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Foreword

Functional materials are one of the most active research areas in the field of materials science, and have been widely used in our day-to-day life. Functional materials for water purification technology is an interdisciplinary subject of Engineering Materials Science and Environmental Engineering; the basic feature is the application of naturally or synthetically modified materials (such as zeolite, activated carbon and nano-catalytic iron) to achieve the purpose of removing various types of pollutants in water through the study of physical chemistry or biochemistry and other methods of the latest water purification processes.

The research and utilization of various environmental functional materials are very extensive. The latest research results of the authors are the main narrative objective of this book, and research results from other researchers are also referenced. Besides research focus, advanced technology and engineering applications are also selected and summed up in this book. The main contents include the following: (1) preparation and modification of fly ash artificial zeolite, (2) preparation technology of functional ceramsite and (3) preparation technology of montmorillonite with loaded nanometer iron and their application in the permeable reactive walls, constructed wetlands and aerated biofilters. These research contents are important for further research and applications of environmental functional materials, especially as hot spots in the field of current water purification processes (such as removal of persistent toxic pollutants, improvement of wastewater treatment process and ecological pollution control).

The organization of this book is complete and systematic, the latest national and international research progress and views are reflected and the preparation and optimization of materials and their applications in the actual wastewater treatment projects are also discussed in this book. The book is divided into 8 chapters: Chapter 1 is compiled by CHEN, Jianyu; Chapter 2 compiled by CHEN, Jianyu and LUO, Qijin; Chapter 3 compiled by LUO, Jun and CHEN, Jianyu; Chapter 4 compiled by PANG, Zhihua; Chapter 5 compiled by LUO, Qijin; Chapter 6 to 8 compiled by LUO, Jun and CHEN, Jianyu. Part of the chapters in the book is prepared and compiled by LIU, Chang; HUANG, Rongxin; ZHOU, Xiuxiu. The complete book is unified and edited by CHEN, Jianyu and LUO, Jun. In the process of writing, we earned much encourage and support from predecessors and peers who researched in the field of environmental functional materials. Special thanks to Mr. XU, Zhencheng from South China Institute of Environmental Sciences, MEE and Mr. WU, Wei from Peking University.

This book can be used as a textbook of water treatment technology for bachelor’s and master’s students, or as a reference book for engineers, technical or operational personnels.

We look forward to corrections from readers for errors and shortcomings in this book!
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1Prolegomenon

1.1Materials and environmental materials

Material science is an interdisciplinary research field involving mutual relations between the composition, structure, process, performance and performance of various materials. Materials science provides mainly scientific basis for material design, manufacturing, process optimization and rational use. Material science is widely integrated with other disciplines to form a large number of interdisciplinary subjects. According to the physical and chemical properties, material science includes the following categories: (1) polymer materials; (2) inorganic nonmetallic materials, including ceramsite materials, semiconductor materials and so on; (3) metal materials and composite materials and so on. In practice, it is often divided into structural materials and functional materials and so on.

In recent years, environmental materials as a new branch of science has attracted much attention. As the main branch of environmental materials, the development of functional materials for water purification occupies an increasingly important position. China has come to a critical stage of governance and management of the water pollution. The development of effective new technologies for wastewater treatment and restoration is needed. The application of environmental functional materials will be expected to greatly improve the efficiency of traditional water treatment process, and thus promotes the improvement of water quality in China.


1.2A review of functional materials for water purification

At present, China’s water pollution mainly includes nutrient pollution, heavy metal pollution and trace toxicity of organic pollution. The traditional biological methods for wastewater treatment (including activated sludge and biofilm) are effective for the removal of conventional organic pollutants, but they are not ideal for the abovementioned three types of pollutants in which there is still a lot of room for improvement.

In the broad sense, all the functional materials used for wastewater treatment are part of the functional materials for water purification. The current research focuses on the physical or chemical process of wastewater treatment to remove pollutants in water, or functional materials as biofilm carrier by biochemical treatment. Research mainly includes two aspects: first, the development of biofilm carrier filler; second, the development of new adsorption separation materials, including molecular sieve, composite adsorption-reducing materials and so on. From the existing research point of view, molecular sieve and composite multifunctional filler will be the focus of the development of functional materials for wastewater treatment.

When the functional materials as a biofilm carrier are called filler, they are mainly used in biological aerated filter (BAF) and constructed wetlands; when they are used jlas core for the filtration of wastewater treatment facilities they are called filtering media, generally used for filter dam, filter reaction wall and various types of filter chamber. The most widely applied functional materials for wastewater treatment include zeolite, ceramsite, basalt, activated carbon, slag, coke, anthracite, fine quartz sand, plastic ball and polymer materials. According to the current application situation, the cost, filtration performance and renewability are restraining factors of the application of filtering media. As biofilm carrier, the specific gravity, specific surface area, film speed, hydraulic shock load, manufacturing costs and raw materials of filler are particularly important. Because the function of natural raw materials is difficult to meet the requirements of water treatment, the use of various raw materials with reasonable price (such as various types of combustion fly ash and natural adsorption materials) to develop functional materials for water purification has a huge developmental potential. Different kinds of new functional materials for wastewater purification will play an increasingly important role in the field of Chinese water pollution control and management.


