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Abstract

:

The organic fraction of waste is increasingly used for biogas production. However, the fermentation process used for this purpose also produces waste in the form of digestate in addition to biogas. Its liquid fraction can, among other things, be a source of water, but its recovery requires many advanced technological processes. Among the first in the treatment train is usually coagulation/chemical precipitation. Its application changes properties, including the size and zeta potential (ζ) of the fractions that have to be removed in subsequent processes. Changes in particle size distribution and ζ potential occurring in the liquid fraction of municipal waste biogas plant digestate and solutions after coagulation/chemical precipitation with FeCl₃·6H₂O, PIX 112 and CaO were analyzed. The particle size distribution of the raw digestate was wide (0.4–300 µm; up to 900 µm without ultrasound). The median particle diameter was about 12 µm. The ζ potential ranged from −25 to −35 mV in the pH range 5–12, and the isoelectric point (IEP) was at pH 2. The best treatment results obtained with the use of. 10 g FeCl₃∙6H₂O/dm³ shifted particle size distribution towards finer particles (median diameter: 8 and 6 µm, respectively, before and after ultrasound). The ζ potential decreased by about 5–10 mV in the pH range 2.5–12 without changing IEP. An amount of 20 g/dm³ of FeCl₃∙6H₂O caused the disappearance of the finest and largest fraction. d50 was about 21.5 µm (17.3 µm after ultrasound). An amount of 20 g/dm³ of FeCl₃∙6H₂O generated a positive high electrokinetic potential in the range of pH 1.8–5. The IEP appeared at pH 8, and after reaching about −5 mV it again became positive at pH about 11.






Keywords:


digestate; biogas plant; coagulation; chemical precipitation; size distribution; zeta potential












1. Introduction


The constantly growing world population and social and economic growth are increasing energy demand [1]. Currently, the energy system is still based on non-renewable energy sources such as coal, oil, and natural gas, and their use for this purpose is associated with a negative impact on the environment [2]. Moreover, these resources are limited and exhaustible. Both care for the natural environment and concerns about limited resources of fossil fuels resulted in an intensive search for other energy sources—e.g., environmentally friendly renewable energy [3].



Biogas technology is considered to be one of the most promising solutions in the waste management sector and alternative renewable energy production [4,5]. There are currently 108 biogas plants operating in Poland on municipal waste landfills [6]. In European countries, there are up to about 15 biogas plants per 1 million capita (e.g., 15 in Norway, 5 in Germany, and 2 in Poland) [7]. It is expected that these numbers will be systematically increasing both because of the need to increase the share of renewable energy, need to reduce the use of fossil fuels, and because of the intensification of agri-food processing [8]. The process of methane fermentation in biogas plants leads to the formation of products such as biogas and digestate. They can be used as a source of heat and electricity (biogas), fuel (pellets and briquettes), an excellent fertilizer for plants and animal bedding or process water [9]. Additionally, the economic aspect resulting from the sale of electricity and heat, as well as the social aspect, is realized by creating new jobs [10].



The post-fermentation mass (also known as the digestate, the digestate biomass, or the digestate pulp) formed in the anaerobic process is a mixture of unfermented organic compounds, methane bacteria and mineral components [11]. Its amount depends on the size of a biogas plant and may reach even several dozen thousand tons per year [12]. However, the chemical composition is related to the type of substrates used in a biogas plant. In the process of biogasification, there are numerous changes in the substrates—e.g., a decrease in the content of organic substances, an increase in the content of mineral compounds per dry mass, fragmentation of solids, total or partial hygienization, as well as decomposition of odorants [13]. Additionally, the quality of the digestate is influenced by the duration of fermentation. Longer process time results in a lower content of organic substances in the fermentation mass, due to more effective methanogenesis [14]. Quality and chemical composition of the digestate has a decisive influence on its subsequent utilization.



