aluminum, silicon,
               water, and iron, they also contain certain metals in small amounts. Clay minerals, which include kaolinite, illite, vermiculite
               and montmorillonite belong to the group of phyllosilicates, they are composed of tetrahedral sheets of silica combined with
               octahedral sheets of aluminum. Phyllosilicate minerals are further classified 1:1 and 2:1 according to the layers of clay
               minerals that they contain (Figure  8 ). Clay minerals with a 1:1 layered structure are composed of a tetrahedral sheet and an octahedral sheet, and clays with
               a 2:1 layered structure are those in which an octahedral sheet it is between two tetrahedral sheets of silica 41. Kaolin group of clays in 1:1 layer, includes kaolinite, halloysite and dickite clays possessing low surface areas and adsorption
               capacities. The 2:1 clay mineral, which include montmorillonite, vermiculite, illite, muscovite, and chlorite, have significant
               surface areas and adsorption capacities. The intermediate layer of clay minerals that expands 2:1 hydrates and expands by
               the interaction with water, the expansion process is mainly due to the presence of exchangeable hydrated cations that can
               be intercalated in the intermediate layer of clay minerals and result in expansion of the basal spacing. However, the middle
               layer of non-expanding 2:1 layered clay mineral is not enlarged by the presence of water because the K+ is tightly bound in the middle layer, blocking water molecules from intercalating. As a result, the basal spacing is smaller,
               like that of the illite 41.
            

            
                  
                  Figure 8

                  Clay structure a) Unit cell and b) supercell 2X2X2.
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               Compounds 
               
            

            A composite material is formed by two or more materials that make up a new one. Each material preserves its properties, and
               the new compound will have different properties than each material. Composite materials are made up of a specific filler material
               and a binder resin that aims to obtain the required properties and characteristics. Materials that make up the new compound
               do not dissolve among themselves and they are physically identified by the interface found between each material. There are
               different combinations of matrix and reinforcement materials that are used to generate the composites, as can be seen in Figure  9 . The matrix used in the composite material classifies it as: composite of metallic, ceramic, or polymeric matrix. The combinations
               of materials used in the creation of composites depend primarily on the application and the medium in what it will be used
               29.
            

            
                  
                  Figure 9

                  Composite materials a) matrix with continuous fiber reinforcement, b) matrix with particle reinforcement
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               Biomass-based materials
               
            

            Carbon-based materials are considered as one of the most promising and effective adsorbents, they have been widely used for
               the removal of various pollutants, due to their large surface area, pore structure, texture characteristics and high adsorption
               capacity. Carbon-based materials have as advantages over other materials a high adsorption capacity, and chemical / thermal
               stability. Various types of carbonaceous materials have been used for the adsorption of antibiotics from water 42.
            

            
               Activated carbon
               
            

            Activated carbon is a common term used to describe carbon-based materials that have developed a large surface area, an internal
               porous structure (pores with a diverse size distribution), as well as a broad spectrum of oxygenated functional groups. An
               important characteristic of activated carbons is the wide variety of carbon precursor materials; physicochemical characteristics,
               in addition to the preparation method, they are responsible for the properties, textural characteristics and the possible
               applications of activated carbons. Interesting precursors have been used from wood and woody biomass, herbaceous and agricultural
               residues, industrial biomass residues and mixtures. Recently, biomass-based porous coals have attracted great attention due
               to low cost, abundance, renewable and ecological starting resource. Some of the most used natural precursors are coconut shells,
               pistachio shells, coffee residues and sugarcane bagasse 42. 
            

            For the manufacture of activated carbon various parts of plants are used including the nucleus, stems, husks, flowers, fruits,
               seeds, bones, and leaves. Recently, the use of aquatic biomass, fibers, grass, starch, and other unconventional precursors
               are more often described as activated carbon precursors. The production of activated carbon from lignocellulosic biomass has
               the advantages that the precursors are diverse, abundant and renewable, the synthesis is a relatively simple process due to
               the high reactivity of the biomass and it contributes to reduce the costs of waste disposal and the harmful effect on the
               environment 43. 
            

