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Abstract

:

Currently, one of the greatest threats to the aquatic environment is industrial wastewater containing heavy metals and other toxic substances. Hence, it seems necessary to search for ecological and cheap technologies for removing metals from wastewater. In this research, slag was used as waste obtained in the circulating fluidized bed combustion technology (CFBC), which is considered to be a modern, clean, and very effective method of incineration of municipal sewage sludge. The physicochemical properties of the waste material were characterized using selected analytical techniques. Next, the processes of adsorption of Cu(II) ions on slag in aqueous solutions were investigated. The results showed a high metal removal efficiency of 98.8% at pH 1.8 and slag dosage 5 g/L. Numerous studies have demonstrated that high process efficiency at a level of at least 90% is attainable. Based on the Langmuir equation, the maximum adsorption capacity was calculated to be 70.3 mg/g. Kinetic analysis revealed that the process fits better into the pseudo-second-order reaction model and the Freundlich isotherm. The intraparticle diffusion model was considered as a rate-controlling step for Cu(II) adsorption. In summary, the slag waste produced in the CFBC technology seems to be a highly effective adsorbent for potential use in adsorption processes to remove heavy metals from the aquatic environment. This solution is in line with the current European ‘zero waste’ strategy and the assumptions of a sustainable development economy.
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1. Introduction


Today’s civilization faces new challenges related to the modernization of the currently functioning industry in pro-ecological directions. Human activity has contributed to the degradation of the natural environment. Hence, the goals include introducing a sustainable economy model, stopping the spread of pollution, searching for clean technologies, and at the same time effectively cleaning industrial wastewater and the aquatic environment from toxic substances, such as heavy metals. Industrial wastewater most often ends up in water bodies, including rivers, lakes, seas, and oceans, causing environmental pollution [1,2,3,4,5]. Sources include many industries, including petrochemicals, refineries, chemicals, food, pulp and paper, and others [6]. The most toxic metals are cadmium, copper, lead, chromium, mercury, and nickel [7]. Literature reports show that heavy metals, through bioaccumulation in human tissues and organs, cause many health problems, including diseases of the respiratory, circulatory, and nervous systems, tumors and brain damage, and tumors of other organs [8].



A heavy metal with a wide industrial application and one of the most common pollutants in the aquatic environment is copper (Cu). This element is obtained and processed in many industries, including mining, tanneries, pyrometallurgical processes, surface treatment of materials, etc. The ionic form of copper, which is absorbed by organisms and accumulates in tissues, is soluble in aqueous solutions as the divalent metal Cu(II), and it causes many health problems at large quantities. According to current recommendations, the maximum contaminant level (MCL) of copper in drinking water should not exceed 1.3 mg/L [9].



According to the circular economy strategy, it is necessary to eliminate negative impacts on the environment by limiting waste storage, reuse or reduction in mass, and disposal in combustion processes. The neutralization of sewage sludge (SS) by incineration is a promising method due to limitations in the use of SS containing excessive concentrations of heavy metals. The method using heat with energy recovery is perceived as one of the most effective methods of neutralizing SS due to its energy and environmental benefits, including waste mass reduction, energy use of SS treatment, low susceptibility to changes in waste composition, system stability, minimization of odors, and the possibility of using by-products of fly ash and slag as filter materials or as an additive to building materials, including concrete, asphalt, bricks, concrete blocks, and hollow blocks [10,11]. The limitations include the formation of by-products, the quantity and quality of which depend on the chemical composition of SS, combustion conditions, and flue gas treatment technology, as well as high operating costs and the costs of building incineration plants [12,13]. One of the most technologically advanced solutions is circulating fluidized bed combustion (CFBC) technology [14]. It has many advantages, including compatibility with different types of fuels (gas, oil, high- and low-grade coal, biomass, sewage sludge, plastic waste, and used tires), low emissions, high combustion efficiency, energy efficiency, the possibility of simultaneous combustion of dehydrated, dried, and digested sludge, and ease of maintenance of the installation [15].



Pursuant to Directive 2008/98/EC of the European Parliament, the overriding goal is to protect human health and the environment by preventing the negative effects of waste generation and management, reducing the overall impact of resource use, and improving the efficiency of their use. Thus, when a waste material ceases to be “waste”, it obtains “new product” status for various purposes [16,17]. In keeping with this concept, the objective of this study was to investigate the potential for Cu(II) ions to adsorb on slag (CFBC-S) waste as a novel by-product of SS incineration using CFBC technology. The effects of adsorbent dosage, contact time, initial pH, and initial concentration on the adsorption capacity and efficiency were examined, along with the effects of the by-product’s physicochemical characteristics. All experiments were carried out at room temperature. Furthermore, adsorption kinetics and isotherms were studied.




2. Sewage Sludge Treatment


Utilization of sewage sludge (SS) is a multi-stage and expensive process, despite the fact that it constitutes a small volume of treated sewage (about 1–2%). According to estimates, between 20% and 60% of the overall operating costs of sewage treatment plants are attributable to the disposal and treatment of SS [18,19]. This is a problem associated not only with high costs but also with a burdensome impact on the environment. As a result, inside the European Union, new techniques for wastewater treatment (mechanical, biological, and chemical), as well as SS, were introduced (Figure 1). The directions for SS disposal have been defined within the waste management hierarchy presented in Directive 2008/98/EC of the European Parliament and of the Council on Waste and Repealing Certain Directives [16]. This document reveals that the most effective way to treat wastewater and SS depends on a variety of variables, including the sludge’s physical and chemical characteristics, technological conditions, the potential use of by-products, and operational and investment costs. Instead of concentrating solely on limiting waste disposal, recycling, or energy recovery, optimal solutions should be found. The effectiveness of recovering the energy content and raw materials included in SS should be taken into account when evaluating disposal solutions [20]. There is a need to search for and develop new advanced technologies for SS treatment, as a result of which it will be possible to recover valuable components and energy.



