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Abstract

:

This experiment analysed the operation of submerged and dripping biological filters with three types of filling: commercial fitting HXF12KLL (CF), two innovative polypropylene aggregates (PPA) and polyethylene screw caps for PET bottles (PSC). The experiment determined the time needed to reach full filter functionality at the maturation stage, the time needed to start successive stages of the nitrification process and the maximum concentration of each nitrogen compound in water in the recirculation systems. The filter operation characteristics after the maturation stage were also examined. These issues are crucial during the preparation and launch of new aquaculture facilities. A literature analysis indicated that the ability of biological filters to oxidise nitrogen compounds is affected by a number of factors. Studies conducted at various centres have covered selected aspects and factors affecting the effectiveness of biological filters. During this study, the model fish common carp (Cyprinus carpio) was used. The current experiment involved examination of biological filter maturation and operation during the carp fry rearing stage, which allowed the biofilter operation characteristics to be determined. At the third day of the experiment, the ammonium concentration reached approximately 3 mg NH4-N/dm3. It remained at this level for 10 days and later decreased below 0.25 mg NH4-N/dm3. The maximum nitrite concentration ranged from 11.7 mg/dm3 to 20.9 mg NO2-N/dm3 within 9 to 20 days and later decreased with time. Nitrate concentrations were seen to increase during the experiment. The all applied biofilter media showed possibility to be used in commercial aquaculture systems.
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1. Introduction


Annual fish and seafood consumption has been increasing steadily. The amount of fish and seafood obtained globally is limited and annual output has remained at 90 million tonnes for the past decade. For this reason, any increase in the amount of fish and seafood is associated with aquaculture and its dynamic growth. The production of aquaculture accounted for 44% of the total output in 2014 [1,2]. Installations used for animal production can be classified in regard to the degree of water recirculation: (1) open/flow-through systems, in which water is used once; (2) semi-open/semi-closed systems, in which water is used multiple times before being removed from the system, and (3) closed systems, in which only water loss is replenished. Higher degrees of water recirculation require more complex systems to purify it. RAS denotes technologies of repeated water reuse in a closed system. However, water loss in breeding systems needs to be replenished for multiple reasons, not only because of evaporation. To minimise the need for replenishing water loss, RAS systems are equipped with complex water treatment and purification systems, including mechanical and biological filters, UV sterilisation devices, water ozonation systems and others [3,4]. The most important of these systems are biological filters, which control toxic nitrogen species and are necessary for RAS operation [3,4,5]. The fast increasing of aquaculture production in RAS is not possible without new developed technologies. One of the main focuses is media for biofilters, upon which the effectiveness of nitrification is dependant. This also an influence of biofilter costs, so new and cheaper biofilter media are necessary to involve in further aquaculture production growth [1,2,3,4,5].