A conventional solution for the management and processing of the digestate consists of separating it into solid and liquid fractions before final disposal [15]. The solid fraction is most often subjected to drying or thermal combustion, while the liquid fraction, if it does not contain hazardous components, can be directly used for field irrigation or treated as a process liquid and recirculated in a system to dilute substrates in a digestion reactor [16,17]. In order to meet the quality requirements by the components separated from the digestate, especially when digestate treatment aims to recover water, it becomes necessary to subject it to advanced physico-chemical processes preceded by pre-treatment with e.g., coagulation and chemical precipitation. In the coagulation process, various reagents can be used, which in dissociated form adsorb in the Stern layer of colloidal or suspended particles [18]. In this way, they reduce their electrokinetic potential to a value at which there is no significant electrostatic repulsion causing particle agglomeration [19]. The resulting agglomerates, especially at high fragmentation of particles, can still be very small and slowly settling. Therefore, the occurrence of accompanying processes such as precipitation of hydroxides or other sediments is important in the coagulation process. For this reason, coagulants that can easily be hydrolyzed are used. These are usually inorganic substances that reduce the ζ potential of the particles [20]. The sediment has a large surface charge, adsorbs the counter-ions, and coagulates. Both the type of adsorbed ions and the electrokinetic potential depend on the products obtained and the type of reagents dosed. The most commonly used coagulants include aluminum and iron salts: Al2(SO4)3·18 H2O, FeSO4·7 H2O, Fe2(SO4)3·9 H2O, FeCl3·6 H2O [21]. In addition to Al and Fe salts, lime (CaO) is used for cleaning solutions heavily contaminated by organic compounds. Coagulation/chemical precipitation processes may allow the removal of mechanical and colloidal impurities, microorganisms as well as carbonate hardness (when CaO is dosed) as a result of precipitation of hardly soluble calcium and partly magnesium compounds. Moreover, when lime is used as a reagent, the ammonia is removed and disinfection of the solution is achieved. From a practical point of view, the process of coagulation/chemical precipitation is relatively uncomplicated and, above all, effective [18]. Easy separation of the produced sludge is an additional advantage. Moreover, the content of biogenic and organic substances is reduced without having to subject the wastewater to biological treatment. However, it should be considered that the effectiveness of this process (defined as the effectiveness of removing selected fractions of pollutants from the solution) may depend on many factors—e.g., the properties of the applied reagent, its dosage and reaction time. In addition, coagulation/chemical precipitation, by removing some of the impurities and as a result of the chemical reactions taking place in the solution, has a significant effect on the properties of the particles remaining in the solution, such as particle size and ζ potential. This is particularly important for subsequent digestate cleaning processes, such as membrane processes, as it can determine the intensity of membrane blockages and thus their separation and transport properties.



The digestate is a mixture of particles with different electrophoretic potential. The ζ potential represents an electrical potential of a charged particle immersed in an aqueous solution at the boundary of a slip separating a stationary layer of ions and counter-ions absorbed at the surface of the particle from the ions and counter-ions in another mobile diffusion layer directed into the solution. It may take positive or negative values depending on the pH of the solution and an absolute value also depends on the ionic strength. The pH value at which the ζ potential equals zero is called an IEP and is determined as pHiep. In the vicinity of the IEP, there is a noticeable lack of electrostatic repulsion between the particles, and if there are no other forces ensuring repulsion, the particles merge into aggregates, coagulate, and settle. The suspension of particles is unstable. It is assumed that a ζ potential greater than ±30 mV guarantees stability of the dispersion of fine particles [21].



While numerous studies have been conducted on the liquid fraction of digestate from agricultural biogas plants (i.e., [22,23,24,25,26,27]), there are very few literature reports on the municipal waste biogas plant digestate liquid fraction treatment. Moreover, to our knowledge, there are no literature reports on the use of PIX 112 and FeCl3 coagulants for pre-treatment of the digestate from municipal biogas plants, as well as concerning changes in the properties of substances remaining in solution after coagulation using different reagents. They were mainly limited to the assessment of the removal effectiveness of the contaminants.



The previous study [28] determined the effectiveness of different reagents in the pretreatment of the liquid fraction of digestate from municipal waste biogas plants. The influence of contact time and reagent dose on the separation of organic compounds and ammonium nitrogen reduction was studied. In order to better understand the phenomena occurring during the pre-treatment of the liquid fraction of the digestate in the physico-chemical process, it seemed to be advisable to analyze changes in the particle size distribution and the ζ potential values of the particles present in the liquid fraction of the digestate coming from municipal waste biogas plants and in solutions after its treatment using the coagulation/chemical precipitation process.




2. Materials and Methods


The research was conducted for a liquid fraction of the digestate coming from a biogas plant (ZGO Gać Sp. z o. o., Oława, Poland) processing the organic fraction of municipal waste. Its properties can be found in Table 1.