1.3Classification of functional materials for water purification

According to its practical use, the functional materials for wastewater treatment can be divided into four categories: (1) biofilm carrier, (2) adsorbent, (3) filter and (4) catalytic oxidation material. According to the acquiring method, they can be divided into natural materials and artificial synthetic materials. They can also be distributed into two classes: (1) organic and (2) inorganic materials. In addition, according to the mechanism of action, functional materials for wastewater treatment can be divided into physical and chemical functional materials; according to hydrophilic performance, they can be divided into hydrophilic and hydrophobic functional materials. The classification provided in this book is based on the practical use of functional materials for water treatment.

1.3.1Biofilm carrier

Biofilm carrier, also known as biological filler, is one of the most commonly used environment functional materials for water treatment. It mainly includes elastic filler prepared by polymer materials, ceramsite material such as shale, volcanic rock and clay. They may function poorly in the removal of contaminants, but they are all rough, strong and durable, have large specific surface area and cannot be degraded by microorganisms. It is suitable for microbial growth habitat.

1.3.1.1Polymer synthesis biofilm carrier

Polymer synthetic biofilm carrier can be divided into hard, soft and semisoft materials. The hard material is corrugated or honeycomb in structure, which is made of glass or plastic. Soft materials are fiber-like bundle, made of nylon, polyester, vinylon, acrylic and other chemical fiber, knitted into a bundle and connected with the center rope. Its advantages are as follows: they have large surface area and stable physical and chemical performance, and are easy to transport and assemble. The disadvantage is that the fiber bundle is easy to agglomerate, forming an anaerobic environment, and leading to short service life. Semisoft material is usually made of denatured polyethylene, polyvinyl chloride and other organic plastics. Its advantages include the following: large specific surface area, high porosity, corrosion resistance, no blocking, easy to install and so on. The disadvantage is easy to aging. Polymer synthetic biofilm carrier is generally used in the aerobic treatment process of wastewater treatment.


1.3.1.2Ceramsite

Ceramsite is the most widely used biofilm carrier for wastewater treatment, such as in biofilters and constructed wetlands. Because of different manufacturing processes, the ceramsite particles are generally spherical or oval. The preparation of ceramsite requires general steam curing or sintering steps to increase its strength; after firing, the ceramsite surface is hard ceramsite or enamel shell, whose strength can meet the needs of wastewater treatment. The particle size of the ceramsite is generally 5 to 20 mm.

Raw materials used to produce ceramsite generally include volcanic rocks, clays and shales. In recent years, the variety of raw materials has been significantly increased; solid waste is also used to produce ceramsite, including fly ash, steel slag, mineral waste residue, cinder, river sludge, sewage sludge, municipal waste combustion ash, straw and so on. Because of the requirements of the strength of the ceramsite, clay has been the most widely used binder in the world. The pore size and distribution of new ceramsite can be determined according to different needs. Compared with the traditional ceramsite, the new type of ceramsite has not only better performance for biofilm growth, but also for removal of nitrogen, phosphorus, organic and heavy metal from wastewater, therefore the new type of ceramsite has good application prospect.

The surface of the ceramsite particles is rough and porous, interior is a fine honeycomb cellular structure, which comes from gas formation and evolution during roasting. This structure leads to lightness. The density of some ceramsite is similar to that of water, which can be suspended in water and can flow evenly in the whole tank. At the same time, this cellular structure creates favorable conditions for microbial attachment on its surface.

The ceramsite made of coal gangue is convenient for film attachment and backwashing that has the advantages of good removal effect of organic and ammonia nitrogen (LI Guochang et al., 2007). The porosity of the filler prepared by dewatered sewage sludge, clay and fly ash is more suitable for microbial attachment and growth (QI Yuanfeng et al., 2012). DU Fang et al. (2010) used iron tailings as raw material, fly ash and urban sewage sludge as an additive; for ceramsite firing research, the best ratio of iron tailings, fly ash and sludge is 40.3%:44.7%:15%.

Application of ceramsite for wastewater treatment is one of the hotspots of Chinese research in the application of biological carrier materials. XIANG Qianghui et al. (2006) used ceramsite prepared by fly ash to treat wastewater containing metal ions, humus, phosphorus, fluoride or oil. The results show that the fly ash ceramsite has a good effect on the removal of various pollutants. YUE Min et al. (2004) studied the physical and chemical properties of lightweight spherical ceramsite and the properties of the biofilm growth and the effect of organic wastewater treatment in tower anaerobic biofilter. Their studies have shown that this material is suitable for use as an anaerobic microbial carrier. YUAN Xi et al. (2007) treated low concentration of domestic wastewater with ceramsite as the carrier material of the BAF. The removal efficiency of COD (Chemical Oxygen Demand), NH4-N and SS (Suspended Substance) was studied and the morphology of biofilm was observed. The results showed that the removal rates of COD, NH4-N and SS after effluent were more than 80%, 90% and 80%, respectively, when the COD concentration in influent was between 30.8 mg/L and 184.8 mg/L; the average concentration of NH4-N was 25 mg/L; the SS concentration was between 61.2mg/L and 206.9 mg/L; the HRT was 12, 10, 8, 5 and 3h, respectively. SANG Junqiang et al. (2004) investigated the effect of phosphorus on the biofilm of the ceramsite filter. The results showed that the addition of phosphorus source into the raw wastewater can improve the number and activity of microbes in the ceramsite filter, thus improving the pretreatment effect, if the phosphorus source content in the raw wastewater is low and cannot meet the microbial growth requirement.



