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Abstract

:

This scientific study investigated the adsorption capabilities of biochar samples derived from municipal sewage sludge pellets. Sewage sludge was pyrolyzed at various temperatures (400, 500, and 600 °C), and the biochar’s properties, including specific surface area, pore volume, and pore size distribution, were assessed. The results indicate that the sewage sludge biochar samples are mesoporous materials with significant potential for good adsorption performance. Despite showing a decrease in specific surface area compared to that achieved with pyrolysis at 400 °C, samples pyrolyzed at 600 °C demonstrated an increase in mesopore surface area, enhancing their adsorption potential. Two filtration experiments, conducted at a flow rate of 8 mL/min, revealed that the column containing sewage sludge pyrolyzed at 600 °C retained phosphorus the most effectively during the first and second experiments (with retention efficiencies of 87% and 78%, respectively). The study concludes that municipal sewage sludge biochar could be a promising material for the removal of phosphorus from wastewater and represents a viable solution for sustainable environmental development.
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1. Introduction


The management of sewage sludge is an international problem. The number of users connected to sewage networks is growing, so there is an increasing need to implement more modern, efficient, and environmentally friendly sludge management technologies in water treatment plants [1]. Among the more modern methods of sludge management are anaerobic digestion, dewatering, and drying. Dried sludge can be used as a biofuel or in agriculture [2]. The chemical composition of the treated sludge determines its further applicability [3]. Sewage sludge generated from residential areas falling within categories I and II can be used as a fertilizer for cultivating cereals, technical crops, and energy forests. Additionally, it is valuable for restoring abandoned lands and can contribute to the recultivation of gravel, sand, or clay quarries. Furthermore, it serves as a means to fertilize urban greenery. Sludge reuse in agriculture often leads to the unintentional accumulation of pollutants in soils, which, under certain circumstances, leach through the soil profile and contaminate the groundwater. Sewage sludge may contain both organic and inorganic contaminants, with metallic elements, particularly heavy metals, being predominant. One of the primary considerations in evaluating the suitability of sewage sludge for agricultural purposes is the heavy metal content. The use of sludge containing heavy metals in agriculture is limited, as an excess of individual elements in the soil may have a toxic effect [4,5]. Zinc, copper, nickel, and cadmium have been found in sewage sludge [3], and these elements can retain phosphate phosphorus (PO4-P) [6,7].



As phosphorus is thought to be the main cause of eutrophication, it has recently received much attention [8,9,10]. PO4-P enters natural waters along with insufficiently treated domestic or surface wastewater. Even very low concentrations of phosphorus (from 0.003 mg/L) can cause the eutrophication of water bodies [11]. Phosphorus can be removed from wastewater using chemical, biological, and physical methods. Chemical methods for P removal from wastewater are widely used because they are generally reliable and effective [12]. Phosphorus is chemically removed from wastewater through sedimentation. This method has the advantages of simple operation and an excellent phosphorus removal effect [13]. Biological methods are widely used to treat wastewater, specifically through the use of activated sludge [14]. Compared to the chemical method, the advantages of biological phosphorus removal are that it is low cost and involves less sludge production [15]. The disadvantages of the first two methods are that the biological method is not effective at low P levels, and the chemical method, which adds soluble Al, Fe, and Ca salts, promotes sludge formation [16]. Additionally, physical techniques such as membrane filters and reverse osmosis are not viable due to their high cost for this specific application [17]. The fact that sorption technology is highly efficient and does not create sludge makes it attractive and practical [10]. The removal of phosphorus from water can be achieved using a variety of sorbents, including biochar [11,12,13,14,15,16]. This is a type of sustainable carbonaceous substance produced when organic waste streams, including agricultural waste, are thermally treated in the absence of oxygen [11]. Carbonaceous materials like biochar have been employed as effective solid sorbents for soil amendment, phosphorus removal, and carbon capture. The biomass feedstock for producing the biochars can come from spruce [18], reeds [19], sheep manure [20], dairy cow slurry [21], date seed biochar [22], and sewage sludge [23]. Due to its sustainability and low-cost benefits for treating wastewater containing heavy metals, sludge biochar has recently attracted much attention [24]. It has been demonstrated that producing biochar from sewage sludge enables the safe processing of sewage sludge while also yielding an affordable and long-lasting sorbent [25]. The sorbents derived from sewage sludge typically possess a relatively large specific surface area (100–200 m2/g) and developed microporosity [22].



