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Abstract

:

Technological solutions allowing the increase of the technological efficiency of anaerobic methods of wastewater treatment are still under investigation. The weaknesses of these solutions can be limited by the use of active fillings. The aim of the present study was to determine the impact of fluidized active filling on the effectiveness of anaerobic treatment of sugar-industry effluent, the production efficiency and the qualitative composition of the biogas produced. High, comparable (p = 0.05) effluent treatment results were observed at tested organic load rates between 4.0 and 6.0 kg COD (Chemical Oxygen Demand)/m3·d. The COD removal rate reached over 74%, biogas yields ranged from 356 ± 25 to 427 ± 14 dm3/kg CODremoved and the average methane contents were approximately 70%. A significant decrease in effluent treatment efficiency and methane fermentation was observed after increasing the organic load rate to 8.0 kg COD/m3·d, which correlated with decreased pH and FOS/TAC (volatile organic acid and buffer capacity ratio) increased to 0.44 ± 0.2. The use of fluidized active filling led to phosphorus removal with an efficiency ranged from 64.4 ± 2.4 to 81.2 ± 8.2% depending on the stage. Low concentration of total suspended solids in the treated effluent was also observed.






Keywords:


fluidized active filling (FAF); sugar-industry effluent; anaerobic reactor; methane fermentation; biogas; phosphorus removal












1. Introduction


Sugar-industry effluent is characterized by a high load of suspended solids and nutrients and by a high COD (Chemical Oxygen Demand) mainly due to the presences of carbohydrates [1,2,3]. Discharge of such effluent into the environment has a negative impact on aquatic ecosystems [4]. As of recent years, fermentation reactors have been the preferred method for treating sugar-industry effluent, encompassing technologies such as anaerobic fixed bed (UAFB) [5], upflow anaerobic sludge blanket (UASB) [6], anaerobic downflow stationary fixed film (DSFF) [7], aerated fixed film (AFF) [8] and anaerobic batch reactors [9].



Advantages of fermentation reactors include low operating costs [10,11], small size of the bioreactors not requiring large investment plots [12], low excess sludge, which can usually be used as a nitrogen- and phosphorus-rich fertilizer [13,14] provided high soil enzymes activity and greater stability in crop production [15], their capacity to treat highly-polluted wastewater and operating at high organic load rates (OLRs) [16]. Anaerobic bioreactors are hermetically closed, limiting the spread of odors and aerosols [17,18,19]. CH4-rich biogas is an important product of anaerobic biodegradation of organic compounds [20].



Despite the indisputable advantages of the anaerobic treatment technologies, there are also clear limitations as well, preventing widespread take-up [21,22]. One disadvantage of fermentation methods is that the removal of nutrients (nitrogen and phosphorus) is a function of biomass growth in the anaerobic process and occurs with low efficiency [23,24]. Limited pollutant removal performance precludes anaerobic reactors from being used to produce final discharge-ready water. This necessitates the use of additional processing, such as an aerobic pass or chemical precipitation to remove phosphorus [25,26]. While effective, these methods add to the operating costs and increase the technological complexity of the system [27,28]. Difficulties with separating treated effluent from the fermentation microflora are also encountered in anaerobic reactors with full mixing, potentially leading to bacterial biomass wash-out from the reactor [29].



As such, it is necessary to identify solutions to improve the efficiency and versatility of anaerobic technologies. An alternative to the currently used solutions is to use fillings, which support sorption, precipitation and binding of nutrients, while also improving the efficiency of biogas production. Effective phosphorus removal under anaerobic conditions has been shown to be achievable through the introduction of metal ions produced by corrosion of metal elements [30]. Laboratory and semi-industrial studies have shown that the use of the metal dissolution leads to complete removal of orthophosphates and 90% reduction in total organic phosphorus [31]. It has been shown that the addition of zero valent iron improves the stability of methane fermentation and increases the production of methane even at a non-optimal pH [32]. The use of constant magnetic field can also directly improve the final processing outcomes of methane fermentation [33].



The fluidized active filling (FAF) method presented in this paper is an innovative solution not previously used to treat sugar-industry effluent. The use of a microcellular extrusion process to create microspheres can increase the active surface area available for anaerobic sludge microorganisms, which limits the wash-out of biomass from reactors and increases the microflora-effluent contact surface [34]. Sewage treatment processes may be further supported by enriching filling components with metal additives and magnetic fluid activators, which has been shown, for example, to reduce the surface tension of effluent, promote biogas removal [35] and facilitate the hydrogen sulphide fixation by iron ions [36]. The structural properties of the pipe fittings and the additional action of active factors lead to significant increases in effluent treatment efficiency and the production of gaseous anaerobic bacteria metabolites, when compared to the currently used fillings [37].



The effects of using FAF in anaerobic reactors have so far been confirmed only in the treatment of dairy waste. In order to obtain a reliable assessment and determine the universality of this innovative solution, it is necessary to conduct further verification tests. The most desirable are operational tests carried out on a fractional-technical and pilot scale, in which the obtained results will not be sensitive to the scale-up effect. The aim of the present study was to determine the impact of fluidized active filling (FAF) on the effectiveness of anaerobic treatment of sugar-industry effluent, the production efficiency and the qualitative composition of the biogas produced.