There are many ways to treat sewage sludge, depending on its type and composition. The typical chemical composition and properties are presented in Table 1. The most commonly used techniques are stabilization, dewatering, thickening, drying, digestion, composting, conditioning, aerobic methods, and incineration. Treatment of sludge is necessary to reduce moisture content (volume reduction), remove organic matter, eradicate microbes, and remove hazardous materials. The completed treated sludge can be disposed of in the environment after the subsequent processes. The waste, which contains valuable components, can be used as agricultural fertilizer. Additionally, materials from industrial and commercial treatment operations that end up in the sewage system can be used in agriculture. Some types of sludge need to be disposed of in landfills or burned, depending on their composition [21,22]. After ranking various SS management techniques, Bertanza et al. [23] came to the conclusion that digestion with application to agricultural soils and incineration with energy recovery were the best options for removing SS from wastewater plants with capacities greater than 500,000 population equivalents. Anaerobic digestion combined with biogas production was studied, and it was found that the energy needs of wastewater treatment plants might be decreased by up to 35% [24]. According to the literature, sewage sludge may be used as a raw material in a biorefinery to produce a variety of new products using processes such as gasification, pyrolysis, anaerobic digestion, and incineration [25].



Thermal treatment is the most advantageous and effective method for utilizing municipal garbage. It is also recommended by UE legislation. Typically, 80% hydrated SS has a calorific value of about 0.5 MJ/kg. By using mechanical techniques, it is possible to reduce the hydration of sediments by up to 60%, yielding an average calorific value of 3–6 MJ/kg. The drying techniques used as a first heat treatment enable further dehydration and an increase in calorific value. Drying sewage sludge paves the way for energy recovery. Granulate with dimensions of 1 to 5 mm or dust with a dry matter concentration of more than 80% are the end products of the drying process. This product’s increased calorific value of between 12 and 18 MJ/kg and bulk density of roughly 700 kg/m3 make transporting it simpler. Additionally, it does not contain any pathogenic organisms, is not biodegradable, and does not endanger the environment or human health [27]. Table 2 compares some SS properties with those of other energy sources.



Sewage sludge offers a variety of opportunities for the use of energy and material content. However, a number of factors and limitations, such as location, rules and regulations, public opinion, heavy metals and pathogens, sludge quantity, features, and composition, as well as environmental considerations, affect the precise choice of SS treatment process. Therefore, thorough techno-economic studies are required to reveal the benefits and effects of the various SS treatment systems.



Table 3 presents statistical and estimated data on the production and disposal of sewage sludge from municipal wastewater in European countries in 2020. The leading producers are Germany, Spain, France, and Poland. These countries also make the most use of this waste for agricultural purposes. Noteworthy is the growing use of sewage sludge thermal treatment technology, and the leading European countries include Germany, the Netherlands, France, Austria, Poland, Turkey, and Spain [28].



Figure 2 shows the value of the market for sludge treatment equipment in 2011–2022. Over a period of 11 years, the value has increased from 3 to 4.5 billion dollars, and the trend is still growing [29,30].



Figure 3 shows the volume of energy production from sewage sludge gas in the European Union in the years 2013–2021. In 2021, production amounted to 1168 kilotons of oil equivalent. Over the period, the data showed an upward trend despite some fluctuations, peaking at 1509 kilotons of oil equivalent in 2018 [31].




3. Wastewater Treatment and Sewage Sludge Incineration


At present, one of the most significant issues facing the economies of numerous nations is proper waste management. Legislative restrictions on trash storage, suggestions for reuse or weight reduction, and disposal in incineration processes are all made in light of the harmful effects waste has on the environment.



Given the constraints of sewage sludge utilization due to increased heavy metal content, SS incineration becomes a substitute approach. The chemical composition of the waste and the proportion of combustible compounds have an impact on how it is used. Due to environmental protection and energy savings, the use of heat with energy recovery is now the most efficient and appropriate technique for SS disposal [32]. The weight of the waste is much reduced, which is the main advantage. Additional benefits include the low energy needs of sewage sludge, the reduction in odors, the stability of the system, and the potential use of fly ash as a filter material or as an additive to concrete, bricks, asphalt, and hollow blocks. The generation of by-products, whose quantity and quality depend on chemical composition, combustion circumstances, and exhaust gas treatment technologies, is the key constraint. The incineration plant’s high construction and running costs are further restraints [33]. Circulating fluidized bed combustion (CFBC) technology looks to be the most cutting-edge design approach. The main benefits include the ability to burn a variety of fuels simultaneously, including dehydrated, dried, and fermented sludge, as well as gas, oil, high-grade and low-grade coal, biomass, waste plastics, and used tires. However, each type of fuel requires appropriate changes in the design of the installation. Other benefits include high combustion efficiency, low pollution, and ease of installation and maintenance [34].