Pre-treatment of the digestate liquid fraction by coagulation/chemical precipitation was carried out using three different chemical reagents, characteristics of which are shown in Table 2. Doses of the reagents used in the experiments were 10 or 20 g/dm³. A respective amount of reagent was dosed to a reactor with a capacity of 1 dm³ located on a test stand equipped with a Velp Scientifica JLT4 mechanical stirrer. Rapid mixing (150 rpm) was carried out for 2 min followed by slow mixing (20 rpm) for 20 min. After that time, the stirrers were switched off and samples were sedimented for 30 min. Each experiment was duplicated. The selection of operational parameters of the process resulted from the authors’ experience in performing the coagulation/chemical precipitation process.



The efficiency of the process was determined by measuring the concentration of organic compounds expressed as chemical oxygen demand (COD), 5-day biochemical oxygen demand (BOD5), and dissolved organic carbon (DOC). Determination of COD and BOD5 was performed using standard methods: dichromate and dilution, respectively [32]. The concentration of dissolved organic carbon was measured using the HACH IL550 TOC-TN analyzer. Each time before the analysis, the supernatant was filtered using medium paper filters (10–15 µm). Based on the measured factor in raw digestate (c0) and digestate after treatment (c), removal efficiency (R) for each factor was calculated according to the following equation:


R = (c0 − c)/c0 × 100, %











Particle size distribution was carried out using a Mastersizer 2000 laser diffractometer (Malvern), equipped with a HydroMu dispersion unit (Malvern). Measuring range of the apparatus is a particle size from 0.1 to 2000 µm (particle RI 1.52, absorption 0.1). In the measuring procedure, depending on the concentration of solid particles, around 3 cm3 of suspension was poured into 700 cm3 beaker filled with water circulated through a measuring cell. Measurement of particle size distribution was carried out without ultrasounds (the suspension was circulated through the measuring cell, but no ultrasound was generated) and then during ultrasonication of suspension (sonification took place in a beaker from which the suspension is pumped and circulated through the measuring cell) until the particle size distribution was stabilized (the breakdown of possible agglomerates).



Particle size distribution was also performed with the use of a Nicomp 380 DLS apparatus (Nicomp Particle Sizing Systems). This submicron particle size analyzer uses the dynamic light scattering (DLS) method to obtain particle size distributions for samples with particles ranging from 1 nm to 5 µm. The measurement was carried out by placing around 3.5 cm3 of diluted suspension in a measuring cell. Through the use of Nicomp analysis algorithm, the 380 is able to analyze complex multi-modal distributions with the highest resolution and reproducibility.



ζ potential measurements were conducted at 25 °C using a ζ potential analyzer (Malvern Zetasizer 2000). The diluted suspension was conditioned in a beaker for 10 min at a given pH. The pH was adjusted using sodium hydroxide or hydrochloric acid. Then, the suspension was placed in the electrophoresis cell with the use of a syringe. The value of ζ potential was determined as an average of five successive measurements.




3. Results


The coagulation/chemical precipitation process is used primarily to remove organic impurities from a solution. Its effectiveness depends on many factors, the most important of which seem to be the type of reagent used, its dose, and flocculation time, which will influence the effectiveness of the next process, which is sedimentation. In the study, the efficacy of 3 reagents—i.e., FeCl3, PIX 112, and CaO—for a liquid fraction of digestate from municipal waste plant treatment was compared. The selection of iron-based coagulants (FeCl3∙6H₂O, PIX 112) for testing was due to their lower sensitivity to temperature changes and the fact that they produce larger and faster sedimentary lobes when coagulating with them. In addition, the possible secondary contamination of the solution with residual Fe is far less dangerous than when using aluminum reagents. Lime (CaO) was used for research because of its low price and, above all, due to its universality. Not only does it allow for coagulation and chemical precipitation of pollutants, but it is also a disinfectant. Moreover, the generated sludge may have useful properties.



The results of the studies presented in Figure 1 clearly show that an increase in the doses of all tested reagents resulted in a decrease in BOD5, COD, and DOC. Moreover, it was observed that FeCl₃∙6H₂O was the most effective of the tested reagents. It allowed reductions in BOD5, COD, and DOC values by 54%, 43%, and 31%, respectively, at a reagent dose 10 g/dm3. The best effects of organic contaminant removal, observed for FeCl3∙6H₂O, resulted probably from the fact that larger and heavier flocs were formed than in the case of other reagents. It was also found that the biodegradable fraction of organic compounds (expressed as BOD5) was removed to the highest degree during coagulation/chemical precipitation. However, in case of removing all fractions of organic compounds (expressed as DOC), the elimination efficiency was much lower and did not exceed 50% (for FeCl₃∙6H₂O at a dose of 20 g/dm³).