            Activated carbon is in general prepared at two stages, first, the carbonization of the carbonaceous raw material is treated
               under inert atmosphere at temperatures below 800 °C and, second, the activation of the carbonized product. In the first stage,
               the cross-bonds between the carbon atoms are broken in the absence of oxygen. During the activation process, an improvement
               in porosity occurs by cleaning the pores. The main pores produced in the carbonization and activation process of activated
               carbons with natural precursors are micropores 42.
            

            
               Carbon nanotubes
               
            

            The most used nanoadsorbents for antibiotics removal from wastewater are carbon nanotubes (CNTs). Carbon nanotubes are nanomaterials
               that have high thermal and chemical stability, large surface/volume ratio, well-defined adsorption sites, easy attachment
               of functional groups, and the ability to be modified. Carbon nanotubes are one of the most studied nanomaterials as adsorbents
               due to their hollow and layered structure and their large specific surface area (150 – 1500 m2·g −1) 44. 
            

            
                  
                  Figure 10

                  Carbon nanotubes: a) Single-walled carbon nanotubes and b) Multi-walled carbon nanotubes.
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            Carbon nanotubes consist in a sheet of graphene or graphite rolled into a tubular shape with a range of diameter and nanometric
               length, its final side are covered by a hemisphere of the fullerene-type structure. CNTs show a distinct curvature of the
               side wall and they are highly hydrophobic. The hollow and layered structure of CNTs offers a large surface area and higher
               porosity. The structure of carbon nanotubes possesses great mechanical resistance, electronic and thermal stability 45.
            

            There are two types of carbon nanotubes: 1) Single-walled carbon nanotubes and 2) Multi-walled carbon nanotubes (Figure  10 ). Single-walled carbon nanotubes are made up of a single graphene sheet rolled into a cylindrical shape, whereas multiple-walled
               carbon nanotubes consist of the concentric stacking of two or more cylinder-shaped graphene sheets and the adjacent sheet
               is it is joined by Van der Waals forces with an intermediate space of approximately 0.34 nm 45. Carbon nanotubes contain functional groups such as –OH, –C=O, and –COOH, depending on the synthesis procedure and the purification
               process. Electrostatic interactions are those that predominate in the adsorption of ionic compounds due to the surface charge
               of carbon nanotubes 46.
            

            
               Materials used as adsorbents for tetracyclines
               
            

            The adsorbents commonly used in the treatment of polluted water are natural or the product of a synthetic process. The most
               used natural adsorbents are clays, aluminosilicates, or biopolymers. Engineering adsorbents can be classified into carbonaceous
               and polymeric adsorbents. Generally, engineered adsorbents exhibit higher adsorption capacities and they are produced under
               strict quality conditions, thus showing constant properties 47. There are different categories of adsorbents that have been investigated and used for the treatment of polluted water with
               antibiotics such as tetracyclines. Adsorbents have been classified in a general way as: metallic materials, polymers, ceramics,
               biomass-based materials, and composites 48.
            

            Metallic materials have been used in the adsorption of tetracyclines, Zhang et al. (2019) prepared microspheres of phenolic
               hydroxyl functionalized copper alginate for tetracycline adsorption, synthesized the metallic material through a gelling and
               solidification process. The prepared adsorbent showed a maximum adsorption capacity (qe) of 153.89 mg/g 48. Binary and ternary metal hydroxides based on copper, manganese and aluminum have also been used, CuMnAl hydroxide demonstrated
               a better removal of tetracycline from aqueous medium 49.
            

            Some polymers used in the tetracyclines adsorption include chitosan, with a maximum adsorption capacity of 20 mg/g, equilibrium
               was reached relatively quickly at 120 min 50. Zhang et al. (2018) prepared virgin bleached polystyrene foams as adsorbents, they found better adsorption using bleached
               foams compared to virgin foams 51. Benzimidazole-based hyper-crosslinked polymers (HCP) have been synthesized by a Friedel-Crafts reaction for the adsorption
               of chlortetracycline. HCPs provide considerable surface area and the channels they possess allow mass transfer, facilitating
               contact between active sites and chlortetracycline molecules. The maximum adsorption capacity reached was 456 mg/g 52.
            