Previous studies have shown that pyrolyzed sewage sludge is suitable for removing copper, acidic and basic dyes, phenol, phenanthrene, pyrene, and bisphenol A from solutions [26,27,28,29]. Hence, it is hypothesized that biochar produced from sewage sludge can effectively remove PO4-P from wastewater. The aim of this study was to investigate the ability of pyrolyzed sewage sludge to dynamically retain PO4-P.




2. Materials and Methods


2.1. Characterization of Adsorbents


Sewage sludge pellets were obtained from the Vilnius city wastewater treatment plant. In the Vilnius wastewater treatment plant, sludge from primary and secondary clarifiers is mixed, thickened by presses, and digested anaerobically in methane tanks. Prior to anaerobic digestion, the sludge is prepared through thermohydrolysis. After anaerobic digestion, the sludge is dewatered and dried to produce pellets.



The moisture content of the obtained sewage sludge pellets was 4.2 ± 0.1%. Detailed information regarding the preparation of sewage sludge biochar, as well as its characteristics and composition, is presented in our previous study [30]. Briefly, biochar was derived from sewage sludge pellets through pyrolysis using a muffle furnace. The following sorbents were chosen for sorption studies: PS_400—sludge pyrolyzed at 400 °C; PS_500—sludge pyrolyzed at 500 °C; and PS_600—sludge pyrolyzed at 600 °C. Various pyrolysis temperatures were selected to determine the optimal conditions for sorbent production because the elemental composition, surface area, and porosity of biochars are greatly influenced by the pyrolysis temperature [31,32].



The surface morphology of the prepared sewage sludge biochars (0.6–1.0 mm in size) was analyzed using a scanning electron microscope (SEM), an FEI Helios Nanolab 650 dual beam system equipped with energy-dispersive X-ray spectrometry (EDS) for elemental analysis. SEM images (at 100 and 10,000× magnification) of sewage sludge biochar particles are presented in Figure 1. The micrographs show irregularly shaped particles with rough surfaces characterized by cracks and holes. Notably, pyrolysis at 600 °C resulted in the formation of porous structures, evident from the image made at 10,000× magnification (Figure 1c).



The EDS spectra (Figure 2) show that pyrolyzed sludge (at 400, 500, and 600 °C) mainly contained C, Ca, Si, P, Fe, Al, Mg, and K.



The Quantachrome Autosorb-iQ-KR/MP automated high-vacuum gas sorption analyzer, which records nitrogen adsorption/desorption isotherms, was used to determine the specific surface area, pore volume, and pore size distribution of the sludge biochar. Before analysis, samples were outgassed for three hours at 150 °C under vacuum conditions. Nitrogen adsorption and desorption isotherms were then measured at −196 °C (77 °K). The specific surface area was determined using the Brunauer–Emmett–Teller (BET) equation. The pore size distribution was determined by applying the QSDFT technique and density functional theory (DFT). The total pore volume was measured from the adsorption isotherm by assessing nitrogen adsorption at a relative pressure of p/p0 = 0.99. All computations were conducted using the Quantachrome-developed ASiQwin application (Version 2.0).




2.2. Characterization of Wastewater Used for Adsorption Studies


Two filtration experiments were carried out using wastewater obtained from an operational individual wastewater treatment plant. Approximately 100 ± 10 L of wastewater from the wastewater treatment plant was poured into the tank (Figure 3). This wastewater had already been biologically treated. The main pollution indicators of wastewater (after biological treatment) are presented in Table 1.