The analysis of the obtained results made it possible to rank the examined reagents according to their treatment effectiveness as follows:


FeCl₃∙6H₂O >> PIX 112 > CaO











The study also assessed the effect of flocculation duration on the treatment effect. The analysis of the obtained results (Figure 2) shows that regardless of the type of the applied reagent, extending the flocculation time beyond 30 min did not improve the efficiency of the process. The best effects could be seen in the initial stage of the process (20–30 min); therefore, a slow mixing time (flocculation) of 20 min was considered optimal. In all the cases, the following slight increase in organic compound content could be observed with the prolongation of flocculation time. For example, for a PIX 112 coagulant dose of 10 g/dm³ and slow mixing times of 20, 30, 40, and 60 min, the COD value was 3760, 4550, 4630, and 4675 g O2/m³. However, when the reagent dose was increased to 20 g/dm³, the COD value in the purified samples of the digestate was 3370, 3470, 3925, and 4590 g O2/m³. This effect is likely to be explained by the phenomenon of pollutants’ desorption due to excessive mixing time. This may have caused a partial breakdown of the flocs as well as desorption of compounds previously adsorbed during the flocculation stage.



The visual effect of the treatment can be observed in Figure 3.



The application of chemical treatment processes of the digestate liquid fraction, chemical coagulation/precipitation, in this case, results in chemical reactions in the solution after the addition of chemical reagents, which, among others, change the ζ potential. Additionally, the use of coagulation alters the proportion of particle size fractions. The knowledge of the changes that occur in the solution as a result of coagulation/chemical precipitation of the digestate is particularly important for the selection of further treatment processes for this medium. For example, if you wish to use one of the pressure-driven membrane processes as a cleaning process, this can determine a pore size of the membrane to be used as well as a material of the membrane. Therefore, raw digestate and purified samples in the coagulation/chemical precipitation process were analyzed for the size distribution of the suspended particles and their ζ potential in the pH 2–12 range (Figure 4 and Figure 5).



It was found that the suspension of raw digestate from the municipal waste biogas plant was characterized by a pH of about 7.2 (Table 1), high turbidity, and black color (Figure 3) from small and stable particles present in the suspension. Larger particles settled to the bottom, but the suspension was cloudy due to small suspended particles. The particle size distribution was wide and ranged from about 0.4 to 300 µm, and without the use of ultrasound, aggregates of up to 900 µm appeared (Figure 4). The d50, d10, d90 of the raw sample can be found in Table 1. After the use of ultrasounds, d10 decreased to 1.8 µm, d50 to 11.5 µm, and d90 to 62 µm.



In the case of the raw liquid fraction of the digestate, which is a mixture of different types of particles, the values of the measured ζ potential were influenced by a wide range of particles. This sample was characterized by high negative values of the ζ potential in the pH range 5–12 (ζ potential in the range −25 to −35 mV). The IEP was at pHiep about 2 (Figure 5).



The application of FeCl₃∙6H₂O as a coagulant in the amount of 10 g/dm³ caused very few black particles of the digestate to remain in the solution, which settled down after some time. On the other hand, small, yellow particles appeared, which mostly remained in a suspended state. In a slightly alkaline aqueous solution of FeCl₃∙6H₂O reacts with the hydroxide ion to form iron(III) hydroxide flocs, more precisely FeO(OH)−. In this case, the pH of the suspension decreased slightly to about 7. The size distribution of residual pollutants in the supernatant shifted slightly towards finer particles (Figure 4a). The median diameter was about 8 and 6 µm, respectively, before and after ultrasound use. d10 and d90 were equal: 3 and 31 µm, and after ultrasonication: 1.6 and 16 µm. The dose of 10 g/dm³ FeCl₃∙6H₂O lowered the negative value of ζ potential by about 5–10 mV in the pH range 2.5–12. However, no IEP shift was observed (Figure 5a).



Increasing the dose of FeCl₃∙6H₂O to 20 g/dm³ resulted in the formation of more sediment and significantly increased turbidity and orange coloration of the suspension. Iron(III) chloride hydrolyzes in water, as a result of which the solution becomes reddish-brown and the environment becomes acidic (in this case pH decreased to about 4.1). Compared to the raw fraction of the digestate, the disappearance of the finest and largest fraction is clearly noticeable on the particle size distribution (Figure 4). d50 was about 21.5 µm and decreased to 17.3 µm after ultrasound application. The d10 and d90 were equal: 8.2 and 52.7 µm and 5.8 and 44 µm, respectively (Figure 4a). An amount of 20 g/dm³ FeCl₃∙6H₂O generated a positive high electrokinetic potential in the pH range 1.8–5. The IEP appeared at pH 8 and, after reaching about −5 mV, again reached a positive value at pH about 11 (Figure 5b).