Municipal wastewater, from which sewage sludge and then slag were formed and used in this study, comes from a sewage treatment plant located in one of the Polish cities, Bydgoszcz. Selected pollutant concentrations in the wastewater are presented in Table 4. The sewage flows by gravity from the city and the surrounding neighboring communes. In the first stage, wastewater is cleaned of larger impurities (over 6 mm in diameter) using many larger and smaller gratings. Later, the wastewater flows through a slotted sand trap to retain larger mineral impurities such as sand and gravel. The wastewater is then directed to the central pumping station, through which it is delivered to the kinetic energy damping chamber and then to three parallel sand traps with circular motion in order to stop the sand suspension. Then, they flow to the distribution chamber, where they are separated into two parallel radial primary settling tanks for mechanical wastewater treatment. As a result of the sedimentation process, about 80% of the easily falling suspension is retained. After mechanical treatment, wastewater is directed through distribution chambers to four lines of biological reactors used for the simultaneous removal of carbon, nitrogen, and phosphorus compounds in biological treatment processes with the use of microorganisms. From the biological reactors, wastewater with activated sludge flows to three parallel working radial secondary settling tanks, where the activated sludge suspension is separated from the treated wastewater. Biologically treated sewage is discharged into the local river. The sludge accumulated at the bottom of the primary settling tanks is mechanically scraped into the sludge funnel, from where it is fed through the primary sludge pumping station and the macerator to the fermenter. The primary sludge is subjected to the process of initial acid fermentation in order to produce short-chain fatty acids necessary for the biological processes of removing nitrogen and phosphorus compounds. The supernatants containing volatile fatty acids are discharged into the anoxic zone of the biological reactors. Activated sludge from the bottom of secondary settling tanks is fed to the return sludge pumping station and returned to biological reactors. Excess sludge from the return sludge pumping station is discharged to compactors and then stabilized together with primary sludge in separate fermentation chambers. The digested sludge is delivered to sedimentation centrifuges for dewatering. The mechanical dewatering process is supported by the dosing of the polyelectrolyte. The dehydrated sludge is fed to the Thermal Sludge Treatment Plant for neutralization through the combustion process in a circulating fluidized bed boiler to produce by-products of fly ash and slag.



Figure 4 graphically depicts the incineration of sewage sludge and generation of fly ash and slag in the circulating fluidized bed combustion (CFBC) technology [37]. Using a piston pump, the sewage sludge mixture is moved for drying in this procedure to evaporate water. Condensed water vapor from the dryer is taken to the sewage treatment facility. Using a system of feeders, the dried sludge, which contains roughly 33% of its dry weight, is fed into the fluidized bed kiln. Hot air from nozzles elevates the layer of sand at the bottom of the furnace during combustion to form a fluidized bed. Starting the furnace and heating the fluidized bed to a temperature of 650 °C in the center of the furnace enables sewage sludge to be fed into the furnace. The top of the furnace is where the process exhaust gases are directed, where they remain for at least 2 s at a temperature of 850 °C. Waste gases and slag are created when wastewater is burned in a fluidized bed furnace. In this procedure, every organic material present in the silt is burned. Then, the flue gas is cleaned and cooled, and the heat from those processes heats the air required to fluidize the bed. The cooled gases are either treated dryly or moistly. They have previously undergone pre-treatment, and then limestone is introduced to a fluidized bed where it reacts with SOx, NOx, fluorine, and chlorine to produce calcium compounds. Acidic components of the off-gas are eliminated in a semi-dry reactor powered by lime and compressed air. The waste gases are moved to a dry reactor, where lime and activated carbon bind heavy metals, dioxins, and furans. In a bag filter that also holds fly ashes, contaminants are finally removed from exhaust fumes. They are placed on the outside of the bags, tossed into the conical section of the tank, and then transported to the silo from there. The cleansed flue gases are sent to the chimney and the atmosphere in the last step.




4. Materials and Methods


Slag (CFBC-S) waste was obtained as a result of sewage sludge incineration using the circulating fluidized bed combustion technology (CFBC) in one of the sewage treatment plants in Poland. The CFBC-S samples were taken from a fluidized bed reservoir and dried at 105 °C to a constant weight. All chemicals were analytically pure, and distilled water was used in the research.



CFBC-S samples were sieved, and those with a diameter less than 0.212 mm were used in experiments. The physico-chemical properties of the materials as well as the adsorption procedure were analyzed using several methods, descriptions of which were described and attached as supplementary material (SM Methods).



4.1. Batch Adsorption Experiments


In batch adsorption experiments, the effectiveness of the Cu(II) ions removal procedure on slag CFBC-S was determined. CuCl2 (1 g/L standard solution for AAS, Sigma-Aldrich (Schnelldorf, Germany)) was applied. A 50 mL conical flask was filled with the adsorbent (0.25–25 g/L) and the metal ion solution (20 mL), and it was agitated at 200 rpm for an hour until equilibrium was established. With 0.1 M HCl and NaOH, initial pH of the stock solutions was adjusted. After that, adsorption solutions were centrifuged at 4000 rpm for 15 min to separate the phases. Atomic absorption spectrophotometry (F-AAS, wavelength = 324.8 nm for copper, SpectrAA 800 (Varian, Palo Alto, CA, USA)) was used to measure the concentration of metal ions. At room temperature (21 ± 1 °C) and normal pressure, measurements were made in triplicate. The results are shown as means. Equations (1) and (2) were used to calculate the adsorption capacity qe [mg/g] and the adsorption efficiency R [%]:


    q   e   =       C   0   −   C   e     × V   m    



(1)






  R =       C   0   −   C   e       C   0       × 100 %  



(2)




where: C0 and Ce are initial and equilibrium Cu(II) ion concentrations [mg/L], respectively; V—volume of solution [L] and m—mass of slag [g].



The following conditions were applied in the experimental procedure:




	(A)

	
the effect of initial pH: initial pH range of 1.8–5.6, initial concentration of Cu(II) ions 100 mg/L, adsorbent dosage 1–5 g/L, contact time 60 min, T = 21 °C, agitation speed 200 rpm,




	(B)

	
the effect of CFBC-S dosage: initial pH 1.9, initial concentration of Cu(II) ions 100 mg/L, contact time 60 min, T = 21 °C, agitation speed 200 rpm,




	(C)

	
the effect of initial concentration of Cu(II) ions: initial concentration of Cu(II) (2.5–100 mg/L), slag dosage 2–5 g/L, initial pH 1.9, contact time 60 min, agitation speed 200 rpm, T = 21 °C,




	(D)

	
the effect of contact time: initial concentration of Cu(II) ions 100 mg/L, initial pH 1.9, slag dosage 1–5 g/L, T = 21 °C, agitation speed 200 rpm.