1.3.2Adsorbing functional materials

Adsorbing functional materials can remove pollutants in wastewater directly through the adsorption in the water treatment process; it includes two categories: (1) biomass adsorbing materials and (2) inorganic adsorbing materials. Unlike biofilm carrier, adsorbing functional materials mainly rely on their own adsorption capacity of pollutants to completely remove the pollutants. To ensure that its adsorption capacity is sustained and stable, the growth of microorganisms on the adsorption material should generally be avoided.

1.3.2.1Biomass material

The current range of biomass materials is very extensive. In recent years, a large number of researches carried outside of China are based on biomass materials, including various types of microorganisms, shells, algae, bark, coconut, wood, shellfish, corn cob, sawdust, starch, chitosan, protein, cellulose, lignin, polymer natural rubber, calcium alginate, agar, carrageenan and so on. After pretreatment, modification and other preparation processes give its different wastewater treatment characteristics. Based on the current reported research, a large number of biomass materials showed excellent performance for wastewater treatment, especially in adsorption performance. This kind of raw material is rich in resources, low cost, nontoxic to microorganisms, harmless and good mass transfer performance, so its research and development application prospects are broad. However, the course of the operation is often affected owing to the decomposition of organic substances.


1.3.2.2Inorganic adsorbing materials

(1)Carbon adsorbent

Carbon adsorbent mainly refers to activated carbon, in addition to expanded graphite and so on. Activated carbon has been one of the most popular adsorbents because of its excellent adsorption properties and developed pore structure. Activated carbon is amorphous carbon; it is irregularly assembled from a number of graphite-type layered microcrystals with crystal defect. There are numerous micropores in the activated carbon with a pore size of 1×10−10μm–1×10−6μm, especially 1×10−10–1×10−9μm, which lead to the huge surface area (up to1,000m2/g) of activated carbon (YANG Huifen et al., 2008). Because of the stability of the chemical properties of carbon adsorbent, it can be widely applied.

Activated carbon is not only good for removal of color and smell, but also has high adsorption capacity for synthetic detergents. Removal of organic matter in water is one of the important applications of activated carbon. In addition, activated carbon can also effectively remove carbamate insecticides that mostly cannot be degraded and other COD. Activated carbon can effectively remove free chlorine and some heavy metals (such as mercury, antimony, tin and chromium) without secondary pollution (The pollution caused by other water treated materials). In the treatment of industrial wastewater, activated carbon is mainly used for advanced treatment, or it is used for secondary treatment combination system of the petrochemical and printing and dyeing wastewater with high content of COD and BOD (Biological Oxygen Demand).


(2)Zeolite

Zeolite is a general term for the porous aquatic aluminosilicate minerals. It contains metal ions such as Na, Ca, Sr, Ba, K and Mg. The general chemical formula can be expressed as (Na，K)x(Mg, Ca, Sr, Ba)y [Alx+2ySin-(x+2y)O2n]·mH2O, where x is the number of alkali metal ions, y is the number of alkaline earth metal ions, n is the sum of the number of silicon aluminum ions and mis the number of water molecules.

The crystal structure of the zeolite is composed of silicon (aluminum)–oxygen tetrahedron into a three-dimensional grid; the grid has different sizes of holes and channels, with great openness. Alkali metal or alkaline earth metal ions and water molecules are distributed in the holes and channels, and the grid is weak. The zeolite can be used in the ion-exchange method of water. The sodium and calcium ions in zeolite can be exchanged with potassium and magnesium in aqueous solution, and are used industrially for hard water softening. Different ion-exchange mediums have little effect on the zeolite structure, but the properties of the zeolite can be changed. There are different sizes of cavities in crystal lattice; they can absorb or filter other different molecules. It is often used as a molecular sieve in the industry to purify or separate substances such as gas separation, oil purification and industrial pollution treatment.

There are more than 30 kinds of zeolites found in nature; the more common are analcime, chabazite, scolecite, heulandite, natrolite, mordenite and stilbite. Because of the natural properties of the zeolite, there is a great deal of research on the synthesis of artificial zeolites by using fly ash, ash and other raw materials. The adsorption capacity is similar to that of natural zeolites, and the cost is lower. Recent studies have focused on the incorporation of rare earth elements and other substances into artificial zeolite to give its new characteristics for wastewater treatment.


(3)Diatomite

Diatomaceous earth (or Diatomite) is a porous, low-density, acid proof, alkali proof and insulated nonmetallic mineral. It has the advantages of high porosity, high pore volume, lightweight, low bulk density, large specific surface area, low thermal conductivity, strong adsorption and good activity. Because of the large number of ordered nanoporous microstructures, diatomite has a large specific surface area; thus, it is a natural nanomaterial that can adsorb liquids 1.5 to 4 times its own mass. The shell of diatomite particles is with natural multilevel ordered micropore structure, which makes it very valuable in applications such as polymer materials, paint filler, enhancers, chemical filter aid, adsorbent, catalyst carrier, surfactant and chromatographic stationary phase or carrier (YANG Huifen et al., 2008). Because its surface is covered by a large number of silicon hydroxyl groups, the surface of diatomite particle is usually negatively charged, so that it has good exchangeability and selectivity for heavy metal ions. Diatomite has a unique characteristic. The treatment of heavy metal pollution with diatomite is not only simple and effective but also inexpensive, and the release rate of heavy metals during desorption is low.