When another of the tested reagents, 10 g/dm³ iron(III) sulfate in the form of a commercial product called PIX 112, which is its 35–45% aqueous solution, was used, the macroscopic image of the suspension remained practically unchanged. Due to the acidic nature of the coagulant, pH slightly decreased to 7.1. The suspension remained cloudy and black colored (Figure 3b), which made it possible to conclude that the dose of reagent 10 g/dm³ proved to be insufficient, which was also visible in Figure 1. The application of ferric coagulant resulted in the removal of the thickest fraction of digestate particles and formation of a fraction finer than in the raw digestate (Figure 4b). The median diameter shifted towards 2.5 µm, d10 was 0.2 µm, and d90 was 15.8 µm. After ultrasonication, d50 was about 1 µm and d90 dropped to 9 µm. It was observed that the use of this coagulant did not shift the IEP of the digestate. An amount of 10 g/dm³ of PIX 112 did not alter the pH dependence of the ζ potential but increased the negative potential value by about 5 mV (Figure 5a).



The increase to 20 g/dm³ of Fe₂(SO₄)₃ (in a form of PIX 112) resulted in a change in the macroscopic image of the suspension. The observed suspension was stable, cloudy, but changed its color to rusty (Figure 3e). Iron(III) sulfate dissolves in water strongly hydrolyzing giving a yellow-brown color (due to the formation of, among others [Fe(OH)(H₂O)₅]²+). The pH of the solution, as a result of chemical reactions taking place in the solution, decreased to 6.3. The particle size distribution shows almost complete disappearance of particles above 50 µm in the sounded sample (Figure 4b). d50 was 14 µm and moved to 10 µm after ultrasonication. d10 was about 4 and 2 µm, respectively, while d90 slightly exceeded 32 or 21 µm, respectively. At the dose of PIX 112 equal to 20 g/dm³ the ζ potential changes significantly, but only in the pH range above 3. The IEP was created at pH of about 12.2. In the pH range 5–10, the ζ potential oscillated around −20 mV (Figure 5b).



The use of lime in the form of CaO or Ca(OH)2 in wastewater treatment technology is quite common practice [18]. It is used in various mechanical, chemical, and biological processes to give wastewater a high alkaline pH. Quicklime (CaO) has a high affinity for water and when added to water becomes a hydrate (calcium hydroxide, Ca(OH)2) releasing thermal energy. The smaller amount of CaO (10 g/dm3) visually changed very little in the sample of the raw digestate (Figure 3c). The color of the suspension remained black, but turbidity slightly decreased and some particles settled. Nevertheless, a change in particle size distribution could be observed (Figure 4c)—there was a clear peak for large particles and a wide peak, flattening, and moving towards finer particles after ultrasonication for particles in the 2–20 µm range. An amount of 20 g/dm³ CaO caused the disappearance of this fraction and a decrease in the share of particles above 100 µm. The d10 remained practically unchanged (about 1 µm), even after ultrasound, whereas the d90 decreased from 120 to 90 µm and decreased further after sample ultrasonication. The median diameter increased from 7.8 to 34.3 µm and after ultrasound, from 6 to 24 µm, respectively. The lower dose of CaO did not change the dependence of ζ potential on pH, which is consistent with the low cleaning efficiency of the digestate at this dose observed in Figure 1. On the other hand, increasing the dose of CaO to 20 g/dm³ resulted in a decrease in the negative value of ζ potential by about 10 mV above pH 4 (Figure 5b). However, no shift in pHiep was observed.



The observed changes in the ζ potential (Figure 4) as well as particle size distribution (Figure 5) of the molecules remaining in the solution, together with a change in the dose of the reagent, show the importance of this factor in the selection of the digestate treatment system. Too small doses of reagents cause the colloidal fraction not to be destabilized and thus not to be eliminated (or it is, but with limited efficacy) from the solution. Additionally, the molecules remaining in the solution have different properties than those found for contaminants in the raw solution, and thus may affect the subsequent technological processes for cleaning the solution in a completely different way. Knowing the change in particle size distribution as well as the ζ potential is particularly important if the next processes in the technological system of digestate polishing are membrane processes. The presence of smaller size impurities in a solution after coagulation may intensify the internal fouling of porous membranes, while a sign of colloid charge will determine direction and strength of electrostatic interactions between the particles and the membrane.