4.2. Adsorption Reaction Models


Kinetic studies were carried out using pseudo-first-order and pseudo-second-order models. Pseudo-first-order (PFO) assumes that, firstly, sorption only occurs on localized sites and there is no interaction between the sorbed ions, which correspond to the monolayer of adsorbates on the adsorbent surface; secondly, sorption only occurs on localized sites and is proportional to the number of unoccupied sites. The pseudo-second-order (PSO) model is used to characterize the adsorption behavior over the complete range or final stage of the adsorption process [38]. The PFO and PSO models are described by the Equations (3) and (4), respectively:


    q   t   =   q   e   ( 1 −   e   −   k   1   t   )  



(3)






    q   t   =     q   e   2     k   2   t   1 +   q   e     k   2   t    



(4)




where: qt is the amount of Cu(II) ions adsorbed [mg/g] at any time t [min.]; qe—the maximum amount of Cu(II) ions adsorbed per mass of the biosorbent [mg/g] at equilibrium; k1—the rate constant of pseudo-first-order adsorption [1/min.]; k2—the rate constant of pseudo-second-order adsorption [g/(mg·min.)].



The intraparticle diffusion model, which relates to pore diffusion, assumes that internal diffusion of the adsorbate is assumed to be the slowest stage in the model, leading to the rate-controlling step during the adsorption process, which is immediate [39]. The model can be described by the Equation (5):


    q   t   =   k   i d     t   0.5   + C  



(5)




where: qt is adsorbate uptake, the amount adsorbed [mg/g] at time t [min], kid is the intraparticle diffusion rate constant [mg/g/min0.5], t0.5 is square root of time [min0.5], C is a constant relating to the thickness of the boundary layer [mg/g].



Langmuir and Freundlich equilibrium isotherm models are based on the Equations (6) and (7), respectively:


    q   e   =     q   m a x     K   L     C   e     1 +   K   L     C   e      



(6)






    q   e   =   K   F     C   e     1   n      



(7)




where: qmax—the maximum adsorption capacity [mg/g]; KL—the Langmuir constant; Ce—the equilibrium concentration after the adsorption process [mg/L]; KF—the Freundlich constant and 1/n—the intensity of adsorption.





5. Results and Discussion


5.1. Characterization of the Slag Material


Granulation analysis was performed, and the results are as follows: slag particles in diameter 0–0.221 mm—13.1%; 0.212–0.51 mm—73.8%; 0.500–1.0 mm—11.2%; 1.0–1.7 mm—0.51%; >1.7 mm—1.39%. According to the literature, smaller slag particles are characterized by a larger specific surface area and the number of active centers, which translate into higher sorption efficiency of metal ions [40]. Consequently, the decision was made to use the smallest fractions with a diameter less than 0.212 mm in the subsequent adsorption studies.



Elemental analysis using the SEM-EDS method was performed, and the results are shown in Table S1 and Figure S1 (Supplementary Material). As it is seen, slag mainly includes the following elements: Ca, O, P, Si, Al, Mg, Fe, and C. The method is based on a spot measurement on the sample surface. Slag is a complex mixture; hence, the quantitative and qualitative compositions may slightly differ in different places of the agglomerates due to the location of the measuring point.



Moreover, the slag sample was analyzed using X-ray diffraction, and Figure 5 depicts the diffraction pattern. The research revealed that the following chemicals are the primary crystalline phases: calcium sulfate (CaSO4, 77.72%), calcite (CaCO3, 10.09%), quartz (synSiO2, 3.75%), portlandite (syn Ca(OH)2, 2.6%), lime (CaO, 4.92%), magnesium oxide (MgO, 0.93%). Slag is a combustion product and, as a heterogeneous mixture, it should be noted. The crystalline phases of the ingredients should be the same, even when an X-ray diffraction study of a sample taken from another part of the tank following a combustion process may reveal different amounts of components. In the literature, similar XRD analysis results were found [41,42].



The BET and BJH analyses revealed the following results: specific surface area of 1.87 m2/g, pore volume (Vp) of 0.0096 cm3/g, and mean pore diameter (Apd) of 21.2 nm. The obtained adsorption isotherms (Figure 6 and Figure 7) have a form that resembles the type III isotherm. This means that the remaining particles may sorb more readily if previously adsorbed Cu(II) ions are present. When the copper ions have already been adsorbed at least once, the interaction of the copper ions with the slag adsorbent has a favorable influence on the adsorption of remaining copper ions. As a result, the isotherm bulges in the direction of the pressure axis [43].



The SEM and TEM photographs of the samples are shown in Figure 8 and Figure 9, respectively, showing flocs of irregular shape and different sizes. The irregular shape depends on the temperature and duration of the combustion process. More crystalline and spherical particles result from a longer process. The particles are compact, spongy, and of different shades; the darker zones correspond to the thicker material. Similar observations were found in the literature [42,44,45].



FT-IR measurements of CFBC-S before and after Cu(II) ion adsorption were performed, and the spectra are shown in Figure 10. For this purpose, the sorption frequencies of functional groups, bonds, and types of vibrations were identified. As can be seen, there is an increase in the intensity of peaks after Cu(II) adsorption. The following peaks have been observed: 593, 416, 406, 390 cm−1 (bending vibrations Si-O-Si), 677, 611 cm−1 (stretching vibrations Al-O), and 713 cm−1 (symmetric stretching of Si-O-Si and Al-O-Si). 874 cm−1 (symmetric stretching of Al-O-M, vibration of carbonates (calcite)), 113 cm−1 (asymmetric stretching vibrations of silica Si-O-Si and Al-O-Si), 1408 cm−1 (valence vibration of carbonate ions), 3252 cm−1 (stretching vibrations O-H), and 3643 cm−1 (asymmetric and symmetric stretching vibrations O-H (probably amorphous silicates or hydrated aluminum silicates)). The wide band at around 3600–3200 cm−1 appeared after, but the weak, sharp peak at 3643 cm−1 disappeared. The peaks at 594, 611, 677, 713, 874, 1113, and 1408 cm−1 became more intensive due to a probable complexation reaction and the formation of surface complexes with Cu(II) ions or bonds with the metal ions (Cu-O) [40].