(4)Sepiolite

Sepiolite is a rare nonmetallic mineral with strong adsorption and adhesion. Sepiolite is rich in minerals and organic matter. Sepiolite, with orthorhombic mode, is a layered water magnesium silicate or magnesium aluminum silicate, which presents fine veins and reticulates in the rock. Its main chemical composition is silicon (Si) and magnesium (Mg), the chemical formula is Mg8Si12O30(OH)4(OH2)4·8H2O. The crystal structure is two layers of silicon–oxygen tetrahedron, the middle layer of magnesium–oxygen octahedron. This unique structure allows the sepiolite to have relatively large specific surface area and ion-exchange capacity for physical adsorption and chemical adsorption. Sepiolite adsorption activity center can be divided into three types: (1) the oxygen atoms in the silicon–oxygen tetrahedron, (2) water molecules coordinate with magnesium ions on the octahedral side and (3) the Si–OH ion complex produced by the rupture of Si–O–Si bonds on the surface of the tetrahedron. These Si–OH ion complexes can interact with the adsorbed molecules of the sepiolite to form covalent bonds.

The sepiolite exists in the neutral adsorption sites formed by the silanol groups, which is located on the “outer surface” of the silicate. In addition, it also exists in the negative adsorption sites, which are formed of low-cost metal ions instead of Si4+. The distribution of these two sites on sepiolite gives it a strong ability to adsorb neutral organic molecules or organic cations. Sabah et al. (2002) had a thermal activation of sepiolite at 300 °C at first, then acidified with nitric acid at room temperature for 3 h to adsorb organic compounds such as dodecyltrimethylammonium bromide, cetyltrimethylammonium bromide, long carbon chain and short carbon chain quaternary ammonium salt in wastewater. The adsorption effect is very good. Sepiolite not only can be used to adsorb organic cations, in recent years it has also been used to adsorb organic anions, and it has also achieved good results. Ozdemir et al. (2004) modified sepiolite with a typical quaternary ammonium surfactant hexadecyltrimethylammonium for adsorption of yellow, black and red anion dyes with sulfonic acid, resulting in a maximum adsorption capacity of 169.1 g/kg, 120.5 g/kg and 108.8 g/kg.


(5)Bentonite

Bentonite is kind of clay rock, the main chemical composition is SiO2, Al2O3 and H2O, it also contains Fe, Mg, Ca, Na, K and other elements. The contents of Na2O and CaO have considerable influence on the physicochemical properties and technological performance of bentonite. The bentonite can be divided into sodium bentonite (alkaline soil), calcium bentonite (alkaline soil) and natural bleaching earth (acid soil or acid clay), in which calcium bentonite also includes calcium–sodium-based and magnesium–calcium-based bentonite. Bentonite has a strong hygroscopicity and dilatancy; it can adsorb 8 to 15 times the volume of water of its own, the volume expanded up to several to 30 times. Bentonite can be dispersed into a gel and suspended medium in water, this medium solution has a certain viscosity, variability and lubricating property. Bentonite has a strong cation exchange capacity. Bentonite has a certain adsorption capacity on a variety of gases, liquids and organic substances; the maximum amount of adsorption is up to five times the weight of its own. Acid bleaching earth with surface activity can adsorb colored ions. The blend of bentonite with water, mud or fine sand has plasticity and adhesion.

The silicon oxygen structure on the surface of natural bentonite has strong hydrophilicity. In addition, a large number of exchangeable cations located between the layers can be hydrolyzed, so that there is usually a thin water film on the surface, which cannot effectively adsorb hydrophobic organic pollutants. Natural bentonite is inorganically polymerized after sodium transition, which can greatly improve the decolorization ability to organic pollutants, can greatly improve the decolorization ability of bentonite to organic pollutants and which can be used for the treatment of printing and dyeing wastewater, COD removal rate is up to 85%.


(6)Montmorillonite

Montmorillonite belongs to monoclinic crystal system. It is usually white soil-like block, sometimes with light red, light green, light yellow, break colors. The hardness of montmorillonite is 1–2 (the Mohs Hardness Scale), and its density is 2–3 g/cm3. Montmorillonite is a typical 2:1 layered silicate mineral with a large surface area and surface energy. Each montmorillonite unit cell consists of two silicon–oxygen tetrahedrons and alumina octahedral parallel chains; it adsorbs and releases water molecules between each crystal structure layer. Montmorillonite has a high cation exchange performance, showing a strong adsorption, and the particles are easy to split into very fine charged particles. Numerous studies and experiments have shown that natural or modified montmorillonite is effective in handling heavy metal contamination. At present, montmorillonite and bentonite have become one of the hot research directions of environmental functional materials in the world.


(7)Silica gel

Silica gel is a kind of porous material formed by dehydration of white colloidal silicic acid precipitated by water glass and sulfuric acid or hydrochloric acid. It belongs to amorphous structure with large specific surface area, good adsorption performance and radiation resistance and chemical stability. The hydroxyl groups on the surface have a certain degree of polarity, and the microbial cells can be immobilized by the effects adsorption and charge. Porous silica gel is an amorphous material; the surface is rich in silicon hydroxyl. The molecular sieve of silica gel is an inorganic micropore composed of SiO2, Al2O3 and alkali metal or alkaline earth metal, with a uniform pore size as that of a diameter of a molecule. The molecular sieve is mainly prepared by hydrothermal synthesis and hydrothermal conversion (FENG Yujie et al., 2009). In addition, this kind of molecular sieve can be used as adsorption and separation materials, and also as a microbial carrier for wastewater treatment. The molecular sieve has uniform distribution of pore size, high porosity and high specific surface area.