            Ceramics commonly used as adsorbents for antibiotics include materials such as double-layer hydroxide (LDH). LDHs are anionic
               clays that have been widely used and modified to achieve better adsorption of tetracyclines. Bouaziz et al. (2018) used a
               Zn2-Al LDH material following the coprecipitation and anion exchange methods 53. Soori et al. (2016) mention that the intercalation of antibiotics occurs within the layers of the double layer hydroxide,
               and the reported qe reaches 98.04 mg/g 54. Other ceramics materials used in the adsorption of tetracyclines are zeolites and clays; Zou et al. (2012) modified a zeolite
               with HCl, the modification carried out showed an adsorption capacity greater than that of natural zeolite 55. Used clays include montmorillonite and Na-montmorillonite 56, illite, 57, and kaolinite 3. Wu et al. (2020) modified the sepiolite (SEP) surface with cetyltrimethylammonium bromide (CTAB) and sodium dodecylbenzene
               sulfonate (SDBS) to obtain an organic sepiolite (C-S-SEP). The results showed that the adsorption capacity and removal rate
               of oxytetracycline (OTC) was 99.42 % 58. Ceramics such as modified alumina (SMA) with a surfactant (sodium dodecyl sulfate) have also been used in the adsorption
               of OTC, achieving 97% removal of tetracyclines 59.
            

            It has been used functionalized silica nanoparticles (MSN) with cetyltrimethylammonium bromide (CTAB), synthesized from the
               sol-gel method, obtaining a qe of 449.89 mmol/g 60. Another ceramic material used is hydroxyapatite, Yuan et al. (2019) used nanohydroxyapatite (nHAP) for the removal of oxytetracycline.
               The results showed that the adsorption process reached equilibrium around 120 min 17. Harja and Ciobanu (2018) used hydroxyapatite nanopowders synthesized by the wet precipitation method using orthophosphoric
               acid and calcium hydroxide as raw materials, obtaining oxytetracycline removal rates of approximately 97.58 % and 89.95 %
               for calcined and uncalcined nanohydroxyapatites, respectively 61.
            

            Biomass-based materials are the most used materials as adsorbents, biochar materials from rice husk modified with methanol
               have been used 62, tubular honeycomb biochar (HT-B) from fargesia leaves 63, biochar derived from rice straw (R) and pig manure (M) pyrolyzed at 400 °C (R400 and M400) and 600 °C (R600 and M600) 64, acid and alkali modified biochar 65, biochar produced from biomass residues 66, raw and activated pine wood biochar for the removal of chlortetracycline 67 and bamboo charcoal (BC) 68.
            

            Activated carbons with different chemical natures have been used in the adsorption of tetracyclines 69. Microwave heated activated carbon fibers (WACF) at 600 °C in a nitrogen atmosphere (N2) have shown a maximum adsorption capacity of 312.5 mg/g 70. Graphene is widely used in the adsorption of antibiotics, Lin et al. (2013) prepared magnetic particles functionalized with
               graphene oxide (GO-MP) and natural graphene to be used as tetracycline adsorbents 71. Graphene oxide (GO) has a reported maximum adsorption capacity of 313 mg/g 72. Multi-walled carbon nanotubes (MWCNT) have been used for the adsorption of tetracycline. The adsorption efficiency has reached
               99.8 % and the maximum adsorption capacity reported was 269.54 mg/g 73. 
            

            Live and dead biomass materials from the microalgae Phaeodactylum tricornutum have also been used. Living biomass showed greater
               efficiency than dead biomass, showing maximum sorption capacities of 29.18 mg/g and 4.54 mg/g, respectively 74.
            