5.2. Adsorption Studies


5.2.1. The effect of Initial pH


The impact of initial pH on the adsorption efficiency and adsorption capacity was analyzed, and the results are shown in Figure 11 and Figure 12. As a result, high adsorption efficiency was reported at initial pH 1.8 for the slag doses of 1 g/L (86.6%), 3 g/L (90.7%), and 5 g/L (98.8%). An increase in initial pH resulted in a gradual decrease in adsorption efficiency. The experimental adsorption capacity also reported a stable decrease in the range of 19.5–14.7 mg/g. In considering the influence of initial pH, the surface charge of slag and the degree of speciation should be taken into account. The interfacial tension levels at the solid-liquid interface have a significant impact on the adsorption phenomenon [46]. The slag adsorbent is alkaline in nature; therefore, it may increase the pH of an aqueous solution during adsorption. The presence of such anions in the adsorbing material as SiO32−, CO32−, PO43−, OH−, and SO42− may contribute to the precipitation of Cu(II) ions from the solution at higher pH when the concentration of H+ ions is reduced. The pH parameter influences the electrostatic charge of the metal oxides present in the adsorbent material, consequently, it might be the cause of the ions’ behavior. Hence, it is highly probable that the adsorption of Cu(II) ions may be associated with ion exchange and/or complexation by bonding with oxygen groups. The probable ion exchange mechanism between H+ and Cu2+ ions can be proposed by Equations (8)–(10).


  X - O H +   H   3     O   +   ↔ X - O   H   2   +   +   H   2   O  



(8)






  X - O H +   O H   −   ↔ X -   O   −   +   H   2   O  



(9)






  2 ( X -   O   −   ) +   C u   2 +   ↔   ( X - O )   2   C u  



(10)




where: X may be Fe, Si, Al or another element. It should be pointed out that the proposed mechanism was not confirmed by additional experiments in this research [2].



According to the isotherm study, the adsorption process obeys the multilayer sorption of Cu2+ on CFBC-S (physical adsorption) since it fits better the Freundlich isotherm. The formation of a complex between the Cu2+ ion and Si of CFBC-S through the exchange of H+ ions in the perimeter may be the cause of the inner layer sorption of Cu2+ ions on CFBC-S. Moreover, the electrostatic interaction with positive Cu2+ ions is promoted by the negatively charged CFBC-S surface. As a consequence, multilayer adsorption is related to the electrostatic interaction between Cu2+ ions and the oxygen groups (e.g., OH−, CO32−) on the adsorbent. One potential explanation for the metal-ion adsorption on the CFBC-S is the production of metal-sulfur complexes through ion exchange and electrostatic interactions [47]. An exchange interaction of the slag with the effluent may be stated as follows [48]:


  − S i O   C a   + 2 H − O H ↔ − S i − O −   H   2   +   C a   2 +   + 2 ( −   O H   −   )  



(11)







Given the high concentration of H+ ions in an acidic environment, it is expected that the reaction (4) will go to the left. As a result of the aforementioned strategy, the slag materials had a neutralizing effect. When the pH of the solution increased, Ca2+ ions interacted with H+ ions from the slag, demonstrating that the reaction in Equation (5) took place when the CFBC-S was present in solutions. The sorption equilibrium was consistent with the slag’s significant ion exchange capability. The Equation (12) can be written as follows for metal ions (M2+) [49]:


    ( S i −   O   −   )   2     C a   2 +   +   H   3     O   +   ↔ 2 ( S i − O H ) +   C a   2 +   +   O H   −    



(12)







As indicated in the schematic diagram in Figure 13, the oxygen atoms in OH groups with their single pair of electrons play a significant part in the complexation between metal ions and these OH groups [50].




5.2.2. The Effect of CFBC-S Dosage


The impact of CFBC-S dosage on the adsorption of Cu(II) has been studied, and the results are shown in Figure 14. The experiments were conducted under following conditions: initial pH 1.9, initial concentration of Cu(II) ions100 mg/L, contact time 60 min, T = 21 °C, agitation speed 200 rpm. The results showed a rapid increase in adsorption efficiency up to 98% with the use of slag dosages of 0.25–5 g/L. The dose of 5 g/L is considered optimal under these experimental conditions. Furthermore, analysis of adsorption capacity revealed that, firstly, it increased up to 2.58 mg/g (dosage of 3 g/L), and secondly, it gradually decreased to 0.4 mg/g at a dose of 25 g/L (Figure S2). Consequently, the optimal experimental adsorption capacity can be estimated in the range between 2.0 and 2.6 mg/g. The most active step of the adsorption process, when all free active sites are loaded with Cu(II) ions, is responsible for the abrupt increase in the first phase. With higher dosages of adsorbents, active centers available for further adsorption were not fully utilized. Consequently, a gradually declining adsorption capacity was observed. Similar findings were reported in the literature [44,51].




5.2.3. The Effect of Initial Concentration of Cu(II) Ions


The influence of the initial concentration of Cu(II) ions was investigated, and the results are shown in Figure 15. The following conditions were applied in this stage: initial concentration of Cu(II) (2.5–100 mg/L), slag dosage 2–5 g/L, initial pH 1.9, contact time 60 min, agitation speed 200 rpm, T = 21 °C. The adsorption curves show an upward trend in all cases of slag doses. Higher adsorption efficiencies were obtained at the initial concentration of 100 mg/L (98.2%—5 g/L of slag, 91.8%—4 g/L, 89.0%—3 g/L, 87.9%—2 g/L). The experimental adsorption capacity likewise showed an increase (Figure S3). This is because there were still free active sites accessible, and the total number of them affected the adsorption efficiency. According to the findings of the study, surface saturation of the adsorbent materials is influenced by the initial concentration of Cu(II) ions in the solution. Ion exchange took place at the interface with an initial concentration. The literature indicates that the ion radius of the Cu2+ cation is 0.73 Å. There is a correlation between metal ions’ tendency to hydrolyze in aqueous solutions and their lower ion radii. Large diameter hydrolyzed particles have a lesser adsorption capability, which lowers the removal effectiveness [52,53].