As indicated in Table 1, wastewater contained only small concentrations of chemical oxygen demand (COD), biological oxygen demand (BOD7), and suspended solids (SS). The presence of a small amount (9–10 mg/L) of SS in wastewater is unlikely to cause the clogging of filter columns in laboratory tests, as previously observed [33]. The wastewater used in the study had a neutral pH. Furthermore, the concentrations of ammonium nitrogen (NH4-N) and nitrates (NO3-N) in the wastewater were low. PO4-P concentrations in wastewater handled by specific wastewater treatment plants vary a lot, so for experiment No. 1, the concentration was raised to the highest value that is typically seen (25–30 mg/L). The concentration of PO4-P in the solution was increased by adding K2HPO4 (experiment No. 1). This salt was thoroughly mixed and dissolved, first in a small amount of wastewater and then in the entire wastewater tank. Experiment No. 2 was carried out using real wastewater, in which the concentration of PO4-P was 3.93 mg/L. This concentration was not increased by the addition of K2HPO4.




2.3. Experimental Design


An experimental filtration set-up with columns was installed in the laboratory of VILNIUS TECH, as shown in Figure 3.



Biologically treated wastewater (104 L) was transferred to a tank (Figure 3), from which it was pumped through a distribution pipe to three filtration columns. Filtration was performed daily for 12 h, during which 34 L of effluent flowed from each column. The experiments were carried out at room temperature (approx. 20 °C). No filtration was performed at night. The wastewater was filtered at a flow rate of 8 mL/min. Pyrolyzed sludge particles were poured onto a support bed of fine stones in three filtration columns. Sewage sludge biochar pyrolyzed at temperatures of 400 °C, 500 °C, and 600 °C with particle sizes between 1.0 and 1.6 mm (experiment No. 1) and 0.6 and 1.0 mm (experiment No. 2) were used to fill the columns. Detailed parameters of the filter media are provided in Table 2.



In experiment No. 1, the column media was covered using a mesh, whereas in experiment No. 2, a 5 cm layer of sand was applied over the biochar media. Identically sized columns with a diameter of 4.5 cm were employed in both experiments. For each experiment (No. 1 and No. 2), all three columns were uniformly packed with sewage sludge biochar of the identical fraction, as detailed in Table 3. It is important to note that pristine sewage sludge biochar was introduced into each column.



Throughout the experiments, the filter media were fully submerged, filtering from top to bottom. Filtrate samples were taken from all columns simultaneously at predetermined time intervals. At the same time, samples of wastewater were taken from the tank. The samples were analyzed in the laboratory. PO4-P concentrations were measured using MERCK Spectroquant® (Darmstadt, Germany) assays. Test samples were placed in cuvettes (Hellma, MERCK, Darmstadt, Germany) and measured for absorbance at the necessary wavelength using a Genesys 10 UV-Vis spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). Each sample underwent three tests, and the average results were recorded. The values of the indices differed by 6–12%. The pH was determined potentiometrically, measured with a WTW pH-meter pH-330i, and reference buffer solutions certified by Hamilton from Carl Roth GmbH+ Co. KG (Karlsruhe, Germany) were used for the quality control of measurements.



The efficiency of the removal of PO4-P (Ei, %) from the solution in each column was calculated according to the following Formula (1):


Ei = (C0 − Ci) × 100/C0,



(1)




where C0 was PO4-P concentration before filtration (mg/L) and Ci was PO4-P concentration after filtration, (mg/L).





3. Results and Discussion


3.1. Surface Area and Porosity


The nitrogen adsorption–desorption isotherms (Figure 4) were used for calculating the surface area and conducting an in-depth analysis of the pore characteristics of pyrolyzed sludge. The shapes of all isotherms and the configuration of their hysteresis loops made it possible to refer to them as type IV with H3-type hysteresis loops (IUPAC) [34]. Consequently, it can be concluded that all samples could be classed as mesoporous materials with a high adsorption performance. The H3 hysteresis loop indicates the presence of non-rigid aggregates with slit-like pores.



The main structural characteristics of the samples, including BET surface area (SBET), micropore area (Smicro), external area (Sext), pore volume (Vpore), and average pore size (APS), along with porosity, are displayed in Table 3.



The porosity of the particles (ε) was calculated using the following Equation (2):


ε = Vp/(Vp + 1/ρapp),



(2)




where Vp is the pore volume (cm3/g), and ρapp is the apparent density (g/cm3) of the material.