            Currently, the attention of researchers has focused on the creation of composite materials to be used as efficient adsorbents.
               Bovine serum albumin (BSA) is a protein that has been used as support for magnetic nanoparticles (Fe3O4) to synthesize the compound of magnetic microspheres (BSA/Fe3O4), used for the removal of antibiotics. The compound was tested on four antibiotics (erythromycin, streptomycin, tetracycline,
               and chloramphenicol) and obtained antibiotic adsorption capacities ranging from 69.35 to 147.83 mg/g 75.
            

            Mesoporous silicates have been modified with iron by Vu et al. (2010) for the removal of tetracycline, obtaining a maximum
               adsorption capacity of 41.7 mg/g 76. Raeiatbin and Açıkel (2017) prepared chitosan nanoparticles modified with iron oxide nanoparticles (Fe3O4), obtaining a
               qe of tetracycline of 78.11 mg/g 77. Zhang et al. (2017) synthesized a magnetic nanocomposite of Fe3O4@graphene (Fe3O4@G) using an in-situ precipitation method for the removal of oxytetracycline and tetracycline. The removal efficiency of Fe3O4@G was measured in lake, tap and pool water, obtaining removal percentages of 95.45, 96.68 and 89.82 % for oxytetracycline,
               and 98.77, 98.23 and 89.09 % for tetracycline, respectively 78. Clay materials such as double layer hydroxide (LDH) have been modified to synthesize the Zn/Fe LDH compound. The composite
               material obtained a tetracycline removal percentage of 77.23 % 79. Sugarcane bagasse is an agricultural residue used by Rattanachueskul et al. (2017) to create a magnetic carbon compound
               that exhibited a maximum adsorption capacity of 48.35 mg/g 80.
            

            Zhou et al. (2012) prepared a Q100 hyperreticulated magnetic resin with a specific surface area of 1153.8 m2/g, with a qe of 178.20 mg/g 81. Mohammed and Kareem (2019) used pistachio shell coated with ZnO nanoparticles (CPS) to remove tetracycline from wastewater.
               They achieved a qe of 95.06 mg/g under conditions of pH = 4, dose = 0.08 g/mL, particle size = 87 mm, stirring speed = 150 rpm at 25 °C 82.
            

            Nguyen et al. (2020) prepared polyvinylidene fluoride (PVDF)/polyaniline (PANI) -montmorillonite (MT) (PVDF/PANI/MT) mixed
               matrix porous membranes using an induced phase inversion method. The results obtained show that the PVDF/PANI/MT membrane
               with 20 % by weight of PVDF, 5 % by weight of PANI and 12 % by weight of MT achieved the highest removal of tetracycline 83. Belaib et al. (2014) used peanut shells coated with polyaniline. The results confirmed the effectiveness of the adsorption
               process using the matrix for the decontamination of tetracyclines from aqueous environments with a qe of 65.6 mg/g 84.
            

            Liang et al. (2019) used a biochar compound (CLB), montmorillonite (MMT) - biochar compound (MBC) and MMT-biochar magnetic
               compound (MMBC), through pyrolysis and a mixture of FeCl3. Oxytetracycline adsorption experiments indicated that the maximum adsorption capacity of MMBC was 58.85 mg/g 85. Table  2  shows the used materials with their respective maximum adsorption capacity (qe).
            

            
                  
                  Table 2

                  
                     Comparison of the maximum adsorption capacities (qe)of tetracyclines with various types of adsorbents found in the literature
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                              Adsorbate
                              
                           

                           
                        
                        	
                              
                           
                           
                              qe (mg/g)
                              
                           

                           
                        
                        	
                              
                           
                           
                              Reference 
                              
                           

                           
                        
                     

                     
                           	
                              
                           
                           Biochar MeOH

                           
                        
                        	
                              
                           
                           Tetracycline 

                           
                        
                        	
                              
                           
                           101.01

                           
                        
                        	
                              
                           
                           [14 ] 
                           

                           
                        
                     

                     
                           	
                              
                           
                           Honeycomb tubular biochar

                           
                        
                        	
                              
                           
                           Tetracycline

                           
                        
                        	
                              
                           
                           123.60

                           
                        