2. Materials and Methods


2.1. General Study Design


The study was conducted on a semi-industrial scale and in three stages. The stages were differentiated by the organic load rate (OLR) in the anaerobic chamber. The experiment was concluded upon the successful achievement of the target process results related to effluent treatment efficiency and biogas and methane production efficiency. The OLR range for the study was from 4.0 kg COD/m3·d to 8.0 kg COD/m3·d. Prior to the start of the exact study, the anaerobic sludge was adapted to the process conditions by running a fluidized active filling reactor (FAF-R) at an OLR of 1.0 kg COD/m3·d for 40 days.




2.2. Materials


2.2.1. Sugar-Industry Effluent


The experiments used an effluent sourced from the sugar industrial plant during the August–November beet production campaign. Before being fed to the FAF-R, the effluent was stored in a retention/equalizing tank. The primary indicators of pollution in the examined effluent in the three experimental stages differing in OLR are presented in Table 1.



To achieve the intended levels of COD in the effluent, the raw effluent was mixed with tap water (Table 2).




2.2.2. Anaerobic Sludge


The FAF-R (Fluidized Active Filling-Reactor) was inoculated with anaerobic sludge sourced from the anaerobic digesters of the “Łyna” Municipal Water Treatment Plant in Olsztyn, Poland. The enclosed digesters are used for anaerobic stabilization of anaerobic sludge produced during municipal wastewater treatment. The system runs at 35 °C, at loads ranging from 2.0 kg VS/m3·d to 2.5 kg VS/m3·d. The hydraulic retention time in the digester is 20 days. The properties of the anaerobic sludge are presented in Table 3.




2.2.3. Fluidized Active Filling (FAF)


The FAF used in the research was produced using the technology of microcell extrusion of transparent, granulated plasticized poly(vinyl chloride) (Alfavinyl GFM/4-31-TR, Alfa sp. z o.o., Warsaw, Poland). The material was chosen due to its common use. The basic properties of the poly(vinyl chloride) are listed in Table 4.



The PVC used for the FAF-R components was modified by adding a Hydrocerol 530 granulated blowing agent in the proportion of 0.8% weight (manufactured by Clariant Masterbatch). Chemically-pure copper and iron powders manufactured by Cometox (Cometox S.R.L, San Giacomo, Italy) were also mixed in with the PVC. The metal additives weighed 5.0% of the mass of the PVC used in the pipe fittings. The Cu/Fe weight ratio was 1Cu/9Fe, as determined based on prior research by the authors [38]. Specifications of the build components used for the active filling during the experiments are presented in Table 5.



Based on the previous research, it was determined that the optimum magnetic properties in the operated reactor were achieved after magnets were installed in 25% of the reactor pipe fittings [39]. The specifications of the neodymium magnets used in experiments are as follows: diameter 10 ± 0.1 mm, height 5 ± 0.1 mm, magnetic flux ~3952·× 10−3 mWb, magnetic moment ~450.528·× 10−6 mWb·m, magnetic flux at the geometric center of the magnetic pole surface at a distance of 0.7 mm ~0.368 T, magnetic flux at the edge of the magnetic pole surface at a distance of 0.7 mm ~0.384 T, maximum working load ~0.85 kg. The scheme of FAF production is presented in Figure 1.





2.3. Design and Operation of the Process System


The semi-industrial-scale process system for treating sugar-industry effluent comprised a retention tank and the FAF-R. A diagram of the system is presented in Figure 2.



The retention tank consisted of a pallet container with a total volume of 1000 dm3 and an active volume of 600 dm3. The reactor was fitted with a vertical agitator rotating at 30 rpm. Raw sugar wastewater was delivered every 24 h and stored in a retention tank. The effluent from the retention tank was fed to the FAF-R in 24 doses per day, for 10 min per dose, through a rotary lobe pump with a capacity of 150 dm3/h. The FAF-R was constructed upon a pallet container with a total volume of 1000 dm3 and an active volume of 600 dm3. As with the hydrolysis tank, the reactor was fitted with a vertical agitator rotating at 60 rpm and working on a 30 min on/30 min off operating scheme. Due to the density of the tested FAF, which was lower than the reactor contents (an anaerobic sludge and effluent mixture), the tank acted as a contact reactor with a fluidized filling during the mixing-on periods. The volume of FAF fed into the reactor was 200 dm3. During the mixing intervals, FAF flotation occurred and a filtration layer formed at the top of the tank.



The processing method applied enabled the active filling to interact with biomass throughout the FAF-R during mixing. During the intervals, flotation occurred, filtration layers formed (10 min) and the outflowing treated effluent was filtered (10 min), which reduced anaerobic sludge wash-out from the FAF-R and pollutant load in the outflow. The treated effluent was discharged from the FAF-R through a spigot fitted underneath the liquid surface by means of a peristaltic pump with a capacity of 150 m3/h. The discharge of the treated effluent from the FAF-R was followed by the introduction of raw effluent. Raw effluent from the retention tank was fed into the bottom part of the FAF-R in 24 doses per day, for 10 min per dose. The one-hour repeated working cycle of the FAF-R is as follows: mixing 30 min, settling 30 min included 10 min—FAF flotation and filtration layer formation at the top of the FAF-R, 10 min—the outflow of treated effluent through the FAF filtration layer, 10 min—feeding raw effluent into the bottom part of the FAF-R).



