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Zeolites are crystalline micro- and mesoporous materials widely used as catalysts and sorbents. Zeolites are commonly
used in separation processes in, e.g., the petrochemical and pharmaceutical industries as they can be made fairly specific
to the target molecules, and since the main mechanisms behind the separation process (molecular sieving, electrostatic
interaction, and polarization) are always reversible, zeolites are believed (under ideal situations) to be able to undergo a
virtually unlimited number of adsorption—desorption cycles. This is important from a cost-efficiency perspective too, as the
high initial costs can be compensated by the longer life, assured by excellent stability and ease of regeneration.
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| 1. Introduction

There is an increasing interest in using incineration to dispose of municipal solid waste (MSW) due to the large reduction
in weight (up to 70%) and volume (up to 90%), the concomitant recovery of energy and heat, and the destruction of most
of the hazardous organic contaminants and pathogens. The globally generated amount of MSW increased significantly
from 1.3 billion tons per annum in 2012 to 2.1 billion tons in 2018 W, which is expected to increase further to 3.4 billion
tons per year by 2050 [. Upon incineration, three main residues are produced: bottom ash, fly ash (FA), and air pollution
control (APC) residues. Approximately 250-300 kg of bottom ash, 25-30 kg of fly ash, and APC residues are generated
for each ton of MSW incinerated El. The bottom ash residue is utilized in many applications, particularly in building and
construction work. The FA residue, however, is generally regarded as toxic waste due to its high content of heavy metals,
salts, and organic micropollutants such as dioxins and furans 4 owing to the volatilization and condensation of different
elements during the incineration. Therefore, nearly all MSW incineration FA (MSW-FA) is stabilized/solidified and
deposited as toxic waste in landfills, and due to their enormous volumes, taking up valuable space. However, a shift in
focus from environmental impacts to resource recovery has identified the potential value of embedded salts and metals in
the MSW-FA, and some progress has been made in recovering these resources 287,

The principal components of FA are CaO, SiO,, Al,Oz, and Fe,03, resembling the main components of volcanic material,
a precursor of natural zeolites. Zeolites are crystalline micro- and mesoporous materials widely used as catalysts and
sorbents (8. However, most of the zeolites that are used today are synthesized since natural zeolites vary too much in
mineralogical and chemical composition, crystal structure, and pore sizes, both between and within the mineral deposits
they are extracted from, to be used for applications that require zeolites with specific and predictable properties [,
Zeolites are primarily synthesized from pure silica (SiO,) and alumina (Al,O3), though the search for and use of alternative
economical and abundant sources has increased in the last decades 19. Due to its low cost, availability, abundance, and
resemblance to volcanic material, it is relatively common to synthesize zeolite from coal-derived FA 1. MSW-FA usually
contains much less silica and alumina than coal-derived FA 01 Moreover, the often-high levels of leachable toxic
compounds in this type of FA need to be reduced 2.

Zeolites, depending on their chemical composition and pore structures as well as the operating conditions, can be used as
sorbents for the removal of mono-, di-, and trivalent cations such as ammonium (NH,*) and heavy metals (Pb%*, Cu?*,
Cd?*, Zn?*, Cr3*, and Ni%*) from industrial and municipal wastewaters 23!, And, by subsequent desorption and refinement,
if needed, these adsorbates can be recovered for further downstream applications U4l Furthermore, certain surface
modifications of the zeolites can also be used as sorbents to remove anions such as phosphate (PO,37), nitrate (NO3"),
and arsenate (H,AsO4~, HAsO42~, AsO4%7). However, the recovery of the adsorbates and the regeneration of the SMZ
may be low.

The need to drastically improve the recovery of phosphorous from available sources due to the reduced availability of
non-renewable phosphate rock is well known. Crop residues, food waste, manure, and human excreta are such sources,
and multiple methods and strategies are currently under development to facilitate cost-effective means to harvest
phosphorous from these, including from domestic wastewater 23, primarily for use in agriculture 8. Nitrogen, on the



other hand, is not a scarce resource, but the industrial production of mineral fertilizers consumes extensive amounts of
energy and natural gas as feedstock for the hydrogen gas in the production of ammonia. Jensen and Kongshaug (2003)
[17] estimated that fertilizer production accounted for approximately 1.2% of global energy consumption, of which about
93% was consumed by nitrogen-based fertilizers. Moreover, extensive nitrogen removal up to 85% at wastewater
treatment plants (WWTP), as proposed by the European Commission in the revised version of the urban waste water
treatment directive 18], implies a huge increase in investments, operating costs, and energy consumption to comply with
the more stringent discharge requirements for nitrogen while losing approximately 60% of the nitrogen as nitrogen gas.