                        	
                              
                           
                           [63 ] 
                           

                           
                        
                     

                     
                           	
                              
                           
                           BSA/Fe3O4

                           
                        
                        	
                              
                           
                           Tetracycline

                           
                        
                        	
                              
                           
                           104.35

                           
                        
                        	
                              
                           
                           [75 ] 
                           

                           
                        
                     

                     
                           	
                              
                           
                           Fe-impregnated mesoporous silicates

                           
                        
                        	
                              
                           
                           Tetracycline

                           
                        
                        	
                              
                           
                           41.70

                           
                        
                        	
                              
                           
                           [76 ] 
                           

                           
                        
                     

                     
                           	
                              
                           
                           Chitosan nanoparticles

                           
                        
                        	
                              
                           
                           Tetracycline

                           
                        
                        	
                              
                           
                           78.11

                           
                        
                        	
                              
                           
                           [77 ] 
                           

                           
                        
                     

                     
                           	
                              
                           
                           CA-BT

                           
                        
                        	
                              
                           
                           Tetracycline

                           
                        
                        	
                              
                           
                           153.89

                           
                        
                        	
                              
                           
                           [48 ] 
                           

                           
                        
                     

                     
                           	
                              
                           
                           Mg/Al-LDH

                           
                        
                        	
                              
                           
                           Tetracycline hydrochloride

                           
                        
                        	
                              
                           
                           98.04

                           
                        
                        	
                              
                           
                           [54 ] 
                           

                           
                        
                     

                     
                           	
                              
                           
                           Chitosan 

                           
                        
                        	
                              
                           
                           Tetracycline hydrochloride

                           
                        
                        	
                              
                           
                           20.0

                           
                        
                        	
                              
                           
                           [50 ] 
                           

                           
                        
                     

                     
                           	
                              
                           
                           Magnetic graphene Fe3O4

                           
                        
                        	
                              
                           
                           Tetracycline hydrochloride

                           
                        
                        	
                              
                           
                           424.0

                           
                        
                        	
                              
                           
                           [78 ] 
                           

                           
                        
                     

                     
                           	
                              
                           
                           Zn2-Al LDH

                           
                        
                        	
                              
                           
                           Tetracycline hydrochloride

                           
                        
                        	
                              
                           
                           116.0

                           
                        
                        	
                              
                           
                           [53 ] 
                           

                           
                        
                     

                     
                           	
                              
                           
                           Zn/Fe/La LDH (4:1:0.2)

                           
                        
                        	
                              
                           
                           Tetracycline hydrochloride

                           
                        
                        	
                              
                           
                           170.53

                           
                        
                        	
                              
                           
                           [79 ] 
                           

                           
                        
                     

                     
                           	
                              
                           
                           Red soil (RS)

                           
                        
                        	
                              
                           
                           Tetracycline

                           
                        
                        	
                              
                           
                           12.0

                           
                        
                        	
                              
                           
                           [86 ] 
                           

                           
                        
                     

                     
                           	
                              
                           
                           HCl-modified zeolite

                           
                        
                        	
                              
                           
                           Tetracycline

                           
                        
                        	
                              
                           
                           20.4

                           
                        
                        	
                              
                           
                           [55 ] 
                           

                           
                        
                     

                     
                           	
                              
                           
                           Bamboo charcoal

                           
                        
                        	
                              
                           
                           Tetracycline

                           
                        
                        	
                              
                           
                           23.5

                           
                        
                        	
                              
                           
                           [68 ] 
                           

                           
                        
                     

                     
                           	
                              
                           
                           Graphene

                           
                        
                        	
                              
                           
                           Tetracycline

                           
                        
                        	
                              
                           
                           39.1

                           
                        
                        	
                              
                           
                           [71 ] 
                           

                           
                        
                     

                     
                           	
                              
                           
                           Montmorillonite

                           
                        
                        	
                              
                           
                           Tetracycline

                           
                        
                        	
                              
                           
                           54.0

                           
                        
                        	
                              
                           
                           [56 ] 
                           