The heating time in the FAF-R was a function of temperature. The heating coils were activated by the thermal controller, which reacted directly to the readings from the temperature sensors within the reactors. The heating systems were activated whenever the temperature dropped below the target value of 35 °C. When the temperature sensor detected that the temperature in the reactor conformed to the target value, the power supply to the heating coils was automatically cut off. The assumed hysteresis was ±1 °C.




2.4. Analytical Methods


The chemical oxygen demand (COD), total nitrogen (TN), ammonia nitrogen (AN), total phosphorus (TP) and orthophosphates (P-PO4) in the wastewater and effluent were analyzed once every 24 h using a DR 5000 spectrophotometer (Hach, Germany). The content of total solids (TS) was determined according to the gravimetric method. Determination of the amount of biomass immobilized on the surface of magneto-active packing media was based on the gravimetric method. Before/after biomass immobilization, the mass of pure/immobilized packing media was determined. To this end, 30 weight measurements of the 10 randomly selected packing media were used. In the case of the immobilized biomass determination, the packing media was dried at 105 °C to evaporate water before weight measurement. TS of the immobilized biomass was determined by the difference between the average weight of the immobilized packing media and the average weight of the pure packing media. The titration method (Tritlab AT 1000, Hach, Germany) was used to determine the FOS/TAC ratio (volatile organic acid and buffer capacity ratio). Biogas flow rate was measured continuously using a digital gas flow meter XFM17S (Aalborg Instruments & Controls, Inc., Orangeburg, NY, USA). The biogas composition was analyzed once every 24 h using a GMF 430 m (GasData, England) and a gas chromatograph (GC, 7890A Agilent, USA) equipped with a thermal conductivity detector (TCD). The GC was fitted with two Hayesep Q columns (80/100 mesh), two molecular sieve columns (60/80 mesh) and a Porapak Q column (80/100) operating at a temperature of 70 °C. The temperature of the injection and detector ports were 150 °C and 250 °C, respectively. Helium and argon were used as the carrier gases at a flow rate of 15 mL/min.




2.5. Statistical Analysis and Optimisation Procedures


The statistical analysis of results was carried out using the Statistica 13.1 PL software package. The hypothesis of the distribution of each analyzed variable was verified using the W Shapiro-Wilk test. One-way analysis of variance (ANOVA) was used to determine the significance of differences between variables. The homogeneity of variance in the groups was analyzed using the Levene test. The HSD (Honest Significant Difference) Tukey test was used to determine the significance of differences between the analyzed variables. The statistical significance was adopted at p = 0.05.



Empirical equations were elaborated using stepwise regression with multiple regression. They allowed estimating the amount of biogas and methane depending on the characteristics of the raw sugar-industry effluent. Predictors having a significant impact on the changes in the parameters estimated in model systems were determined. Also, accuracy of models fit to empirical data was estimated via the coefficient of determination. Significance of multiple regression models was verified by the F-test. Lack-of-fit Test was conducted to evaluate whether the proposed models are sufficiently detailed. This test consisted in comparing the proposed models with full models (having other part of explanatory variables, omitted in the proposed models). The developed models were subjected to estimation. Next, their fit to the results obtained was evaluated by the analysis of residuals. The assumption of normality of residuals decomposition was verified and models’ accuracy was evaluated by deleting residual values with respect to predicted values (Statistica 13.1 PL).





3. Results and Discussion


After 20 days of FAF-R operation at a load of 4.0 kg COD/m3·d, the COD at the outflow averaged 879 ± 235 mg O2/dm3 (Figure 3). The COD removal rate fluctuated around 74.1 ± 7% (Table 6) and 1.78 ± 0.17 kg COD/d of the pollution load was removed (Figure 4). The OLR increase to 6.0 kg COD/m3·d led to similar COD (p = 0.05) levels in the outflow, averaging 1141 ± 206 mg O2/dm3, with an observed removal rate of 74.9 ± 4.0% (Figure 3, Table 6). The increased OLR caused a significant (p = 0.05) spike of COD in the treated effluent. In stage 3 (6.0 kg COD/m3·d), the COD at the outflow averaged 2113 ± 255 mg O2/dm3 at a removal rate of 68.9 ± 4% (Figure 3, Table 6). The COD load removed at this stage approximated 3.30 ± 0.18 kg COD/d g (Figure 4).