When the zeolite is used as an adsorbent in practical applications, it is crucial to make sure that its adsorption
characteristics (i.e., rate, kinetic, and capacity) are utilized to the fullest and that it will be a rather simple task to separate
the zeolite from the water. Since synthesized zeolites are typically powders with particles in the nm-to-um size range, they
will be very easily dispersed in water. Their small size is one of their main strengths as adsorbents, as their surface-to-
volume ratio is very large. Hence, it will be beneficial if this can be retained in practical applications.

| 2. Production and Use of Shaped and Structured Zeolites

However, in practice, the zeolites are usually transformed into larger aggregates prior to industrial use, either by
granulation into beads or pellets (i.e., structured zeolites) or by extrusion in the shapes of, e.g., cylinders (monoliths) (i.e.,
shaped zeolites) 1229 This is done to improve its mechanical and physical properties and to prevent or minimize
pressure drop, material loss, and erosion of equipment when applied to, e.g., fixed-bed or expanded-bed filtration units
19 |n most cases, this includes the addition of water and other inorganic (e.g., clay, silica, or alumina) and/or organic
binders that fill the gaps between the zeolite crystals and hold them together in the final material. Other additives may also
be added to provide appropriate plasticity or porosity 29. After shaping, the material is usually dried and calcined to
remove water and labile components, and to achieve the final mechanical properties, residual binders typically constitute
5-30% of the final material 1921, However, this type of shaping or structuring can greatly affect the adsorption capacity
and kinetics of the zeolite 2%122 The introduction of different types of hierarchical aluminas (ordered and disordered
mesoporous and macroporous structures) to improve the porosities in the binders has been suggested; see Bingre et al.
(2018) 2% for a review.

| 3. Physical Separation of Powdered Zeolites—Magnetic Zeolites

Powdered zeolites may, as is frequently done with powdered activated carbon (PAC), be applied, e.g., directly to the
aeration basin of an activated-sludge treatment process and to physical-chemical treatment processes in conjunction with
chemicals used for the precipitation of specific constituents 23, In both of these examples, the existing treatment train
includes a unit (typically a sedimentation tank or rapid sand filter) to separate the sludge generated by the process, and
the powdered zeolites (or PAC) will normally also be collected with the sludge. Otal et al. (2013) 24 added 1 g/L of a
NaP1 zeolite synthesized from coal FA to a poorly settleable activated sludge, significantly improving the settling
performance of the sludge and removing 30% of the nitrogen (13.7 mg NH,4/g). It may also be applied to the effluent from
a biological treatment process in a contacting basin. After a certain amount of time for contact, the zeolite particles (or
PAC) are allowed to settle to the bottom of the tank, and the treated water is then removed from the tank 23 In practice,
to accelerate the settling rate of the powdered zeolites (or carbon), a flocculant (e.g., a polyelectrolyte) is added to
aggregate the fine-grained particles. The flocculant must be removed (e.g., by calcination) if the powdered zeolites should
be reused. To avoid using additional chemicals, filtration through a rapid sand filter may be used. However, the typical nm-
pm size range of powdered zeolites may imply that it will be challenging to get sufficient separation by traditional sand
filtration without the aid of additional sludge or flocculant, as these typically have a cut-off range of 2—10 pm 23],

The application of magnetic zeolites could, however, be a solution to this challenge 2. By incorporating magnetic
nanoparticles in the zeolite crystals, the composite will respond to an external magnetic field by forming aggregates
(magnetic separation), which will settle much faster. When the magnetic field is removed, the aggregation will stop 23,
Hence, the magnetized zeolitic particle will replace the need for a flocculant and facilitate its reuse. Magnetic separation
offers a significant improvement in operation efficiency and reduced costs 22,

It is important that the modification be strong enough to provide the zeolite particles with sufficient magnetic properties
without altering the structure or adsorption properties of the zeolite 3. Typical materials used to produce magnetic
zeolites include metal nanoparticles (Fe, Co, Ni, etc.), ferrites (MFe,O4; M = Mn?*, Co?*, Ni?*, etc.), alloys (CoPts, FePt,
etc.), and iron oxides (Fe3O4, y-Fe,03) 28 Magnetite (Fe30,) and maghemite (y-Fe,Og) are most commonly used as
these are relatively cheap materials, biocompatible, and environmentally safe 2227 However, the clear drawbacks of
using Fe;0, as a magnetic nanoparticle in the composite are that it tends to both agglomerate and react rapidly 28, The



often-preferred method to prepare iron oxide nanoparticles is by co-precipitation of Fe3* and Fe?* salts, as it is regarded
as a facile and green synthesis method 22,

It is not the intention of this review to summarize all the different methods that have been used to prepare magnetic
zeolites (see, e.g., Loiola et al. 2022 28], phouthavong et al. 2022) [29)); however, it should be noted that the embedding of
magnetic hanoparticles in or on zeolites can be done both during and after the synthesis of zeolites.