As can be seen from Table 3, the specific surface area of the samples decreased when the pyrolysis temperature was increased up to 500 °C and then began to increase. This is due to the effect of the activation temperature on the physical characteristics of biochar. As described in [35], the specific surface area of the samples depends on the carbonization temperature and reaches its maximum at 600–700 °C. A gradual decrease in the specific surface area, micropores, and external surface area of the samples, with a simultaneous increase in the average pore size when heated to 400 and 500 °C, possibly indicating sintering, was observed. However, at 600 °C, the sewage sludge biochar was already reaching a carbonized state, and its specific surface area had begun to increase. At the same time, the surface of the mesopores increased by 45% and the micropores by only 23%. The pore volume reached the value of 0.095 mL/g, and the porosity rose. An interesting fact is that, during pyrolysis at 600 °C, the specific surface area of the sample remained lower than it was at 400 °C, but the surface area of the mesopores increased, contributing to the increase in the adsorption potential of the sample.



As in Figure 5, pyrolysis at 400 and 500 °C resulted in a reduction in the volume of pores of 2–39 nm. Additionally, pyrolysis at 600 °C led to an increase in the volume of pores in the range of 2–15 nm and the appearance of new pores in the range of 36–50 nm. Thus, the pyrolysis of sewage sludge at a temperature of 600 °C and above makes it possible to predict an enhancement of its sorption properties.




3.2. Results of the Filtration Experiments


The results of experiment No. 1 are shown in Figure 6. When filtering wastewater at a rate of 8 mL/min, its residence time in the columns was 50 min. Figure 6 shows that during the first hour of filtration, PO4-P was retained most effectively by the third column containing sewage sludge pyrolyzed at 600 °C (efficiency 87%). The least efficient (efficiency 31%) result was from the first column filled with sewage sludge pyrolyzed at 400 °C. From the results presented in Figure 6, it can be seen that the PO4-P retention efficiency of all filter media decreased to 30–40% during the first 17 h of filtration and did not change significantly thereafter (17–42 h of filtration). At the end of the experiment, the efficiency of all three columns was still at least 30%. It was observed that, after 42 h of filtration, a slimy layer of sediment appeared above the filter media on the grids (Figure 3b). The sediment that accumulated on the surface of the column media came from the filtered wastewater, which contained small amounts of suspended solids and organic matter (Table 1). This sediment layer could contribute to PO4-P retention, so even after 42 h of filtration, the PO4-P retention efficiency was positive.



Experiment No. 2 was performed by filtering wastewater with a lower initial PO4-P concentration (3.93 mg/L). Biochar particles were pressed with a 5 cm high layer of quartz sand (Figure 3c).



The results of experiment No. 2 are presented in Figure 7. During this experiment, the initial PO4-P concentration of treated wastewater was six times lower, and the residence time of the wastewater in the column media was two times lower than in experiment No. 1. During the first 1.5 h of filtration, PO4-P was retained most effectively by the third column, which contained sewage sludge pyrolyzed at a temperature of 600 °C (retention efficiency of 78%). The PO4-P retention efficiency in the second column initially reached 21%, and after 5 h, it was 0%. The effluent from the first column always contained the same concentration of PO4-P as the initial concentration found in the wastewater. It is concluded that the media in the first column did not retain phosphorus. This finding was influenced by the insufficient residence time of the treated wastewater in the column media (25 min). According to Mekonnen et al. (2020), increasing the contact time increases phosphate uptake, indicating a rapid filling of active sites due to boundary layer diffusion [36].



In both experiments, the PO4-P removal efficiency from wastewater was lowest with PS_400 column media and highest with PS_600 column media. Two filtration experiments, conducted at a flow rate of 8 mL/min, revealed that the column containing sewage sludge pyrolyzed at 600 °C exhibited the most effective PO4-P retention during the first and second experiments, with retention efficiencies of 87% and 78%, respectively, obtained after 1 h of filtration. This result is due to the composition of pyrolyzed sewage sludge (Figure 2). PS_600 samples contained the highest concentration of Mg, Al, Si, K, Ca, Fe, and Zn. Metals are known to adsorb phosphorus through chemisorption [37]. According to Pugliese et al., Fe can attract and retain phosphorus [38]. According to Adly et al. (2022), activated carbon does not remove phosphorus from water, but when coated with nanoscale iron particles, it attracts phosphorus and forms complexes between Fe oxides and phosphorus (P–O–Fe) as a chemisorption process takes place [39]. The process can change if the pH changes, as Fe dissolves at high or low pH values. A pH range of 7 to 8 is favorable for phosphorus adsorption, as Fe is insoluble under these conditions [39]. The conditions of this study were appropriate for the formation of complexes between Fe and phosphorus since the pH of the wastewater was 7.5–7.6.