5.2.4. The Effect of Contact Time


The research results on the influence of contact time on sorption efficiency and sorption capacity are shown in Figure 16 and Figure S4. Due to the potential for usage in industry, contact time is a key factor in research studies on the adsorption process. Finding the ideal contact time may lead to more efficient process design and industrial implementation, as well as lower costs. The results of these investigations from earlier research enabled the establishment of the following experimental conditions: initial concentration of Cu(II) ions 100 mg/L, initial pH 1.9, slag dosage 1–5 g/L, T = 21 °C, agitation speed 200 rpm. The maximum level of adsorption efficiency was achieved in the range of 20–30 min of the process, and no changes were observed until 60 min; hence, there was no need to continue the experiment for a longer time. A high concentration of Cu(II) ions at the interface and the presence of more free active sites on the adsorbent surface may have caused an initial increase in adsorption. Through Cu(II) ion occupancy of active centers, the equilibrium of this mechanism was finally attained. Similar observations can be found in the literature [54].




5.2.5. Kinetic Models


The kinetics of Cu(II) adsorption on CFBC-S were analyzed with pseudo-first-order (PFO) and pseudo-second-order (PSO) models. The calculation results (reaction rate constant k, equilibrium adsorption capacity qe, and correlation coefficients R2) are presented in Table 5, and the plots are shown in Figure 17 and Figure 18. The calculations showed that higher coefficients R2 were recorded in the case of the PSO model, which is related to a greater correlation between the experimental qe and the calculated qt values. Therefore, it can be concluded that the kinetics of Cu(II) adsorption on CFBC-S are better described by the PSO model. Chemisorption and electrostatic attraction on the adsorbent surface could take place during these processes.



The intraparticle particle diffusion model is yet another kinetic model that relies on chemical sorption. It involves switching off or sharing electrons between the metal ions and the sorbent [55]. It is believed that the movement of metal ions from the liquid to the sorbent’s external surface, followed by the ions’ dispersion into the pores, is what causes adsorption to occur. It is a laborious process that takes a lot of time0.5 [56]. A relationship between adsorbate uptake and the square root of time (t0.5) is shown in Figure 19 and calculated diffusion parameters are presented in Table 6. The presence of mesopores with a sizable number of sites open for the tiny ions is confirmed by the increased adsorption capacity. Calculated data demonstrated good linear regression coefficients (R2 ≈ 0.999). It shows that the models are applicable and that intraparticle diffusion is the rate-monitoring step. Based on the theoretical explanations of the intraparticle diffusion model, the boundary layer thickness is represented by the arbitrary constant C, of which a higher value denotes a thicker boundary layer [57,58]. The linear line should pass through the origin if C is equal to 0, which signifies the absence of a boundary layer. As a result, intraparticle diffusion would continue to be the rate-controlling stage throughout the whole adsorption kinetic process because the film could be ignored due to no or minimal thickness. Numerous investigations have revealed nonzero intercepts, which suggests that in most adsorption processes, the rate-limiting stage comprises both intraparticle and film diffusion. According to the literature, the macro, meso, and micro pores exhibit three regressions of intraparticle diffusion, with a horizontal line serving as the equilibrium [59]. Three linear zones were identified by another study: rapid surface loading at first, followed by pore diffusion, and then horizontal equilibrium [60]. In this investigation, it was difficult to distinguish between three or four zones. However, it is assumed that the adsorption process between the film and intraparticle diffusion can be explained by the two linear zones [61]. Film diffusion served as a representation of the first, rapid rise (surface adsorption), and a horizontal line serving as the equilibrium as the last step [62].




5.2.6. Isotherm Models


Langmuir and Freundlich isotherms were used to analyze the studied adsorption process. The calculations of isotherm parameters are shown in Table 7, and the isotherms are included in Figure 20 and Figure 21. Based on the Langmuir equation, the maximum adsorption capacities are as follows: 53.04 mg/g (CFBC-S dosage 2 g/L), 56.05 mg/g (3 g/L), 60.92 mg/g (4 g/L), and 70.34 mg/g (5 g/L). According to the calculated correlation coefficients R2, the adsorption reactions carried out in these studies are closer to the Freundlich model than to the Langmuir model.






6. Conclusions


In this research, slag (CFBC-S) obtained as a result of the incineration of municipal sewage sludge with the use of the circulating fluidized bed combustion (CFBC) technology was used. The literature part presents the latest data on the characteristics, methods, and stages of sewage sludge processing, current European Union regulations in this field, the latest statistical data on the production and disposal of sewage sludge in the European Union, the global market for sludge treatment equipment, and energy production in the EU. In addition, the most important processes of sewage treatment, sewage sludge formation, and their thermal transformation to obtain the research samples used in this study were highlighted. In the first stage, selected physicochemical properties of the adsorbent were characterized using various methods. In the second stage, adsorption experiments of Cu(II) were carried out, and the influence of such factors on the process efficiency as initial pH, slag dosage, initial concentration of Cu(II) ions, and contact time were examined. As a result of the research, a high adsorption efficiency of 98.8% was reported under the following conditions: adsorbent dose 5 g/L, initial concentration of Cu(II) ions 100 mg/L, initial pH 1.9, T = 21 °C, contact time 60 min. Many experiments have shown that it is possible to achieve high process efficiency at a level of at least 90%. In the third step, the adsorption kinetics and isotherms were analyzed. It turned out that the investigated sorption processes were best described using a pseudo-second-order kinetic model and the Freundlich model. Kinetic data were analyzed and fitted to the intraparticle diffusion model, thus showing high R2 coefficients.