Based on 25 years of published works, Loiola et al. (2022) 23] suggested that the numerous composite compounds that
had been developed could be classified in five groups based on the position of the magnetic particles in the zeolite
crystals: magnetic particles are encapsulated by the zeolitic structure (Type I), the zeolite surface is impregnated or
decorated with magnetic nanoparticles (Type IlI), each magnetic particle is covered with zeolite layers (Type IlI),
nanoaglomerates of small (<100 nm) particles of both zeolites and magnetic compounds (Type 1V), and tri-modal
composites in which the magnetic zeolite composite is dispersed in a polymer matrix. According to Loiola et al. (2022) 22,
type Il composites are currently the most relevant and common magnetic zeolites found in this literature, mainly for being
easily obtained and usually for not having a negative impact when the nanoparticles are embedded. However, type V
composites are the most promising ones in the long term since they solve problems related to agglomeration of
constituents, oxidation, and leaching (23], They are also more mechanically, chemically, and electrically stable (23],

However, improvements in magnetic adsorbent synthesis are still needed to make it more effective, give more uniform
magnetic distribution, and break the barrier of the laboratory with scalable processes for their mass production 22,

References

1. Hoornweg, D.; Bhada-Tata, P. What a Waste: A Global Review of Solid Waste Management; The World Bank:
Washington, DC, USA, 2012.

2. Kaza, S.; Yao, L.; Bhada-Tata, P.; Van Woerden, F. What a Waste 2.0: A Global Snapshot of Solid Waste Management
to 2050; Urban Development: Washington, DC, USA, 2018.

3. Chen, D.; Zhang, Y.; Xu, Y.; Nie, Q.; Yang, Z.; Shenga, W.; Qian, G. Municipal solid waste incineration residues
recycled for typical construction materials—A review. RSC Adv. 2022, 12, 6279.

4. Lindberg, D.; Molin, C.; Hupa, M. Thermal treatment of solid residues from WtE units: A review. Waste Manag. 2015,
37, 82-94.

5. Quina, M.J.; Bontempi, E.; Bogush, A.; Schlumberger, S.; Weibel, G.; Braga, R.; Funari, V.; Hyks, J.; Rasumssen, E.;
Lederer, J. Technologies for the management of MSW incineration ashes from gas cleaning: New perspectives on
recovery of secondary raw materials and circular economy. Sci. Total Environ. 2018, 635, 526-542.

6. Weibel, G.; Zappatini, A.; Wolffers, M.; Ringmann, S. Optimization of metal recovery from MSWI fly ash by acid
leaching: Findings from laboratory- and industrial-scale experiments. Processes 2021, 9, 352.

7. Kanhar, A.H.; Chen, S.; Wang, F. Incineration fly ash and its treatment to possible utilization: A Review. Energies 2020,
13, 6681.

8. Millini, R.; Bellussi, G. Zeolite science and perspectives. In Zeolites in Catalysis: Properties and Applications; Cejka, J.,
Morris, R.E., Nachtigall, P., Eds.; RSC Catalysis Series No. 28; The Royal Society of Chemistry: London, UK, 2017.

9. Ray, R.L.; Sheppard, R.A. Occurrence of zeolites in sedimentary rocks: An overview, in Natural Zeolites: Occurrence,
Properties, Applications. Rev. Miner. Geochem. 2001, 45, 17-34.

10. MgBemere, H.E.; Ekpe, I.C.; Lawal, G.I. Zeolite synthesis, characterizations, and application areas—A review. Int. Res.
J. Environ. Sci. 2017, 6, 45-59.

11. Khaleque, A.; Alam, M.M.; Hoque, M.; Mondal, S.; Haider, J.B.; Xuc, B.; Johir, M.A.H.; Karmakar, A.K.; Zhoud, J.L.;
Ahmedb, M.B.; et al. Zeolite synthesis from low-cost materials and environmental applications: A review. Environ. Adv.
2020, 2, 100019.