Measuring the pH of the filtrates from the columns revealed that it was higher than the initial pH of the wastewater. During both experiments, the pH of the filtrates increased in the following order: in the first column by 3–4%, in the second column by 5–7%, and in the third column by 15–18%. The pH of the wastewater was likely to increase because the pyrolysis of sewage sludge at 600 °C increased the concentration of alkali metals in it [39]. Therefore, the higher the temperature of the pyrolyzed sludge, the higher its pH. Previously, Januševičius et al. (2024) observed that as the sludge pyrolysis temperature increased from 400 °C to 600 °C, the concentrations of Ca, Mg, and K in biochar increased by 9, 3, and 11.5%, respectively [30]. PO4-P adsorption onto the biochar was shown to be greatly aided by the concentrations of Ca and Mg [11,39]. Numerous studies have investigated the effect of pyrolysis temperature on phosphate adsorption by biochar. However, there is no agreement regarding the ideal synthesis temperature, as it is highly influenced by the specific raw materials used [11]. Before producing biochar, it is essential to subject organic waste to anaerobic digestion. Yao et al. (2011) observed that after the anaerobic digestion of sugar beet tailings, followed by pyrolysis at 600 °C, the resulting biochar demonstrated significantly improved phosphate adsorption capacities. This enhancement was attributed to the development of a mesoporous structure, a larger surface area, and a higher zeta potential [40]. The biochar used in this study was derived from anaerobically digested sewage sludge that had been subjected to a thermohydrolysis process. This technological process could increase the volume of biochar pores and the surface area of the mesopores. Biochar is gaining much interest in the wastewater treatment industry because of its high porosity, large surface area, rich surface functional groups, and high pH value [41]. A positive feature of biochar is that it does not pollute the water itself. Our previous study showed that Zn, Cu, Cr, Mn, Ni, and Pb were not leached from sewage sludge biochar produced at a temperature of 600 °C [30]. Although the materials and production processes used to make biochar and activated carbon are identical, biochar is produced at a lower temperature than activated carbon, which results in a price that is one-sixth of that of commercial activated carbon [42]. On the other hand, sewage sludge is a waste product, and its amount should be reduced, thus contributing to the development of environmental sustainability.





4. Conclusions


This work investigated the adsorption properties of pyrolyzed sewage sludge at different temperatures (400, 500, and 600 °C) and the efficiency of removing PO4-P from wastewater by filtration. Nitrogen adsorption–desorption isotherms were used for calculating the surface area and undertaking an in-depth analysis of the pore characteristics of pyrolyzed sludge. The BET surface area and pore size distribution were determined. Based on the results, it can be concluded that all samples could be categorized as mesoporous materials with a high adsorption performance. During pyrolysis at 600 °C, the specific surface area of the sample remained lower than it was at 400 °C, but the surface area of the mesopores increased, contributing to the increase in the adsorption potential of the sample.