As a separation material, silica gel has its outstanding advantages, especially high mechanical strength and good radiation stability. However, silica gel has only a single functional group of hydroxyl, and the product performance of different types of silica gel is not identical. According to the needs of practical application, silica surface hydroxyl groups can graft some of the groups with specific functions on the surface of silica gel for inside and outside surface modification. The result is a variety of new materials with special separation function; it is one of the hot scientific research topics of the contemporary separation of materials (FANG Yutang, 2007).




1.3.3Filter

1.3.3.1Conventional filter for wastewater treatment

Conventional filters for wastewater treatment mainly include ionic resin, quartz sand, manganese sand, mineral fossils, olivine, ceramsite, perlite, zeolite, sepiolite, coral limestone, montmorillonite, diatomaceous earth, bituminous coal, lignite, fiber ball, polystyrene, glass beads, Kinetic Degradation Fluxion (KDF) copper and zinc alloy (one patented product by Don HesKett), magnet, especially quartz sand and ceramsite are most widely used.

Quartz sand is a common filter material widely used in water treatment, wastewater treatment, environmental management and other water purification process. Because of less pores on the quartz sand filter surface, it is not ideal for the removal of toxic and harmful substances in water. At present, the development of quartz sand filter is mainly to improve its surface properties to produce modified filter with excellent mechanical strength and adsorption properties. ZHOU Yuexi et al. (1994) used iron salt surface modifier to produce quartz sand filter to remove phosphate and heavy metal ions in water. DING Chunsheng et al. (2009) used quartz sand as the carrier, with repeated heating steaming method to prepare aluminum salt modified quartz sand. The removal rate of COD and UV254 in water was higher than that before modification. MA Jun et al. (2002) modified quartz sand filter to strengthen the treatment of algae water. The experimental results show that compared with the original quartz sand filter, modified quartz sand filter on the algae water has an excellent treatment effect.

Porous ceramic is a new type of functional material of pore structure, which combines the high specific surface area of porous materials and the physical strength characteristics and chemical stability of ceramic materials. By controlling its pore size, pore shape, porosity and bulk density, different filtering functions can be achieved. WU Jianfeng et al. (2010) prepared a red clay porous ceramic filter with dolomite and graphite as pore-forming agent. The pores were evenly distributed and the pore volume was large, which could meet the requirements as filter for water treatment.


1.3.3.2Fiber filter

As a developmental direction of fiber filter, an important feature of granular filter is that it can be easily and completely cleaned in the filter pool or filter. The fiber filter has a greater specific surface area and porosity than quartz sand or other solid particulate material. The fiber filter bed has a greater interception capacity, resulting in higher filter efficiency. Fiber filter includes the following: (1) short fiber monofilament scrambling filter, (2) low curled fiber ellipsoid filter, (3) solid fiber ball, (4) center ligation fiber ball, (5) curled fiber center ligation fiber ball, (6) rod fiber filter, (7) comet fiber filter and (8) fiber bundle filter. Different types of fiber filters have been developed based on the abovementioned materials.



1.3.4Catalytic reaction environment functional materials

Nano environmental functional materials are the most important parts of catalytic reaction materials. Nanomaterials describe materials of which a single unit is sized (in at least one dimension) between 1 to 100 nm. Nanomaterials include zero-dimensional atomic clusters and nanoparticles, one-dimensional nano-multilayers, two-dimensional nanoparticle films and three-dimensional nanophase materials. The size of the material up to the nanometer level produces many performances that the traditional solid does not have, including the surface effect, volume effect, quantum size effect and macroscopic quantum tunneling effect. In addition, owing to their small size, nanomaterials usually have a large surface area. The unsaturation of surface atomic coordination leads to a large number of dangling bonds and unsaturated bonds, which makes the nano-materials to be highly chemically active. Because of these specificities, nanomaterials have unique properties of separation, photocatalysis, reduction and adsorption. The size of nanomaterial structural unit is small, so that the effective contact area with pollutants is relatively large, and the removal effect of pollutants in water is better than that of traditional water treatment methods. Therefore, nanomaterials have a broad application prospects in the water treatment industry. At present, nanomaterials used for water treatment can be divided into four types: (1) nanofiltration membrane materials, (2) photocatalytic materials, (3) nano-reducing materials and (4) nano-adsorbent materials. The most widely used nanomaterials for wastewater treatment include nanofiltration membrane, titanium dioxide photocatalyst, nano zerovalent iron, nano nickel, nano zinc, carbon nanotubes and so on.

1.3.4.1Photocatalytic environment functional materials

Semiconductor photocatalysis is a high-level chemical oxidation technology for wastewater treatment. There have been a series of semiconductor photocatalytic materials developed, including oxides (such as TiO2, ZnO, WO3, La2Ti2O7 and BiVO4), sulfides (such as CdS, ZnS and CdSe) and phosphide (GaP, InP). Among these photocatalysts, TiO2 has excellent chemical stability, light stability and biocompatibility and other unique properties; it is considered the most popular photocatalyst. Themixed crystal TiO2, whose mass ration of commercially available anatase and rutile is about 80:20, is used as a research standard for the development of new photocatalyst. The average particle size is 25 nm, and the specific surface area is 50 m2/g. Because of its high specific surface area and good dispersibility, nano-semiconductor photocatalytic materials with quantum size effect can meet the requirement of high efficiency photocatalytic performance to the maximum extent. However, since the suspended nanoparticles are easily agglomerated, this leads to a rapid decrease in photocatalytic performance. Because of this, people pay more attention to the preparation of porous photocatalytic materials or the nano-photocatalytic materials on the porous solid substrate. At present, many design methods have been used to prepare nanocomposites with high specific surface area and good crystallinity, as well as morphological control of porous photocatalysts in different scales.