In summary, it can be stated that slag obtained as a result of CFBC technology can be successfully used to remove copper from aqueous solutions. Slag is industrial waste that can be reused as a new product, which is in line with the promoted zero-waste policy. This achievement surely serves as motivation for further research in the area and could serve as a suggestion for future methods of metal removal from municipal and industrial wastewater.
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Figure 1. General scheme of wastewater and sewage sludge treatment methods in the European Union [18]. 
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Figure 2. The global sludge treatment equipment market from 2011 to 2022 (data from [29,30]). 
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Figure 3. Energy production from sewage sludge gas in the European Union 2013–2021 (data from [31]). 
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Figure 4. Schematic diagram of the sewage sludge utilization and fly ash and slag formation as by-products of CFBC Technology (data from [37]). 
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Figure 5. X-ray diffraction pattern of slag sample. 
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Figure 6. The low temperature BET adsorption and desorption isotherms (A) and the linear BET isotherm (B) of CFBC slag. 
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Figure 7. The BJH adsorption (A) and desorption (B) isotherm of CFBC slag. 
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Figure 8. SEM photograph of CFBC-S (magn.: ×20,000, scale bar: 2 μm). 
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Figure 9. TEM photographs of CFBC-S (scale bar: 200 nm (A); 500 nm (B)). 
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Figure 10. FT-IR plot of slag before and after Cu(II) ions adsorption. 
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Figure 11. The impact of initial pH on sorption efficiency. 
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Figure 12. The impact of initial pH on sorption capacity of Cu(II). 
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Figure 13. Schematic diagram of Cu2+ ions adsorption process by CFBC-S. 
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Figure 14. The impact of slag dosage on sorption efficiency. 
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Figure 15. The effect of initial concentration of Cu(II) ions on sorption efficiency and adsorbent concentration. 
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Figure 16. The effect of contact time on sorption efficiency and adsorbent concentration. 
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Figure 17. Pseudo-first-order adsorption isotherms (CFBC-S dosage 3–5 g/L). 
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Figure 18. Pseudo-second-order adsorption isotherms (CFBC-S dosage 3–5 g/L). 
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Figure 19. Weber and Morris intraparticle diffusion model (CFBC-S dosage 3–5 g/L). 
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Figure 20. Langmuir model adsorption isotherms (CFBC-S dosage 2–5 g/L). 
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Figure 21. Freundlich model adsorption isotherms (CFBC-S dosage 2–5 g/L). 
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Table 1. Properties and chemical composition of primary and secondary sludge (data from [22,26]).
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	Composition/Properties
	Untreated Primary Sludge
	Secondary Activated Sludge





	Total solids TS [%]
	4–9
	0.6–1.2



	Phosphorus (P2O5 [%] of TS)
	0.6–2.9
	3–10



	Nitrogen ([%] of TS)
	1.4–4.2
	2.5–5.0



	Cellulose ([%] of TS)
	8–16
	—



	pH
	5.5–8.0
	6.6–8.0



	Ether soluble
	5–30
	—



	Protein ([%] of TS)
	18–30
	30–40



	Volatile solids ([%] of TS)
	65–80
	60–85



	Organic acids (mg/L as HAc)
	250–1800
	>1000



	Alkalinity (mg/L as CaCO3)
	600–1500
	550–1200



	Energy content [kJ/kg] of TS
	24,000–28,000
	18,000–23,000
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Table 2. Parameters of sewage sludge and a comparison with other energy sources (data from [27]).






Table 2. Parameters of sewage sludge and a comparison with other energy sources (data from [27]).





	Parameter
	Sewage Sludge
	Waste Carbon Sludge
	Hard Coal
	Brown Coal
	Wood Waste





	Calorific value [MJ/kg]
	18–21.5
	8–16
	25–30
	8–16
	13



	Ash [%]
	30
	30–60
	5.3
	10–20
	0.8



	Carbon [%]
	50
	31
	88
	66
	50.7



	Hydrogen [%]
	6
	3.7
	6
	5
	5.9



	Sulphur [%]
	1.0
	1–1.5
	0.8
	0.7–7
	0.04
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Table 3. Sewage sludge production and disposal from urban wastewater (in dry substance) in European countries in 2020 [28].






Table 3. Sewage sludge production and disposal from urban wastewater (in dry substance) in European countries in 2020 [28].





	Country
	Total Sludge Production [Thousand Tons]
	Total Sludge Disposal [Thousand Tons]
	Sludge Disposal—Agriculture Use [Thousand Tons]
	Sludge Disposal—Compost and Other Applications [Thousand Tons]
	Sludge Disposal—Landfill [Thousand Tons]
	Sludge Disposal—Incineration [Thousand Tons]
	Sludge Disposal—Other [Thousand Tons]