4. Conclusions


The research presented in this paper allowed for the following conclusions to be drawn:




	
Coagulation/chemical precipitation can be considered as an effective technique of the liquid fraction of digestate from municipal waste plant digestate pre-treatment, but its effectiveness significantly depends on a type and dose of coagulant, as well as the flocculation time.



	
In terms of treatment effectiveness of digestate—i.e., the organic pollutants’ removal efficiency—FeCl₃∙6H₂O gave best results.



	
The use of a coagulation process for digestate treatment caused significant changes in the properties of the particles remaining in the solution, including ζ potential and particle size distribution.



	
The application of FeCl₃∙6H₂O in the amount of 10 g/dm³ caused the particle size distribution to shift towards finer particles; the median diameter decreased from 12 (in raw digestate) to about 8 µm. The ζ potential value was reduced by about 5−10 mV in the pH range 2.5−12. Increasing the amount of FeCl₃∙6H₂O to 20 g/dm³ resulted in the disappearance of the finest and largest fraction and generated a positive high electrokinetic potential of the particles that remained in the treated solution.












Author Contributions


Conceptualization: A.U. and M.K.-K.; methodology: A.U., M.K.-K. and I.P.; validation: A.U., M.K.-K. and I.P.; formal analysis: A.U. and I.P.; investigation: A.U., I.P. and P.S.; resources: A.U., I.P. and P.S.; data curation: A.U. and I.P.; writing—original draft preparation: A.U. and I.P.; writing—review and editing: M.K.-K. and A.U.; visualization: A.U.; supervision: M.K.-K.; project administration: A.U.; funding acquisition: A.U. All authors have read and agreed to the published version of the manuscript.




Funding


The authors would like to thank the European Commission, the National Centre for Research and Development (Poland), Nederlandse Organisatie Voor Wetenschappelijk Onderzoek (Netherlands), and Swedish Research Council Formas for funding in the frame of the collaborative international consortium (RECOWATDIG) financed under the 2018 Joint call of the WaterWorks2017 ERA-NET Cofund. This ERA-NET is an integral part of the activities developed by the Water JPI. National Centre for Research and Development agreement number WATERWORKS2017/I/RECOWATDIG/01/2019.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Wang, S.; Li, G.; Fang, C. Urbanization, economic growth, energy consumption, and CO2 emissions: Empirical evidence from countries with different income levels. Renew. Sustain. Energy Rev. 2018, 81, 2144–2159. [Google Scholar] [CrossRef]

	



Owusu, P.A.; Asumadu-Sarkodie, S. A review of renewable energy sources, sustainability issues and climate change mitigation. Cogent Eng. 2016, 3, 1167990. [Google Scholar] [CrossRef]

	



Jain, N.; Kumar, K.; Sharma, A.; Sangwa, N.R. Energy Generation: A Review. J. Adv. Res. Altern. Energy Environ. Ecol. 2019, 6, 29–33. [Google Scholar]

	



Piwowar, A. Agricultural Biogas—An Important Element in the Circular and Low-Carbon Development in Poland. Energies 2020, 13, 1733. [Google Scholar] [CrossRef]

	



Havrysh, V.; Kalinichenko, A.; Mentel, G.; Olejarz, T. Commercial Biogas Plants: Lessons for Ukraine. Energies 2020, 13, 2668. [Google Scholar] [CrossRef]

	



Rzeźnik, W.; Mielcarek-Bocheńska, P. Agricultural biogas plants in Poland. In Proceedings of the 17th International Scientific Conference Engineering for Rural Development, Jelgava, Latvia, 23–25 May 2018. [Google Scholar] [CrossRef]

	



EBA European Biogas Association. EBA Statistical Report 2018; Renewable Energy House: Brussel, Belgium, 2018. [Google Scholar]

	



Möller, K.; Müller, T. Effects of anaerobic digestion on digestate nutrient availability and crop growth: A review. Eng. Life Sci. 2012, 12, 242–257. [Google Scholar] [CrossRef]

	



Kalnina, I.; Rugele, K.; Rubulis, J. Digestate management practices in Latvia from nitrogen perspective. Energy Procedia 2018, 147, 368–373. [Google Scholar] [CrossRef]