12. Cho, B.H.; Nam, B.H.; An, J.; Youn, H. Municipal Solid Waste Incineration (MSWI) Ashes as Construction Materials—A
Review. Materials 2020, 13, 3143.

13. Perego, C.; Bagatin, R.; Tagliabue, M.; Vignola, R. Zeolites and related mesoporous materials for multi-talented
environmental solutions. Microp. Mesop. Mater. 2013, 166, 37—-49.

14. Karlfeldt Fedje, K.; Rauch, S.; Cho, P.; Steenari, B.M. Element associations in ash from waste combustion in fluidized
bed. Waste Manag. 2010, 30, 1273-1279.



15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Witek-Krowiak, A.; Gorazda, K.; Szopa, D.; Trzaska, K.; Moustakas, K.; Chojnacka, K. Phosphorus recovery from
wastewater and bio-based waste: An overview. Bioeng 2022, 13, 13474-13506.

Cordell, D. Peak phosphorous and the role of P recovery in achieving food security. In Source Separation and
Decentralization for Wastewater Management; Larsen, T.A., Udert, K.M., Lienert, J., Eds.; IWA Publishing: London, UK,
2013; pp. 29-44.

Jenssen, T.K.; Kongshaug, G. Energy Consumption and Greenhouse Gas Emissions in Fertiliser Production;
Proceeding, No. 509; The International Fertilizer Society: Paris, France, 2003.

European Commission Proposal for a Directive of the European Parliament and of the Council Concerning urban
Wastewater Treatment (Recast) 541. 2022. Available online: https://environment.ec.europa.eu/publications/proposal-
revised-urban-wastewater-treatment-directive_en (accessed on 25 September 2023).

Pérez-Botella, E.; Valncia, S.; Rey, F. Zeolites in Adsorption Processes: State of the Art and Future Prospects. Chem.
Rev. 2022, 122, 17647-17695.

Bingre, R.; Louis, B.; Nguyen, P. An overview on zeolite shaping technology and solutions to overcome diffusion
limitations. Catalysts 2018, 8, 163.

Gleichmann, K.; Unger, B.; Brandt, A. Manufacturing of industrial zeolite molecular sieves. Chem. Ing. Technol. 2017,
89, 851-862.

Amir, C.; Mohammad, K.; Javad, A.S.; Sareh, A.A. Effect of bentonite binder on adsorption and cation exchange
properties of granulated nano nay zeolite. Adv. Mater. Res. 2011, 335-336, 423-428.

Tchobanoglous, G.; Burton, F.L.; Stensel, H.D. Wastewater Engineering: Treatment and Reuse, 4th ed.; Metcalf &
Eddy, Inc.; McGraw-Hill: New York, NY, USA, 2003; pp. 1138-1162.

Otal, E.; Vilches, L.F; Luna, Y.; Poblete, R.; Garcia-Maya, J.M.; Fernandez-Pereira, C. Ammonium ion adsorption and
settleability improvement achieved in a synthetic zeolite-amended activated sludge. Chin. J. Chem. Eng. 2013, 21,
1062-1068.

Loiola, A.R.; Bessa, R.A.; Oliveira, C.P.; Freitas, A.D.L.; Soares, S.A.; Bohn, F; Pergher, S.B.C. Magnetic zeolite
composites: Classification, synthesis routes, and technological applications. J. Magn. Magn. Mater. 2022, 560, 169651.

Lu, A.-H.; Salabas, E.L.; Schith, F. Magnetic nanopatrticles: Synthesis, protection, functionalization, and application.
Angew. Chem. Int. Ed. 2007, 46, 1222-1244.

Kharisov, B.l.; Dias, H.V.R.; Kharissova, O.V.; Jiménez-Pérez, V.M.; Pérez, B.O.; Flores, B.M. Iron-containing
nanomaterials: Synthesis, properties, and environmental applications. RSC Adv. 2012, 2, 9325-9358.

Popescu, R.C.; Andronescu, E.; Vasile, B.S. Recent advances in magnetite nanoparticle functionalization for
nanomedicine. Nanomaterials 2019, 9, 1791.

Phouthavong, V.; Yan, R.; Nijpanich, S.; Hagio, T.; Ichino, R.; Kong, L.; Li, L. Magnetic adsorbents for wastewater
treatment: Advancements in their synthesis methods. Materials 2022, 15, 1053.

Retrieved from https://encyclopedia.pub/entry/history/show/116870