                           
                        
                     

                     
                           	
                              
                           
                           Pistachio shell coated with ZnO nanoparticles (CPS)

                           
                        
                        	
                              
                           
                           Tetracycline

                           
                        
                        	
                              
                           
                           95.06

                           
                        
                        	
                              
                           
                           [82 ] 
                           

                           
                        
                     

                     
                           	
                              
                           
                           Montmorillonite - Na

                           
                        
                        	
                              
                           
                           Tetracycline

                           
                        
                        	
                              
                           
                           49.3

                           
                        
                        	
                              
                           
                           [56 ] 
                           

                           
                        
                     

                     
                           	
                              
                           
                           Graphene oxide

                           
                        
                        	
                              
                           
                           Tetracycline

                           
                        
                        	
                              
                           
                           313.5

                           
                        
                        	
                              
                           
                           [72 ] 
                           

                           
                        
                     

                     
                           	
                              
                           
                           Kaolinite

                           
                        
                        	
                              
                           
                           Tetracycline

                           
                        
                        	
                              
                           
                           4.0

                           
                        
                        	
                              
                           
                           [3 ] 
                           

                           
                        
                     

                     
                           	
                              
                           
                           Biochar R400

                           
                           Biochar R600

                           
                           Biochar M400

                           
                           Biochar M600

                           
                        
                        	
                              
                           
                           Tetracycline 

                           
                           Tetracycline

                           
                           Tetracycline 

                           
                           Tetracycline

                           
                        
                        	
                              
                           
                           8.25

                           
                           14.2

                           
                           6.5

                           
                           8.1

                           
                        
                        	
                              
                           
                           [64 ] 
                           

                           
                        
                     

                     
                           	
                              
                           
                           La10MCM-41

                           
                        
                        	
                              
                           
                           Tetracycline

                           
                        
                        	
                              
                           
                           303.3

                           
                        
                        	
                              
                           
                           [87 ] 
                           

                           
                        
                     

                     
                           	
                              
                           
                           PVDF

                           
                           PVDF/PANI

                           
                           PVDF/MT

                           
                           PVDF/PANI/MT

                           
                        
                        	
                              
                           
                           Tetracycline 

                           
                           Tetracycline

                           
                           Tetracycline 

                           
                           Tetracycline 

                           
                        
                        	
                              
                           
                           1.4

                           
                           3.9

                           
                           25.1

                           
                           51.0

                           
                        
                        	
                              
                           
                           [83 ] 
                           

                           
                        
                     

                     
                           	
                              
                           
                           Sugarcane Bagasse Magnetic Compound

                           
                        
                        	
                              
                           
                           Tetracycline

                           
                        
                        	
                              
                           
                           48.40

                           
                        
                        	
                              
                           
                           [80 ] 
                           

                           
                        
                     

                     
                           	
                              
                           
                           Alkaline Biological Carbon

                           
                        
                        	
                              
                           
                           Tetracycline

                           
                        
                        	
                              
                           
                           58.80

                           
                        
                        	
                              
                           
                           [65 ] 
                           

                           
                        
                     

                     
                           	
                              
                           
                           SCG-1

                           
                           SCG-2

                           
                        
                        	
                              
                           
                           Tetracycline 

                           
                           Tetracycline

                           
                        
                        	
                              
                           
                           64.89

                           
                           123.46

                           
                        
                        	
                              
                           
                           [88 ] 
                           

                           
                        
                     

                     
                           	
                              
                           
                           NDA150

                           
                        
                        	
                              
                           
                           Tetracycline 

                           
                        
                        	
                              
                           
                           178.20

                           
                        
                        	
                              
                           
                           [81 ] 
                           

                           
                        
                     

                     
                           	
                              
                           
                           Multi-walled carbon nanotubes

                           
                        
                        	
                              
                           
                           Tetracycline

                           
                        
                        	
                              
                           
                           269.50

                           
                        
                        	
                              
                           
                           [73 ] 
                           

                           
                        
                     

                     
                           	
                              
                           