The reported results regarding the sugar-industry effluent treatment through methane digestion indicate significantly higher efficiency of the technological systems currently in-use. Nacheva et al., (2009) achieved a 90% COD removal rate in a UASB reactor, with OLRs ranging from 4 to 16 kg COD/m3∙d [40]. Similarly, Hampannavar and Shivayogimath, (2010) using UASB at OLRs of 0.5–16 kg COD/m3∙d achieved a COD removal rate of 89.4% [41]. A very high OLR of 54.0 kg COD/m3∙d was used in a study by Zhang et al., (2019). The COD in the treated sugar-industry effluent was around 18,000 mg O2/dm3. In this case, the UASB reactor worked at an average efficiency of 69.2%. However, methane production halted due to a decrease in pH to 5.0 [42]. Barrera et al., (2019) presented a strategy for the start-up of UASB reactors treating sugar cane vinasse. The inflow COD ranged from 4320 to 12,690 mg O2/dm3. ORLs used in the experiment were: 3.03, 5.66, 7.34 and 10.01 kg COD/m3∙d. The COD removal rate was 72.8%, 88.8%, 80.0% and 78.0%, respectively [43]. It should be stressed, however, that all of the cited research works used UASB reactors, in which the presence of granulated sludge is a typical feature. Such reactors, apart from their many clear advantages, also have many flaws and limitations, such as the need to pre-treat wastewater and remove suspensions, fatty compounds and minerals by means of filtration, flotation, coagulation and sedimentation [44]. These processes entail operational difficulties and technological complications and limit the economic efficiency of the UASB reactors. Nacheva et al., (2009) also achieved a COD concentration sufficient for the final discharge of the effluent at OLRs not higher than 4 kg COD/m3∙d [40]. Another problem associated with UASB reactors is their incapability for effective nitrogen and phosphorus removal.



A study by Fito et al., (2018) showed a maximum COD removal rate of 65.1% at OLR as low as 1.0 kg COD/m3∙d. The experiments were carried out in a biphasic high-rate reactor, which was fed with sugar-industry effluent mixed with distillery effluent. The process failed to produce target pollutant removal levels [45]. In turn, Farhadian et al., (2007) used a Wxed upXow (UAFB) anaerobic source on a pilot scale. The inflow COD ranged from 2000 to 8000 mg/dm3. At these conditions, the maximum organic content reduction rate ranged from 75% to 93% [5].



The biogas yield at stage 1 was 638 ± 98 dm3/d and 356 ± 25 dm3/kg CODremoved (Figure 5) with CH4 content at 69.6 ± 1.4% (Table 6, Figure 6). Increasing OLR to 6.0 kg COD/dm3·d led to a sharp spike in biogas yields, reaching 1134 ± 127 dm3/d and 427 ± 14 dm3/kg CODremoved (Table 6, Figure 5). The process parameter change did not influence (p = 0.05) the methane level, which reached 72.0 ± 1.9% (Table 6). At an OLR of 8.0 kg COD/m3·d, the methane level decreased to 61.9 ± 3.1%, as did the one-time biogas yields, with 364 ± 11 dm3/kg CODremoved (Figure 5).



Biogas yields and methane contents obtained in the FAF-R were higher than the literature data. Nacheva et al., (2009) achieved biogas yields ranging from 294 to 416 dm3/kg CODremoved, with methane contents of 61.1% to 65.3% [40]. The most successful process of the ones examined by Hampannavar and Shivayogimath, (2010) yielded 325 dm3/kg CODremoved. The methane content in the biogas ranged from 73% to 82% [41]. In another study, Barrera et al., (2019) achieved 331.4 dm3 CH4/kg CODremoved at an OLR of 7.34 kg COD/m3∙d [43]. The higher biogas and methane yields, in comparison to those presented in the literature, may be explained by the use of the innovative active filling (FAF) with neodymium magnets and metal additives. Studies to date have shown that a steady magnetic field (SMF) promotes the metabolic activity of microorganisms. Ji et al., (2010) examined the effect of SMF on biological effluent treatment [46]. As the magnetic field intensity increased within the range of 0 to 20 mT, so did the activity of the activated sludge microbiota. The optimal effluent temperature and pH ranges were 20.0–40.0 °C and 6.0–10.0, respectively. According to Ji et al., (2010), at optimal magnetic flux level not exceeding 17.8 mT stimulates microbial metabolism, thereby improving treatment efficiency [46]. In turn, fluidized bed reactors were used by Liu et al., (2009) to examine steady alcohol fermentation [47]. Higher ethanol yields were demonstrated after MF stimulation of S. cerevisiae conversion processes. At an intensity of MF 95–110 Oe and starting glucose level of 90 g/dm3, the highest ethanol yields were achieved at the content of magnetically active particles ranging from 26% to 41% (v/v). Increasing the content of magnetically active particles in the bioreactor beyond 51% (v/v) lowered digestion efficiency [47]. According to the authors’ own research, the optimum magnetic properties in the operated reactor were achieved after magnets were installed in 25% of the pipe fittings were, as evidenced by previous research [39].



The literature indicates that the use of metal dissolving technology promotes methane production [35,48]. According to the authors’ own research, using neodymium magnets in FAF components improves biogas production and efficiency. The metal catalysts, such as the zero-valent iron, are electron-donors for methanogenic and denitrifying bacteria [49]. Under anaerobic conditions, iron corrosion is triggered by gaseous H2 and the formed CO2 is reduced to CH4 by hydrogenotrophic methanogens, such as Methanococcus thermolithotrophicus, Methanobacterium thermoautotrophicum or Methanospirillum hungatei [50]. Zhang et al., (2011) used a UASB reactor fitted with steel elements and achieved a methane content of 66.8%. However, in the UASB reactor without such elements, the methane content was only 47.9% [37]. Similarly, Shi et al., (2011) used iron nanoparticles to augment a UASB reactor. The biogas yields and methane levels produced increased by 12.9%–17.9% and 10.7%–12.9%, respectively [35]. Lee and Shoda, (2008) corroborated the positive impact of metals on the enrichment and purification of biogas. The iron addition at 6–8 g/dm3 increased methane content to 60% [51].