1.3.4.2Iron-based catalysts

Iron-based nanomaterial refers to the ultrafine iron powder material, whose three-dimensional particle size is in the range of 1–100 nm. Compared with micron-sized iron particles, the nano-iron particles are extremely small in diameter. So the number of atoms on the surface increased dramatically, while increasing the surface tension and surface energy of iron particles. Therefore, nano-iron material shows some unique properties, compared with the conventional fine powder. HU Liujiang et al. (2008) used load-bearing nano-iron material to remove nitrobenzene in wastewater. In 120 min more than 98% nitrobenzene was removed, whose influent concentration was 200 mg/L. The nano-iron material can maintain high removal ability of nitrobenzene in the wide pH range. The results of TANG Cilai et al. (2007) showed that nano-iron has a huge application space in the field of water pollution remediation by virtue of the effective treatment ability of pollutants such as NO3−, heavy metals and chlorinated organic compounds.



1.3.5Comparison of various functional materials for water treatment

The types of functional materials for water treatment are numerous. With the continuous progressing of technology, the development of functional materials for water treatment gradually tends to composite multifunctional. Some functional materials may also have several functions. For example, the multifunctional ceramic is currently researched and developed; it not only can be used as a biofilm carrier, but also has a good pollutant removal performance. However, its functions can generally be classified as the four categories above. Table 1.1 shows the current comparison of the main environment functional materials for water treatment.



1.4Current problems of research on environmental functional materials

The history of environmental functional materials in China is still very short. Compared to advanced countries outside China such as Japan, the technological development and theoretical research are still lagging behind and still in the time of learning and imitating. At present, the functional materials for conventional wastewater treatment projects to strengthen the removal of pollutants include new artificial zeolite, porous ceramic, modified clay mineral and multifunctional composite materials. However, most of the research is still in the early stages; the mechanism for the removal of contaminants from functional materials is still unclear. The developed materials can be basically used only in the laboratory; there is still a long way to the actual engineering application. The abovementioned problems greatly limit the application of functional materials for wastewater treatment and the overall technical level of China’s wastewater treatment. Therefore, the related research on functional materials for wastewater treatment should be further promoted.

Table 1.1: Comparison of the main environment functional materials for water treatment.
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Based on above conditions, our research team started working on functional materials for wastewater treatment in 2005. After years of accumulation, we have a comprehensive and in-depth study on artificial zeolite, functional ceramsite, modified mineral materials and zerovalent iron materials and so on. The research results have been used in the permeable reactive barrier (PRB), filter reactive barrier, new aeration biofilter, constructed wetland and other practical wastewater treatment projects. The results showed that the treatment effect was remarkable, especially in the adsorption and degradation of trace organic pollutants, the adsorption of heavy metals and so on. To this end, this book introduces the research results in the new functional materials for wastewater treatment in recent years for reference.
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2Preparation and modification of artificial zeolite by fly ash

2.1Overview of artificial zeolite

2.1.1Introduction of zeolite and artificial zeolite

Zeolites are hydrated aluminum silicates with monolayer structure, which have good adsorption properties, cation exchange performance and catalytic performance. The chemical composition of the zeolite is complicated. There is a large variation in different kinds of zeolite. Zeolite mainly contains Na and Ca and a few metal ions of Sr, Ba, K and Mg. The general chemical formula of zeolites is AmBpO2p·nH2O, and the structural formula is A(x/q) [(AlO2)x(SiO2)y]n/(H2O), where A represents cations such as Ca, Na, K, Ba and Sr; B represents Al and Si; p is the cationic valence; q is the cationic potential; mis the number of cations; n is the number of water molecules; x is the number of Al atoms; y is the number of Si atoms; (y/x) is usually between one and five; and (x + y) is the number of tetrahedrons per unit cell.

There are more than 80 known natural zeolites, and the most widely distributed zeolites are analcite, heulandite, laumontite, harmotome, chabasite, erionite, mordenite, natrolite and scolecite. With the development of research, new types of zeolites will continue to emerge.

Natural zeolite has many advantages, such as wide distribution, large reserves and low cost. It also has some disadvantages, such as many impurities, low purity and some performance cannot meet the specific needs. Therefore, the artificial zeolite is synthesized, based on the physical and chemical structure and its properties.

In 1948, the first artificial zeolite was successfully synthesized. Up to now, more than 40 kinds of natural zeolites have been synthesized, in addition to more than 100 kinds of new zeolites. The research work of China’s synthetic zeolite begins rather later. In 1959 the A, X and Y zeolite molecular sieves were synthesized for the first time. Since then, China’s research and the industrial applications of synthetic zeolite improved constantly, and the type and yield of synthetic zeolites are also increasing. At present, some synthetic technologies and products have reached the international advanced level.

Synthetic zeolites are mainly used in detergents and catalysts. Some domestic and foreign companies are developing new zeolite products to expand the scope of application of zeolite products, including alternatives for CFC (chlorofluorocarbons), sealed insulated (thermal insulated) special glass, adsorbents, desiccants and environmental functional materials.