	



Tabatabaei, M.; Aghbashlo, M.; Valijanian, E.; Panahi, H.K.S.; Nizami, A.-S.; Ghanavati, H.; Sulaiman, A.; Mirmohamadsadeghi, S.; Karimi, K. A comprehensive review on recent biological innovations to improve biogas production, Part 2: Mainstream and downstream strategies. Renew. Energy 2020, 146, 1392–1407. [Google Scholar] [CrossRef]

	



Szymańska, M.; Sosulski, T.; Szara, E.; Pilarski, K. Conversion and properties of anaerobic digestates from biogas production. Przemysł Chemiczny 2015, 94, 1419–1423. [Google Scholar]

	



Igliński, B.; Piechota, G.; Iwański, P. 15 Years of the Polish agricultural biogas plants: Their history, current status, biogas potential and perspectives. Clean Tech. Environ. Policy 2020, 22, 281–307. [Google Scholar] [CrossRef]

	



Freda, C.; Nanna, F.; Villon, A. Air gasification of digestate and its co-gasification with residual biomass in a pilot scale rotary kiln. Int. J. Energy. Environ. Eng. 2019, 10, 335–346. [Google Scholar] [CrossRef]

	



Li, Y.; Luo, W.; Lu, J.; Zhang, X.; Li, S.; Wu, Y.; Li, G. Effects of digestion time in anaerobic digestion on subsequent digestate composting. Bioresour. Technol. 2018, 267, 117–125. [Google Scholar] [CrossRef] [PubMed]

	



Peng, W.; Pivato, A. Sustainable management of digestate from the organic fraction of municipal solid waste and food waste under the concepts of back to earth alternatives and circular economy. Waste Biomass Valor 2019, 10, 465–481. [Google Scholar] [CrossRef]

	



Fuchs, W.; Drosg, B. Assessment of the state of the art of technologies for the processing of digestate residue from anaerobic digesters. Water Sci. Technol. 2013, 67, 1984–1993. [Google Scholar] [CrossRef] [PubMed]

	



Tambone, F.; Orzi, V.; D′Imporzano, G.; Adani, F. Solid and liquid fractionation of digestate: Mass balance, chemical characterization, and agronomic and environmental value. Bioresour. Technol. 2017, 243, 1251–1256. [Google Scholar] [CrossRef] [PubMed]

	



Bratby, J. Coagulation and Flocculation in Water and Wastewater Treatment, 3rd ed.; IWA Publishing: London, UK, 2016. [Google Scholar] [CrossRef]

	



Predota, M.; Machesky, M.; Wesolowski, D. The Molecular Origins of the Zeta Potential. Langmuir 2016, 32, 10189. [Google Scholar] [CrossRef]

	



Shah, M.O.; Rodriguez-Couto, S. (Eds.) Microbial Wastewater Treatment; Elsevier: Amsterdam, The Netherlands, 2019. [Google Scholar] [CrossRef]

	



Duan, J.; Gregory, J. Coagulation by hydrolysing metal salts. Adv. Colloid Interface Sci. 2003, 100–102, 475. [Google Scholar] [CrossRef]

	



Đurđević, D.; Hulenić, I. Anaerobic Digestate Treatment Selection Model for Biogas Plant Costs and Emissions Reduction. Processes 2020, 8, 142. [Google Scholar] [CrossRef]

	



Monfet, E.; Aubry, G.; Ramirez, A.A. Nutrient removal and recovery from digestate: A review of the technology. Biofuels 2018, 9, 247–262. [Google Scholar] [CrossRef]

	



Świątczak, P.; Cydzik-Kwiatkowska, A.; Zielińska, M. Treatment of the liquid phase of digestate from a biogas plant for water reuse. Bioresour. Technol. 2019, 276, 226–235. [Google Scholar] [CrossRef]

	



Świątczak, P.; Cydzik-Kwiatkowska, A.; Zielińska, M. Treatment of liquid phase of digestate from agricultural biogas plant in a system with aerobic granules and ultrafiltration. Water 2019, 11, 104. [Google Scholar] [CrossRef]

	



Szymańska, M.; Szara, E.; Sosulski, T.; Wąs, A.; Van Pruissen, G.W.P.; Cornelissen, R.L.; Borowik, M.; Konkol, M. A Bio-Refinery Concept for N and P Recovery—A Chance for Biogas Plant Development. Energies 2019, 12, 155. [Google Scholar] [CrossRef]