The content of total suspended solids in FAF-R outflow at the load 4.0 kg COD/m3·d varied significantly. During the first four days of operation, the value of this pollution indicator increased from 53 mg DM/dm3 to 78 mg DM/dm3 (Figure 7). In the following days, the value started progressively decreasing, reaching 33 ± 2 mg DM/dm3 on day 20 (Figure 7). The average content of total suspended solids in the FAF-R outflow at this stage was 67 ± 7 mg DM/dm3 (Table 6). Systematic increases of OLR from 6.0 kg COD/m3·d to 8.0 kg COD/m3·d caused no significant changes in its values, which varied between 43 ± 3 mg DM/dm3 and 44 ± 6 mg DM/dm3 (Table 6, Figure 7). When the FAF-R was running at OLRs of 4.0 to 6.0 kg COD/m3·d, the observed pH ranged from pH 7.05 ± 0.22 to pH 7.13 ± 0.16 (Table 6, Figure 8). A significant (p = 0.05) decrease of the average value of this parameter to pH 6.75 ± 0.18 was noted after increasing the OLR to 8.0 kg COD/m3·d (Table 6).



The nitrogen removal rate ranged from 17.3 ± 4.0% in stage 1 to 8.7 ± 3.0% in stage 3 (Table 6). The concentration observed in the outflow from R-FWA was 107 ± 5.0 mg/dm3 for OLR-kg COD/m3·d and increased proportionally with the increasing OLR up to 237 ± 7.7 mg/dm3 (Figure 9). Because the treated effluent was discharged from the reactor through the AF filtration layer, where biological binding and chemical sorption took place, very high phosphorus removal rates were noted throughout the experiment (Table 6, Figure 10). In stage 1, the rate was 81.2 ± 8.2%, leading to a concentration of 5.5 ± 2.4 mg/dm3 in the outflow (Figure 10). When the FAF-R was running at OLRs of 6.0 to 8.0 kg COD/m3·d, the observed phosphorus removal rates were significantly lower (p = 0.05) and ranged from 69.8 ± 5.4% to 64.4 ± 2.4% (Table 6). The observed treated effluent concentrations were 13.2 ± 2.7 mg/dm3 in stage 2 and 20.9 ± 1.4 mg/dm3 in stage 3 (Figure 10).



In the present study, the innovative active substances with metal additives fed into anaerobic reactors led to efficient phosphorus removal (64.4 ± 2.4–81.2 ± 8.2%) and elimination of suspended solids. Many researchers indicate that metal corrosion stimulates the biochemical degradation of organic compounds through the modification of anaerobic conditions within the reactor, by means of reducing the redox potential and increasing buffer capacity [37,49,50]. It also enhances the abiotic processes of contaminant removal, because the formed colloids help eliminate the organic suspended solids in flocculation, adsorption and precipitation reactions [52]. Also significant is the formation of insoluble vivianite compounds through a reaction between metals and phosphates, leading to lower phosphorus levels in the treated effluent [35]. Removal of phosphorus compounds using metal dissolution is based on similar premises as the electrocoagulation method. However, metal ions are introduced into the wastewater as a result of spontaneous corrosion process and after transformations in the wastewater environment become responsible for the removal of phosphates. The best results were observed under anaerobic conditions using steel fillings [53]. When steel is exposed to wastewater, the electrochemical and biological corrosion process became very intensive. Iron corrosion in an anaerobic conditions produces iron ions in the form of Fe2+ [54]. In the next stage, in the process of coagulation and adsorption, phosphor is bound to the chemical compound Fe3(PO4)2 on the surface of saline filling [55]. A similar process may promote nitrogen removal through the formation of complexes with metal ions. However, no increased TN removal was observed in the present study.



Phosphorus recovery has received increasing attention as the phosphate rock resources deplete and the need for finding a replacing source of phosphorus becomes ever more important [56]. At the same time, a great amount of sewage sludge is disposed of by using methods that do not ensure the sustainable recycling of the nutrients bound in the sludge [57]. Furthermore, as the most economical way to dispose the sludge, the agricultural use, appears to be increasingly restricted, new technologies are needed to recover phosphorus from sludge and to process it into a suitable form for fertilizing purposes [58]. A number of methods has been developed to recover phosphorus from the sludge and to convert it to a reusable form. Most implementation cases in full scale are based on the largely researched technologies: the crystallization or precipitation of phosphorus as calcium phosphate or struvite [59,60]. However, these technologies can only reach the recovery efficiency of 50 to 60% of total phosphorus [61]. Methods with higher recovery potential are typically wet chemical [62].