                           A-MCM-41

                           
                        
                        	
                              
                           
                           Tetracycline

                           
                        
                        	
                              
                           
                           415.10

                           
                        
                        	
                              
                           
                           [89 ] 
                           

                           
                        
                     

                     
                           	
                              
                           
                           Graphene Oxide Magnetic Nanoparticles

                           
                        
                        	
                              
                           
                           Oxytetracycline

                           
                        
                        	
                              
                           
                           45.0

                           
                        
                        	
                              
                           
                           [71 ] 
                           

                           
                        
                     

                     
                           	
                              
                           
                           Activated sludge

                           
                        
                        	
                              
                           
                           Oxytetracycline

                           
                        
                        	
                              
                           
                           90.9

                           
                        
                        	
                              
                           
                           [90 ] 
                           

                           
                        
                     

                     
                           	
                              
                           
                           Maize-straw-derived biochar 

                           
                        
                        	
                              
                           
                           Oxytetracycline

                           
                        
                        	
                              
                           
                           1.67

                           
                        
                        	
                              
                           
                           [66 ] 
                           

                           
                        
                     

                     
                           	
                              
                           
                           Peanut shells coated with polyaniline 

                           
                        
                        	
                              
                           
                           Oxytetracycline

                           
                        
                        	
                              
                           
                           65.5

                           
                        
                        	
                              
                           
                           [84 ] 
                           

                           
                        
                     

                     
                           	
                              
                           
                           Surfactant-modified alumina (SMA)

                           
                            

                           
                        
                        	
                              
                           
                           Oxytetracycline

                           
                        
                        	
                              
                           
                           143.0

                           
                        
                        	
                              
                           
                           [59 ] 
                           

                           
                        
                     

                     
                           	
                              
                           
                           Silica

                           
                           MSN

                           
                           FSN

                           
                            

                           
                        
                        	
                              
                           
                           Oxytetracycline 

                           
                           Oxytetracycline 

                           
                        
                        	
                              
                           
                           223.39

                           
                           8.33

                           
                        
                        	
                              
                           
                           [60 ] 
                           

                           
                        
                     

                     
                           	
                              
                           
                           Fe-N, N-SBA15 

                           
                        
                        	
                              
                           
                           Oxytetracycline 

                           
                        
                        	
                              
                           
                           70.99 

                           
                        
                        	
                              
                           
                           [91 ] 
                           

                           
                        
                     

                     
                           	
                              
                           
                           Zn/Fe double layer hydroxide 

                           
                        
                        	
                              
                           
                           Oxytetracycline

                           
                        
                        	
                              
                           
                           90.73

                           
                        
                        	
                              
                           
                           [79 ] 
                           

                           
                        
                     

                     
                           	
                              
                           
                           Hydroxide of:

                           
                           CuAl

                           
                           MnAl

                           
                           CuMnAl

                           
                        
                        	
                              
                           
                           Oxytetracycline Oxytetracycline Oxytetracycline

                           
                        
                        	
                              
                           
                           123.50

                           
                           26.70

                           
                           172.40

                           
                        
                        	
                              
                           
                           [49 ] 
                           

                           
                        
                     

                     
                           	
                              
                           
                           Sepiolite (SEP)

                           
                           CTAB-SDBS-SEP 

                           
                        
                        	
                              
                           
                           Oxytetracycline Oxytetracycline 

                           
                        
                        	
                              
                           
                           21.82

                           
                           41.28 

                           
                        
                        	
                              
                           
                           [58 ] 
                           

                           
                        
                     

                     
                           	
                              
                           
                           CLB

                           
                           MBC

                           
                           MMBC

                           
                           CLAC 

                           
                        
                        	
                              
                           
                           Oxytetracycline Oxytetracycline

                           
                           Oxytetracycline Oxytetracycline 

                           
                        
                        	
                              
                           
                           22.39

                           
                           55.77

                           
                           58.85

                           
                           1340.82 

                           
                        
                        	
                              
                           
                           [85 ] 
                           

                           
                        
                     