	



Urbanowska, A.; Kabsch-Korbutowicz, M.; Wnukowski, M.; Seruga, P.; Baranowski, M.; Pawlak-Kruczek, H.; Serafin-Tkaczuk, M.; Krochmalny, K.; Niedzwiecki, L. Treatment of Liquid By-Products of Hydrothermal Carbonization (HTC) of Agricultural Digestate Using Membrane Separation. Energies 2020, 13, 262. [Google Scholar] [CrossRef]

	



Urbanowska, A.; Kabsch-Korbutowicz, M. Analysis of the pre-treatment efficiency of digestate liquid fraction from a municipal waste biogas plant. Environ. Prot. Eng. 2019, 4, 103. [Google Scholar] [CrossRef]

	



Merck, CAS. 1305-78-8. Available online: https://www.merckmillipore.com/product/Calcium-oxide-from-marble,MDA_CHEM-102109 (accessed on 9 November 2020).

	



Avantor, Product Data Sheet (In Polish). Available online: http://www.poch.com.pl/1/wysw/msds_clp.php?A=5498059c5eeaf1450001 (accessed on 9 November 2020).

	



Kemipol, Product Data Sheet (In Polish). Available online: http://62.129.212.100/img/pdf/karty_2009/20-2-K-PIX_112-SIARCZAN_VI_ZELAZA_III_Xn.pdf (accessed on 9 November 2020).

	



Rice, E.W.; Baird, R.B.; Eaton, A.D. Standard Methods for the Examination of Water and Wastewater, 23rd ed.; American Public Health Association, American Water Works Association, and Water Environment Federation: Washington, DC, USA, 2017. [Google Scholar]








[image: Energies 13 05861 g001 550] 





Figure 1. BOD5, COD, and DOC removal efficiency for FeCl3∙6H2O, PIX 112 and CaO. 






Figure 1. BOD5, COD, and DOC removal efficiency for FeCl3∙6H2O, PIX 112 and CaO.



[image: Energies 13 05861 g001]







[image: Energies 13 05861 g002 550] 





Figure 2. Influence of slow mixing time on COD (a) and DOC (b) removal efficiency for FeCl3∙6H2O, PIX 112, and CaO. 
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Figure 3. The visual effect of the raw liquid fraction of digestate treatment (a—raw liquid fraction of digestate; b—after 10 g/dm3 of PIX 112; c—after 10 g/dm3 of CaO; d—after 10 g/dm3 of FeCl3∙6H2O; e—after 20 g/dm3 of PIX 112; f—after 20 g/dm3 of CaO; g—after 20 g/dm3 of FeCl3∙6H2O). 
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Figure 4. Normalized differential particle size distribution for raw digestate and solution after treatment using FeCl₃∙H₂O (a), PIX 112 (b) and CaO (c) (pump speed: 2000 rpm, ultrasonic power: 150 W). 
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Figure 5. ζ potential of raw digestate and digestate after treatment using FeCl3∙6H2O, PIX 112 and CaO using (a) 10 g/dm3 and (b) 20 g/dm3 of reagent. 
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Table 1. The properties of the raw liquid digestate fraction from the municipal waste biogas plant.
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Index

	
Value






	
pH

	
7.2




	
Conductivity, mS/cm

	
22




	
Total suspended solids, mg/dm3

	
2860




	
Chemical oxygen demand (COD), mg O2/dm3

	
13,060




	
Biochemical oxygen demand (BOD5), mg O2/dm3

	
8362




	
Dissolved organic carbon (DOC), mg C/dm3

	
6086




	
Particle size distribution, µm




	
d50—median diameter

	
12.3




	
d10—lower decile

	
1.9




	
d90—upper decile

	
76.4
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Table 2. The properties of the reagents used in the research [29,30,31].
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	Reagent/Coagulant

Property
	Iron(III) Chloride (Hexahydrate)
	PIX 112
	Calcium Oxide





	chemical formula
	FeCl3·6H2O
	Fe2(SO4)3
	CaO



	producer
	Avantor
	Kemipol
	Merck



	molecular weight, g/mol
	270.32
	399.9
	56.08



	physical form
	solid
	liquid
	solid (powder)



	pH
	1.8 (1% solution)
	<1
	12.6 (20 °C)



	density, g/cm3
	1.82
	1.50–1.56
	3.37



	odor
	chlorine
	odorless
	odorless



	color
	yellow-brown
	dark brown
	white
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