Empirical equations were elaborated by multiple regression and they allowed estimating the biogas and the methane potentials as a result of methane digestion of sugar-industry effluent in a reactor with fluidized active filling (FAF). It was stated that such variables as: OLR, total nitrogen and total phosphorus in the raw effluent statistically significantly influenced the production of biogas. Meanwhile, statistically significant changes in methane production were influenced by: OLR, ammonia nitrogen and total phosphorus. Biogas estimation model (1) is characterized by an estimation error on the level of ±136.04 and reflects ca. 76.99% of changes in the process of biogas generation (coefficient of determination R2 = 0.7699). Methane estimation model (2) reflects ca. 80.84% of changes in the process of biogas generation (coefficient of determination R2 = 0.8084) with an estimation error on the level of ±140.03. The developed models were subjected to estimation. Normality of residuals decomposition was verified along with the correctness of biogas and methane models.


  BIOGAS = 11.3881    OLR  + 3.0132    TN  + 4.4619    TP  + 140.7410  



(1)






  METHANE = 4.4751    OLR  + 1.3966    N  –   NH  4  + 8.8945    TP  + 177.7348 ,  



(2)




where BIOGAS—daily biogas production [dm3/d]; METHANE—daily CH4 production [    dm     CH  4   3   /d]; OLR—organic load rate in the digesters [kg COD/m3 d]; TN—total nitrogen concentration [mg N/dm3]; TP—total phosphorus concentration [mg P/dm3]; N–NH4—ammonia nitrogen [mg N–NH4/dm3].




4. Conclusions


Effluent treatment technologies based on methane fermentation have been gaining great recognition among operators in recent years. Unfortunately, their wide take-up is hampered by their many limitations. One disadvantage of the fermentation methods is that the anaerobic process is characterized by low nitrogen and phosphorus removal rates and difficulties with separating treated effluent from the fermentation microflora. This precludes anaerobic reactors from being used to produce final discharge-ready water. As such, it is necessary to identify solutions that would counteract these limitations of fermentation reactors. One of the potential solutions is offered by the active filling.



Within the studied OLR range of 4.0–6.0 kg COD/m3·d, the COD removal rate was higher than 74%, leading to a concentration of 879 ± 235 to 1141 ± 206 mg O2/dm3 in the outflow. At these experimental stages, the methane content in the biogas was around 70%. Increasing OLR to 6.0 kg COD/m3·d led to a significant reduction in the observed results of methane digestion of the sugar-industry effluent. The COD at the outflow increased and averaged 2113 ± 255 mg O2/dm3 at a removal rate of 68.9 ± 4%. A lower by 10% methane content in the biogas were also observed, reaching 61.9 ± 3.1%. Decreased effluent treatment and methane fermentation efficiencies were correlated with an observed pH decrease to 6.75 ± 0.18 and the FOS/TAC ratio increase to 0.44 ± 0.2.



It was shown that the use of FAF-R could improve phosphorus removal rates. The process efficiency ranged from 64.4 ± 2.4 to 81.2 ± 8.2% at different stages. The regime of operation and filtering the treated effluent through a magnetically-active filling layer also led to low levels of total suspended solids in the treated effluent.
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Abbreviations




	FAF
	fluidized active filling



	FAF-R
	fluidized active filling reactor



	OLR
	organic load rate (kg COD/m3·d)



	HRT
	hydraulic retention time [day]



	COD
	chemical oxygen demand [mg O2/dm3]



	BOD5
	biological oxygen demand [mg O2/dm3]



	FOS/TAC
	volatile organic acid and buffer capacity ratio
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Figure 1. Scheme of fluidized active filling (FAF) production (1—inter layer with metal powder, 2—middle cellular layer with blowing agent, 3—outer layer with metal powder, 4—metal particles, 5—micropores). 
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Figure 2. A diagram of the experimental process system (1—hydrolysis tank, 2—fermentation tank, 3—agitators, 4—rotary lobe pump, 5—peristaltic pump, 6—magneto-active filling, 7—limiting grid, 8—biogas outflow with a meter, 9—outflow of treated effluent). 
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Figure 3. Changes in the chemical oxygen demand (COD), in the treated effluent. 
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Figure 4. COD load removed during treatment. 
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Figure 5. One-time yields of biogas per removed COD load. 
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Figure 6. Methane content in the biogas. 
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Figure 7. Changes in the total suspended solids concentration in the treated effluent. 
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Figure 8. Changes in pH value in the fermentation bioreactor. 
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Figure 9. Changes in the total nitrogen concentration in the treated effluent. 
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Figure 10. Changes in the total phosphorus concentration in the treated effluent. 
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Table 1. Properties of the raw effluent used in the study.
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Indicator

mg/dm3

	
Stage/Organic Load Rate




	
Stage 1—4.0 kg COD/m3·d

	
Stage 2—6.0 kg COD/m3·d

	
Stage 3—8.0 kg COD/m3·d






	
COD

	
3400 ± 201

	
4600 ± 190

	
6800 ± 270




	
BOD5

	
1930 ± 170

	
2890 ± 154

	
3850 ± 206




	
Total nitrogen

	
130± 20

	
195 ± 22

	
260 ± 27




	
COD/N

	
26 ± 2

	
25 ± 2.2

	
26 ± 1.8




	
Ammonia nitrogen

	
20.4 ± 5.7

	
30.6 ± 8.3

	
40.8 ± 12




	
Total phosphorus

	
29.3 ± 4.9

	
43.9 ± 9.7

	
58.6 ± 9.1




	
Orthophosphates

	
4.2 ± 0.8

	
6.3 ± 1.6

	
8.4 ± 2.3




	
Total suspended solids

	
18.1 ± 1.9

	
27.2 ± 3.3

	
36.2 ± 5.2
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Table 2. Experimental design.