                     
                           	
                              
                           
                           Nano-hydroxyapatite

                           
                        
                        	
                              
                           
                           Oxytetracycline

                           
                        
                        	
                              
                           
                           78.27

                           
                        
                        	
                              
                           
                           [18 ] 
                           

                           
                        
                     

                     
                           	
                              
                           
                           Uncalcined hydroxyapatite

                           
                           Calcined hydroxyapatite

                           
                        
                        	
                              
                           
                           Oxytetracycline Oxytetracycline

                           
                        
                        	
                              
                           
                           291.32

                           
                           278.27

                           
                        
                        	
                              
                           
                           [61 ] 
                           

                           
                        
                     

                     
                           	
                              
                           
                           Polystyrene foam (PS)

                           
                           Beached foams  

                           
                        
                        	
                              
                           
                           Oxytetracycline Oxytetracycline

                           
                        
                        	
                              
                           
                           1.52

                           
                           27.50

                           
                        
                        	
                              
                           
                           [51 ] 
                           

                           
                        
                     

                     
                           	
                              
                           
                           Live biomass of the microalga 

                           
                           Dead biomass of the microalga 

                           
                        
                        	
                              
                           
                           Oxytetracycline Oxytetracycline 

                           
                        
                        	
                              
                           
                           29.18

                           
                           4.54 

                           
                        
                        	
                              
                           
                           [74 ] 
                           

                           
                        
                     

                     
                           	
                              
                           
                           Commercial activated carbon

                           
                        
                        	
                              
                           
                           Oxytetracycline

                           
                        
                        	
                              
                           
                           413.20

                           
                        
                        	
                              
                           
                           [69 ] 
                           

                           
                        
                     

                     
                           	
                              
                           
                           Activated carbon fiber

                           
                        
                        	
                              
                           
                           Oxytetracycline

                           
                        
                        	
                              
                           
                           312.50

                           
                        
                        	
                              
                           
                           [70 ] 
                           

                           
                        
                     

                     
                           	
                              
                           
                           Illite

                           
                        
                        	
                              
                           
                           Oxytetracycline

                           
                        
                        	
                              
                           
                           8.85

                           
                        
                        	
                              
                           
                           [57 ] 
                           

                           
                        
                     

                     
                           	
                              
                           
                           Alkali Treated Pine Wood Biochar 

                           
                        
                        	
                              
                           
                           Chlortetracycline

                           
                        
                        	
                              
                           
                           434.8

                           
                        
                        	
                              
                           
                           [67 ] 
                           

                           
                        
                     

                     
                           	
                              
                           
                           Polymers HCPS

                           
                        
                        	
                              
                           
                           Chlortetracycline

                           
                        
                        	
                              
                           
                           456.0

                           
                        
                        	
                              
                           
                           [52 ] 
                           

                           
                        
                     

                  
               

            

         

         
               CONCLUSION

            Tetracyclines are a class of antibiotics widely used around the world, the abusive use of tetracyclines in veterinary and
               human medicine causes important affectations to the environment, being a threat to aquatic organisms, the ecosystem and human
               health. Residual concentration of tetracyclines in the environment has increased considerably due to their multiple applications
               and the inability of wastewater treatments to eliminate antibiotics. Numerous studies have been carried out using the adsorption
               technique for the removal of the different tetracyclines in aqueous media using various types of adsorbents that were classified
               as metallic, polymeric, ceramic, composite, and biomass-based materials. In most studies, materials such as clays, zeolites,
               magnetic composite soils, graphene, biochar, activated carbons and carbon nanotubes have been used as adsorbents. The adsorption
               capacity of tetracyclines was very different from one adsorbent to another, studies indicate that synthetic materials have
               better adsorption properties because they are conferred high surface area, surface charges and controlled morphologies to
               mention a few. Currently, adsorption studies are focused on the use of natural adsorbents such as soils, clays, and minerals,
               however, for effective wastewater treatment, advanced methodologies and synthetically designed adsorbents provide a better
               solution for tetracyclines removal.
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