Based on synthetic materials, synthetic zeolites can be divided into two categories: (1) from chemical raw materials (such as Al(OH)3, SiO2 and Na2O) and (2) from natural mineral materials. The frequently used industrial zeolite, which is synthesized from traditional chemical raw materials, has the following advantages: (1) technical maturity; (2) technical conditions that are easy to control; and (3) high quality. But the raw material is relatively expensive, and the source is limited, which has seriously affected the wide range of synthetic products. Because of its rich raw materials, the production cost of synthetic zeolites from natural mineral materials is reduced. Up to now, the zeolite products with excellent properties have been successfully synthesized by using natural mineral raw materials such as bentonite, kaolin, pyrophyllite, gangue, tuff, perlite, natural zeolite, potassium feldspar powder and pumice (ZHANG Xihuan et al., 2006).

In addition to the abovementioned two kinds of synthetic materials, in recent years, it has been found that the chemical and mineral composition and the texture and structure of ash from power plant and cinerite, precursor of natural zeolite, are similar. This provides the synthetic possibility from fly ash. Therefore, the use of fly ash to prepare zeolite has a large utility value. Turning waste into treasure makes it the research emphasis of synthetic zeolite.


2.1.2Mechanism of zeolite synthesis

At present, the following three theories provide the mechanism of zeolite synthesis.

(1)Mechanism for liquid phase transition

Zhdanov (1971) deemed that the zeolite crystal nucleus is formed in the liquid phase or on the interface of gel. The growth of crystal nucleus consumes the silicate hydrate in the solution. The solution provides the soluble structural units for the growth of zeolite crystal nucleus. The consumption of the liquid phase during the crystallization leads to the continued dissolution of the gel solid phase. After mixing all raw materials, the initial aluminosilicate gel is first produced, which is disordered, but it may contain some simple primary structural units, such as four-membered ring and six-membered ring. When the gel and liquid phases established a dissolution equilibrium, the solubility of the aluminosilicate depends on the structure and temperature of the gel; when the temperature rises, it will establish a new equilibrium. The increase in the concentration of aluminosilicate in the liquid phase leads to the formation of nucleus, which promotes crystal growth. The growth of nucleation and crystals consumes the silicate ions in the liquid phase and causes the dissolution of the amorphous gel. Eventually, the gel is completely dissolved and the zeolite crystals are completely grown.


(2)Mechanism for solid-phase transition

The mechanism for solid phase suggests that neither the solid phase dissolves nor the liquid phase directly involved in the nucleation and zeolite crystal growth during the crystallization. When the raw materials are mixed, the silicate and the aluminate are polymerized to form an aluminosilicate initial gel. Although the intergranular liquid phase is produced, the liquid phase does not participate in the crystallization, and the liquid phase is constant throughout the crystallization. The initial gels are depolymerized and rearranged under the action of OH- to form primary structural units for zeolites. These primary structural units surround the hydrated cation, and are rearranged into polyhedrons, which are further polymerized to zeolite crystals.


(3)Mechanism for biphasic transformation

The mechanism for biphasic transformation of zeolite crystallization suggests that the mechanism for solid phase and for liquid phase both exist, and they can occur in both systems or in the same system. For example, Gabelica et al. (1983) found that both the transitions of solid phase and of liquid phase in ZSM-5 synthesis system occurred by different reactant ratio and reaction conditions.

The synthesis mechanism of fly ash zeolite is more complicated, and it is influenced by many factors such as the ratio of Si/Al, temperature, concentration of alkali liquor and reaction time, different researchers have put forward various views. Dawson (1988) proposed that the crystal formation under hydrothermal conditions is divided into two stages: “dissolution” and “precipitation.” Murayama et al. (2002) argued that the first step for synthetic zeolite crystals of fly ash is the formation of aluminosilicate gels from alkali-dissolving fly ash particles. The polycondensation and the deposition of aluminosilicate gel occurred then on the particles surface. The final deposited gel is translated into zeolite crystals. Murayama et al. (2002) proposed a three-stage theory of zeolite synthesis from fly ash by analyzing the typical product (zeolite P) of hydrothermal synthesis: (1) Si4+ and A13+ in fly ash dissolve; (2) SiAl in alkali liquor concentrates and forms a silica-alumina gel; (3) the silica-alumina gel crystallizes under certain conditions to form a molecular sieve crystal. Experiments show that the presence of OH- in alkali liquor can dissolve Si4+ and A13+ in fly ash, while Na+ controls the crystallization rate. When both Na+ and K+ are present in alkali liquor, the crystallization rate decreases with the increase of K+ concentration. Based on the experiment of preparation of zeolite A from fly ash by the hydrothermal method, Fu Keming et al. (2008) proposed that the growth stage of zeolite A in hydrothermal system includes dissolution of fly ash particles→sedimentation of Al(OH)3 →dissolution of sedimentation→aluminosilicate gel→aggregation →initial crystallization (crystal nucleus) →complete crystallization. The aggregation of aluminosilicate gels is the basis for the formation of nuclei, and the aggregation of nuclei and small particles is the main way of zeolite A grain growth. At present, the understanding of the zeolite crystal formation mainly includes two perspectives: (1) Aggregation growth theory (DU Gaohui et al., 2000), that is, through aggregation of small particles with similar size to form large particles; and (2) attachment growth theory (SCHOEMAN B J., 1998), that is, the small particles attached large particles to form zeolite particles.