Table 2. Experimental design.





	Stage
	OLR

[kg COD/m3·d]
	Fraction of Raw Effluent

[%]
	Fraction of Tap Water

[%]





	Adaptation
	1.0
	12.5
	87.5



	1
	4.0
	50
	50



	2
	6.0
	75
	25



	3
	8.0
	100
	0
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Table 3. Properties of the anaerobic sludge used in the experiment.
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	Parameter
	Unit
	Average





	pH
	
	7.44 ± 0.37



	Water content
	%
	97.9 ± 0.82



	Dry matter
	%
	2.1 ± 0.82



	Volatile matter
	% DM
	62.7 ± 3.01



	Ash
	% DM
	47.3 ± 2.73



	Capillary suction time
	s
	503 ± 28.29
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Table 4. Basic properties PVC (poly(vinyl chloride)) Alfavinyl GFM/4-31-TR according to manufacturer’s specifications.
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	Property
	Unit
	Value





	Density
	[kg/m3]
	1230 ± 20



	Elastic modulus
	[MPa]
	2600 ± 30



	Tensile strength
	[MPa]
	21 ± 2



	Elongation at break
	[%]
	300 ± 12



	Shore hardness A
	[°Sh]
	80 ± 4










[image: Table] 





Table 5. Specifications of the pipe fittings for the active filling.
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	Property
	Unit
	Value





	Density
	[kg/m3]
	874 ± 2



	Porosity
	[%]
	40 ± 1



	Tensile strength
	[MPa]
	14 ± 2



	Hardness
	[°Sh]
	25 ± 3
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Table 6. Performance characteristics of the FAF-R.
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Parameter

	
Unit

	
Stage 1

	
Stage 2

	
Stage 3




	
Technological Parameters






	
OLR

	
kg COD/m3·d

	
4.0

	
6.0

	
8.0




	
HRT

	
h

	
24

	
24

	
24




	
Operation time

	
d

	
20

	
20

	
20




	
Temperature

	
°C

	
38 ± 1

	
38 ± 1

	
38 ± 1




	

	
Results




	
COD removal

	
%

	
74.1 ± 7.0

	
74.9 ± 4.0

	
68.9 ± 4.0




	
TP removal

	
%

	
81.2 ± 8.2

	
69.8 ± 5.4

	
64.4 ± 2.4




	
TN removal

	
%

	
17.3 ± 4.0

	
11.4 ± 2.5

	
8.7 ± 3.0




	
Biogas

	
dm3/kg CODremoved

	
356 ± 25

	
427 ± 14

	
364 ± 11




	
CH4 in biogas

	
%

	
69.6 ± 1.4

	
72.0 ± 1.9

	
61.9 ± 3.1




	
Daily biogas production

	
dm3/d

	
638 ± 98

	
1134 ± 127

	
1206 ± 96




	
Daily CH4 production

	
dm3CH4/d

	
443 ± 64

	
817 ± 99

	
750 ± 91




	
pH

	

	
7.13 ± 0.16

	
7.05 ± 0.22

	
6.75 ± 0.18




	
FOS/TAC ratio

	

	
0.31 ± 0.1

	
0.37 ± 0.1

	
0.44 ± 0.2

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
wO
- *
8 K4
% 3
*
00
050 v
o S
i £
.,
¥ 4
%
¥ *
* . &
5

e 8 8 2 8 8§ ©

aF @& A

[¢wp NA3u] sprjos papuadsns ejo L.

8¢
5y
sy
6t
o
134
oy
LE
ve
1€
8T
ST

@
61
91
€1
o1

Time [days]





media/file4.png





media/file18.png
e

Stage 3
+*

P

*

»

Stage 2

o0t i“"

+

o

&

oS %

*

~»

140 -
120 &
100 -
80 -
60

[cwp/Suw] NI

8¢
¢<
s
or
or
¥
or
Lt
Fe
[€
3C
CC
cC
ol
ol
el
0T

Time [days]





media/file3.jpg
T &
L6

T4

e
»la





media/file19.jpg
[cwp/3uw] 4L

*
« <,
8 *
% .
a o*
*
-
‘e
-
\.‘
o
s, *
H s...
4
.
.
N
o
- o?
© 000
%
& o
o %o
*
.
*
"
o T O®OTANO ®O T O
TS aAagz2ezxas

8¢
5y
s
(94
o
(24
or
LE
ve
1€
8C
ST
<
61
91
€1
o1

Time [days]





media/file7.jpg
Stage 3

Stage 2

Stage 1

\

¢ d

=
<

©
o

o o
RS

[4ep/*08] pasowar 40D

+ o 9
A a =

o

ik
=]

-
o

=
=]

8¢S
sS
s
6F
9
134
[Ug
LE
143
£
8T
st
w
61
91
€1
01
L

14

1

Time [days]





media/file10.png
Stage 3

8%
&S
(4
or
9

tr
ot

Stage 2

e F

Lt
Pt
[t
8¢
&L
cC

61
91
|

Time [days]

Stage 1

L

1 ]
= =
] =
) ]

PRAOWRA 7~ Fy __xm_.ﬂﬁu segorg

1
=
S0

T
-
O

o ]

350 -

I I I !
o o o o
- — =T h—
Fo R - -

230 -
200





media/file14.png
[
i
Y
o
.