Two wastewater filtration experiments (at a rate of 8 mL/min) using three columns filled with sewage sludge pyrolyzed at temperatures of 400, 500, and 600 °C were carried out. The size of the media fraction was 1.0–1.6 mm in the first experiment and 0.6–1.0 mm in the second experiment. The tests were carried out with real biologically treated wastewater with a PO4-P concentration of 1.4–4.0 mg/L. The concentration of PO4-P in the wastewater treated by individual wastewater treatment plants varies greatly, so it was increased to the maximum that actually occurs (25–30 mg/L) during the first filtration experiment. The efficiency of PO4-P removal from wastewater varied depending on the filter column media and the residence time of the wastewater in the column. The experiments showed that the first column (filled with sewage sludge pyrolyzed at 400 °C) did not retain PO4-P due to the smaller surface area of the mesopores. The third column, which contained sewage sludge pyrolyzed at 600 °C, retained PO4-P most effectively during the first and second experiments (87 and 78% retention efficiency, respectively). The pyrolysis of sewage sludge at 600 °C increased the concentration of alkali metals, which makes PO4-P sorption more efficient. Overall, the study data provide valuable insights into the effectiveness of pyrolyzed (400–600 °C) sewage sludge in removing phosphorus from wastewater. However, further research is needed to determine the optimal conditions for phosphorus removal and to develop more effective and sustainable methods for treating wastewater.
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Figure 1. SEM images of sewage sludge biochar samples: PS_400 at 100× magnification (a), PS_500 at 100× magnification (b), PS_600 at 100× magnification (c), PS_400 at 10,000× magnification (d), PS_500 at 10,000× magnification (e), and PS_600 at 10,000× magnification (f). 
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Figure 2. EDS spectra of sewage sludge biochars: PS_400 (a), PS_500 (b), PS_600 (c). 
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Figure 3. Experimental set-up: (a)—general view; (b)—experiment No. 1; (c)—experiment No. 2. Column No. 1—contains PS_400 filler, column No. 2—PS_500 filler, column No. 3—PS_600 filler. 
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Figure 4. N2 adsorption–desorption isotherms. 
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Figure 5. Pore size distribution. 
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Figure 6. Phosphorus retention efficiency during experiment No. 1. The initial concentration of PO4-P in the wastewater was 25.5 mg/L; the initial weight of pyrolyzed sludge inside the column was 209 g; the particle size was 1.0–1.6 mm. 
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Figure 7. Phosphorus retention efficiency during experiment No. 2. The initial concentration of PO4-P in the wastewater was 3.93 mg/L; the initial weight of pyrolyzed sludge inside the column was 130 g; the particle size was 0.6–1.0 mm. 
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Table 1. Average initial indicators of pollution of wastewater used in the study.
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Indicator

	
COD

(mg/L)

	
BOD7

(mg/L)

	
SS

(mg/L)

	
NO3-N

(mg/L)

	
NH4-N

(mg/L)

	
PO4-P

(mg/L)

	
pH






	
Experiment No. 1




	
Value

	
41

	
9.6

	
10.1

	
5.53

	
10.64

	
1.38

	
7.5




	
Experiment No. 2




	
Value

	
39

	
7.5

	
8.6

	
9.45

	
8.33

	
3.93

	
7.6











 





Table 2. Parameters of different adsorbent media.
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Column No.

	
Pyrolysis

Temperature, °C

	
Fraction, mm

	
Volume,

mL

	
Column Height, cm

	
Mass, g

	
Apparent

Density, (g/cm3)






	
Experiment No. 1




	
1

	
400

	
1.0–1.6

	
400

	
27.2

	
208

	
0.520




	
2

	
500

	
1.0–1.6

	
400

	
27.2

	
211

	
0.528




	
3

	
600

	
1.0–1.6

	
400

	
27.2

	
209

	
0.523




	
Experiment No. 2




	
1

	
400

	
0.6–1.0

	
200

	
13.6

	
130

	
0.650




	
2

	
500

	
0.6–1.0

	
200

	
13.6

	
131

	
0.645




	
3

	
600

	
0.6–1.0

	
200

	
13.6

	
128

	
0.639











 





Table 3. Specific surface area (SBET), micropore area (Smic), external surface area (Sext), pore volume (Vp), average pore size (APS), and porosity (ε) of pyrolyzed sewage sludge.
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	Sample Code
	SBET, m2/g
	Smic, m2/g
	Sext, m2/g
	Vpore, mL/g
	APS, nm
	ε





	PS_400 (2)
	127.589
	94.2
	33.389
	0.090
	5.39
	0.979



	PS_500 (3)
	82.669
	54.7
	27.969
	0.074
	6.92
	0.975



	PS_600 (4)
	107.994
	67.3
	40.694
	0.095
	5.60
	0.980
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