The synthesis of zeolite from fly ash can be divided into three processes: (1) dissolution, (2) aggregation and (3) crystallization. The mechanism of synthesis is shown in Figure 2.1.


[image: ]
Figure 2.1: Mechanism of zeolite synthesis by fly ash.




2.1.3Research progress in preparation of artificial zeolite from fly ash

The earliest developed technology of fly ash zeolite is the hydrothermal crystallization synthesis (hydrothermal synthesis), which was completed by Holler and Wirsching in 1985. After nearly 30 years, based on the traditional hydrothermal synthesis, many other synthetic methods have been developed. Although there are many improvements, the hydrothermal synthesis is still a classic process.

(1)Hydrothermal synthesis

The basic process of hydrothermal synthesis is that the glass phase in fly ash is first dissolved under alkaline conditions, and then the aluminosilicate colloid is formed. The colloid is crystallized and converted to zeolite. The following shows the typical technologies:

(i)One-step method

NaOH or KOH is used as an activator to form the alkaline solution with an appropriate concentration. A certain amount of alkaline solution and fly ash are mixed evenly, under a certain temperature conditions for a period of time, to crystallize. After filtering the solution, the solid is washed with deionized water (to reach pH value 10). After drying at 100 °C, the zeolite is produced. Inada et al. (2005a) synthesized zeolite Na-P1 with one-step method. Steenbruggen et al. (1998) synthesized zeolite Na-P1 under hydrothermal condition. The experimental results show that it has good adsorption capacity for Ba2+, Cu2+ and other heavy metal ions.


(ii)Tow-step method

The basic process of two-step method is: in the frist step, add Na2CO3, NaOH or KOH solution to a certain amount of fly ash, then allow the solution to stand for a while and finally after filtration zeolite is obtained. In the second step, detect the concentration of silicon and aluminum ions in the filtrate, then add the aluminum and silicon source depending on the requirement. After crystallization under hydrothermal conditions, the zeolite is finally obtained (HOLLMAN, 1999). Zeolites Na-P1, Na-X and Na-A synthesized by Hollman et al. (1999) using two-step method have a high purity of 95%. WANG Chunfeng et al. (2008), using two-step method with fly ash as raw material, synthesized submicron zeolite Na-A [Na12(Al12Si12O48)·27H2O]. The average particle size is 450 and 250 nm, respectively. The size span is 3.84 and 2.44, respectively. The ion-exchange capacities of the synthetic product NH4+ and Cu2+ increased significantly with the decrease in grains.


(iii)Microwave synthesis method

In the basic process of microwave synthesis, the solution will be heated with microwave instead of a conventional oil bath and electric heating. The zeolite product is obtained after aging at a certain temperature, standing for a period of time, filtration, washing and drying. Inada et al. (2005b) studied the effect of microwave heating on zeolite synthesis. The results show that the microwave heating for 15 min was favorable for the zeolite synthesis in the preliminary stage, but is not conducive to the zeolite synthesis in the medium term (especially 45–60 min after synthesis), and the effect is less in the later stage (after 90 min).



(2)Alkaline fusion method

A certain percentage of the activator such as NaOH or KOH is added to the fly ash and then mixed evenly. The mixture is calcined at a higher temperature so that all of the silica-alumina components in the fly ash, including the inert crystalline phase mullite and quartz, are also activated. A certain amount of distilled water is added into the calcined product after uniform grinding. The zeolite product is obtained after stirring, aging for a period of time, crystallization at the appropriate temperature, filtration, washing and drying. Molina et al. (2004) synthesized the zeolite X by the alkaline fusion method. Because of its special surface area and larger pore size, the zeolite exhibits a high ion exchange performance.


(3)Salt heating method

The activators (NaOH, KOH and NH4F) and some salts (NaNO3, KNO3 and NH4NO3) were added to the fly ash in the appropriate proportions. The homogeneous mixture is calcined at a high temperature to obtain the zeolite crystal. Although no water is added during the salt heating process, the reaction temperature is high and the synthetic product contains a large amount of salt and requires a large amount of water to wash the product. And the synthesis process requires a lot of salt, which has brought trouble to the subsequent treatment. Park et al. (2000) and Choi et al. (2001) synthesized sodalite and cancrinite crystal by salt heating method. Their ion exchange performance is poor, so this method is not widely used.


(4)Adding alkali liquor gas phase synthesis method

First, a certain percentage of fly ash and NaOH or KOH solution are mixed evenly, and then dried into a solid-state precursor material, after then crystallized in water or water and organic amine vapors (ZHANG Shugen, 2003).


(5)Trace water system solid phase synthesis method

A certain percentage of fly ash and activator with trace water are grinded fully. The homogeneous solid reactants were placed in a stainless steel reactor. Zeolite is obtained after crystallization at the appropriate temperature, washing and drying. Liu Yongmei et al. (2002) synthesized zeolite A by solid phase method. The X-ray diffraction (XRD) and scanning electron microscopic (SEM) images show that the crystallinity of this zeolite is high. Crystalline grains are regular round particles. The Ca2+ cation exchange capacity (CEC) of the zeolite reached 300 g (CaCO3)/g (zeolite). But because of less water in the reaction system, the mixing is not uniform. It is difficult to complete the chemical reaction, and the total productive rate and performance of synthetic zeolites are not ideal.
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