%

.-.t.“
o $
v N
& *

.

..,s

2
$
PN
L
g
.
= T — S = S — S~ S < S S < S < S =
& @ ~ © w o & e —

[ wup’ NAZur] sprjos papuadsns [2)jo

3¢
&5
s
or
of
e
Or
LE
143
Te
8C
SC
cC
61
o1
el
01

Time [days]





media/file11.jpg
Stage 3

Stage 2

Stage 1

Time [days]





media/file6.png
COD [mgO,/dm?*]

2600 -
2400 -
2200 -
2000 -
1800 - RS
1600 - »
i &
1400 iy
- +
1200 14, o
1000 - ot
 /
800 | @
600 -
400 -
200 -

Stage 1 Stage 2 Stage 3

34
37

31
40
43
46
49
52
55
58

Time [days]





media/file15.jpg
Stage 3

Stage 2

Stage 1

8.0
7.8

8¢S
5y
5y
o
or
£

LE
143
1€
8T
ST

[
61
91
€1
o1

Time [days]





nav.xhtml


  energies-13-06626


  
    		
      energies-13-06626
    


  




  





media/file16.png
pH

8.0
7.8
7.6
7.4
7.2
7.0
0.8
6.6
6.4
6.2
6.0
3.8
3.0
5.4
5.2
5.0

Stage 1

Stage 2

Stage 3

— = [~ <O o O
e e B |

e
Lo B |

L

o0 =
ot I '

Time [days]

=T
oy

h 1w oo
=+ w1 W





media/file2.png
Poly(vinyl chloride) PVC
Alfavinyl GFM/4-31-TR

Granulated blowing agent
Hvdrocerol 530 (0.8% PVCmass)

Chemically-pure copper powder
(0.5% PVC mass)

Chemically-pure iron powder

(4.5% PVC mass)

L

Microcell extrusion
Single-screw extruder T32-25

Temperature in the extrusion head

equalled to 160°C
Screw rotation of 50 rpm

Fluidised active filling (FAF)

M&—Nu

Neodymium magnets N38
25% of the FAF






media/file20.png
* e 8¢
" N.. "
i) L
i
SR 5
&
R ¢ €
* OF
LE
e
1£3
P 3T
2 ST
ot T
*s 61
1 0]
. 3 €l
. 01

&
L

Stage 2
%
Time [days]

Stage 1
&
L

1 1 1 1 | | | 1
o0 D cl o 0 \O
daada3 23
d

[(wup/Suw] 41





media/file5.jpg
COD [mgO,/dm?®]

2600
2400
2200
2000
1800
1600
1400
1200
1000
800
600
400
200

Stage 1

Stage 2

16
19

22
25
28
31
34
37

Time [days]

40
43

46
49
52
55
58





media/file1.jpg
Poly(vinyl chloride) PVC Flidised active illing (FAP)

Alfavinyl GFM/4-31-TR

‘Granulated blowing agent
Hydrocero 530 0.8% PVCmase)

Chemically.pure copper powder

equalled to 160°C

(05% PVC mass)

Screw sotaton of 50 rpm

Single-screws extruder T3225
Temperature in the extrusion head.

\iﬂjii\

Neodymium magnets N38

‘Chemicallypureiron powder
25% of the FAF

(45% PVC mass)






media/file12.png
CH,4 [%]

80
78
76
74
72
70
68
66
64
62
60
58
56
54
52
50

Stage 1

*e

*
*e

Stage 3

*
*e 0
* 4

10
13

16
19
25
43

Time [days]

46
49
52
55
58





media/file9.jpg
Stage 3

8¢S
5y
[43
(34
9

[34
op

Stage 2

LE
13
1€
8T
ST
[44

Stage 1

470

£ 28 2 8 8 8
I T A A @A a

[P q00D By/cwp] sesorg

=)
@
a

&

61
91
€1
[
L
14
1

Time [days]





media/file0.png





media/file8.png
Stage 3

Stage 2

Stage 1

4

T S A
o T o BN o Y o B

|Aep/fO8] pasowal (OO

I
-
=

]
o2
S

]
=1
S

0.0

Time [days]





media/file17.jpg
Stage 3

Stage 2

8¢
sS
«©
(34
o
134
ov
Le
ve
1€
8T
ST

[
61
o1
€1
o1

Time [days]

300

&
8
E
2
K
»
cceoccoeees e
gegesesggsns s
ggs8geesss

p/3u] NL

60