	Belgium
	165.96
	155.7
	35.95
	0
	0
	116.84
	2.92



	Bulgaria
	~44
	~42
	~26
	~3
	~2
	0
	~2.9



	Czech Republic
	219.11
	219.11
	84.81
	92.78
	17.61
	23.91
	—



	Denmark
	—
	—
	—
	—
	—
	—
	—



	Germany
	~1750
	~1740
	~290
	~150
	0
	~1295
	~13



	Estonia
	18.99
	18.05
	10.38
	5.65
	2.03
	—
	—



	Ireland
	58.45
	58.45
	51.79
	6.5
	0.07
	0
	0.08



	Greece
	~103.28
	~103.28
	~10.19
	—
	~36.83
	37.71
	~18.56



	Spain
	~1210
	~1240
	~1100
	—
	~90
	~70
	—



	France
	~1200
	~810
	~300
	~350
	~13
	~150
	~30



	Croatia
	22.51
	5.92
	0.48
	0.82
	0.71
	0.81
	3.1



	Italy
	—
	—
	—
	—
	—
	—
	—



	Cyprus
	~8
	~9
	~1
	~5
	0
	~0.27
	~2.3



	Latvia
	23.15
	22.51
	6.46
	4.66
	0.73
	0
	3.6



	Lithuania
	41.05
	44.37
	12.29
	15.2
	1.65
	14.43
	0.8



	Luxembourg
	9.47
	9.47
	1.98
	1.44
	0
	3.17
	2.88



	Hungary
	~230
	~220
	~44
	~160
	~1.3
	~12.2
	0



	Malta
	10.36
	10.36
	0
	0
	10.36
	0
	0



	Netherlands
	353.85
	308.36
	0
	0
	1.48
	294.76
	12.12



	Austria
	228.01
	228.01
	48.36
	43.72
	0.31
	118.86
	16.77



	Poland
	568.86
	568.86
	137.77
	29.46
	6.95
	98.58
	296.1



	Portugal
	—
	—
	~14
	—
	—
	—
	—



	Romania
	254.22
	254.22
	54.12
	5.03
	140.69
	2.15
	52.22



	Slovenia
	31
	31
	0
	0.4
	0.6
	11.2
	18.8



	Slovakia
	55.52
	55.52
	0
	26.4
	7.03
	11.93
	10.16



	Finland
	~160
	~160
	~64
	~90
	~1.8
	~0.7
	~0.12



	Sweden
	~210
	~200
	~100
	~55
	2.3
	~2.8
	~57



	Iceland
	—
	—
	—
	—
	—
	—
	—



	Liechtenstein
	—
	—
	—
	—
	—
	—
	—



	Norway
	157.15
	125.32
	68.74
	36.63
	11.99
	0.01
	7.95



	Switzerland
	~180
	~177
	—
	—
	0
	—
	—



	United Kingdom
	—
	—
	—
	—
	—
	—
	—



	Montenegro
	—
	—
	—
	—
	—
	—
	—



	North Macedonia
	—
	—
	—
	—
	—
	—
	—



	Albania
	97.1
	97.1
	3.78
	—
	—
	—
	93.32



	Serbia
	10
	5.5
	—
	—
	5.5
	—
	—



	Turkey
	314.33
	285.42
	3.51
	0
	129.24
	83.94
	68.74



	Bosnia and Herzegovina
	~9.5
	~9.5
	0
	0
	~9.5
	0
	0







“—“ no data available, “~” estimated data.
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Table 4. Pollutant concentrations in treated wastewater discharged from the treatment plant in 2022 (data from [35]).






Table 4. Pollutant concentrations in treated wastewater discharged from the treatment plant in 2022 (data from [35]).





	Pollutant Indicator
	Concentration of Pollutants in Raw Wastewater
	Concentration of Pollutants in Treated Wastewater
	Degree of Pollution Reduction in the Sewage Treatment Plant [%]
	Permissible Concentration of Pollutants [36]





	Five-day biochemical oxygen demand (BOD5) [mg O2/L]
	550.4
	4.97
	99.1
	15.0



	Chemical oxygen demand [mg O2/L]
	1220.2
	36.96
	97.0
	125.0



	General suspensions [mg/L]
	677.5
	7.96
	98.8
	35.0



	Total nitrogen [mg/L]
	95.6
	8.36
	91.3
	10.0



	Total phosphorus [mg/L]
	12.2
	0.45
	96.3
	1.0
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Table 5. Kinetic parameters of pseudo-first-order and pseudo-second-order models.






Table 5. Kinetic parameters of pseudo-first-order and pseudo-second-order models.





	
Adsorbent

	
Adsorbent Dosage [g/L]

	
PFO Kinetic Model

	
PSO Kinetic Model




	
kad

[min−1]

	
qe

[mg/g]

	
R2

	
k

[g/mg min]

	
qe

[mg/g]

	
R2






	
CFBC-S

	
3

	
0.134

	
9.449

	
0.971

	
0.008

	
24.110

	
0.999




	
4

	
0.130

	
10.223

	
0.934

	
0.010

	
22.332

	
0.999




	
5

	
0.118

	
7.229

	
0.958

	
0.012

	
19.711

	
0.999
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Table 6. Diffusion parameters for the Weber and Morris intraparticle model for Cu(II) adsorption.






Table 6. Diffusion parameters for the Weber and Morris intraparticle model for Cu(II) adsorption.





	
Adsorbent

	
Adsorbent Dosage [g/L]

	
Intraparticle Diffusion Model Parameters




	
Kid

[mg/g/min0.5]

	
C

[mg/g]

	
R2






	
CFBC-S

	
3

	
0.402

	
15.293

	
0.999




	
4

	
0.383

	
13.828

	
0.999




	
5

	
0.325

	
12.603

	
0.999
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Table 7. Parameters of Langmuir and Freundlich isotherm models.






Table 7. Parameters of Langmuir and Freundlich isotherm models.





	
Adsorbent

	
Adsorbent Dosage [g/L]

	
Langmuir Isotherm

	
Freundlich Isotherm




	
Calculated qm [mg/g]

	
KL [L/mg]

	
R2

	
Kf

[mg/g] [L/mg](1/n)

	
n

	
R2






	
CFBC-S

	
2

	
53.04

	
0.049

	
0.824

	
1.315

	
0.986

	
0.933




	
3

	
56.05

	
0.037

	
0.888

	
1.213

	
0.938

	
0.938




	
4

	
60.92

	
0.031

	
0.910

	
1.171

	
0.906

	
0.940




	
5

	
70.34

	
0.019

	
0.929

	
1.049

	
0.964

	
0.950
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