The removal of toxic nitrogen from water is affected by nitrification, consisting of the biological oxidation of ammonium nitrogen to nitrite (III) nitrogen, followed by oxidation of the latter to nitrate (V) nitrogen. A crucial role in the nitrification process is played by Nitroso- (oxidation of ammonium to nitrite) and Nitro- (oxidation of nitrite to nitrate) nitrification bacteria [6,7]. Total ammonium nitrogen (TAN) is one of the major limiting factors in the design and operation of RAS systems [8] and is one of the metabolites which is formed in the digestion of proteins and the transformation of amino acids [9] given to fish with feed. It occurs as a sum of two species: dissociated (ammonium ion, NH4+) and undissociated (ammonia, NH3) [8,10]. Ammonium nitrogen in its dissociated form is relatively non-toxic, whereas the undissociated form is highly toxic [8,9,11,12,13,14,15,16,17]. For this reason, it must be controlled [17] and removed from the system or oxidised to a less toxic nitrogen form [8,18]. Ammonia levels in RAS systems are controlled by nitrification [17]. The NH4+/NH3 ratio depends mainly on the environment’s pH. The amount of toxic NH3 increases along with higher pH, depending on the temperature, pressure and salinity. Excessive amounts of ammonia lead to tremors in fish, coma and death [10]. The ammonia removal process is affected by a number of factors. The most important of them is the availability of oxygen (4.57 g of oxygen is needed to oxidise 1 g of ammonium nitrogen) and the rate of its diffusion into the biomembrane [8]. A decrease in water saturation with oxygen results in inhibition of ammonium nitrogen oxidation [19,20]. Important factors also include temperature, pH, salinity and organic matter burden on the biological filter [8]. Nitrite nitrogen are intermediate compounds in nitrification [6,7]. Due to their toxic effect on fish, they are an equally important factor in fish breeding as ammonium nitrogen [7,14,21,22] and are responsible for chronic diseases leading to fish death [7]. Nitrate nitrogen is the last step in the nitrification process [6,7] and has long been regarded as harmless. Recent studies have shown that it should be taken into account when optimising fish breeding. This nitrogen form is relatively harmless, but long-term exposure is suspected of having deadly toxic effects [21,23], although further studies are needed [23]. Analysis of the nitrification process gives the information if the biofilter is matured. In RAS equipped with such a biofilter, the level of ammonium and nitrite concentrations are low and stable [18]. It is especially important for finfish species, which are sensitive to toxic nitrogen compounds, like salmonids [4,6,7,11,12].



The kinetics of the reaction were not studied during the experiment, because the purpose of the study was to examine whether the applied experimental fillers for biological filters are useful in aquaculture. The reaction kinetics study is the next step after confirming the suitability of the filling used. The operation of modern aquaculture systems and their further dynamic growth requires the continuous development of new technologies [24]. It is equally important to keep in mind while developing new technologies or solutions that biological filter operation is affected by a number of factors, e.g., dissolved oxygen and the rate of its diffusion into the biomembrane, temperature, pH, salinity and organic matter burden on the biological filter, which is not always reflected in laboratory tests [7,25,26,27]. Considering the above, a two-step experiment was conducted on a semi-commercial scale, in which submerged and dripping biological filters with three different fillings were used, which are different from each other. CFs (commercial fitting HXF12KLL) have been designed to obtain the largest possible area in a unit of volume. In addition, their spatial structure allows the free flow of water through the centre of individual fittings, which effectively supports nitrification (nitrifiers have constant access to nitrogen compounds). PSCs (polyethylene screw caps for PET bottles) have more than three times smaller surface area per unit volume, but due to their shape, the inflow of nitrogen compounds to the biofilm is greatly facilitated. PPAs (polypropylene aggregate) have the least regular shape. A microscopic photograph reveals a lack of internal spaces on which a bacterial biofilm could develop. However, the outer structure has numerous recesses and protrusions, which are very diverse and provide favourable conditions for the development of nitrifiers. The main donor of nitrogen compounds were common carp Cyprinus carpio juveniles. The study examined the dynamics of nitrogen compound transformations during biological bed maturation and matured bed operation. Moreover, increasing the daily nutrient dose allowed the bed operation to be examined with increasing loads.



A system with submerged filters with commercial fillings was used as a control. During the experiment, the hypothesis was verified that the use of polypropylene aggregate and polyethylene screw caps for PET bottles as fillers for biological filters will achieve the same effects as the use of commercial fittings HXF12KLL.




2. Materials and Methods


The experiment lasted 60 days in the submerged biological bed variant (two days of fish acclimatisation and 58 days of the water parameter measurements) using tap water. The experiment lasted 45 days in the dripping biological bed variant (two days of fish acclimatisation and 43 days of the water parameter measurements). The biological bed maturated during this time, which allowed the dynamics of nitrogen compound transformations in a maturated bed system to be examined. Moreover, increasing the daily nutrient dose allowed the bed operation to be examined with an increasing load. Ammonium, nitrites and nitrates’ concentration in tap water at the beginning of the experiment was 0.045 mg N-NH4/dm3, 0.027 mg N-NO2/dm3 and 0.872 mg N-NO3/dm3.



2.1. Experimental Conditions


2.1.1. RAS Systems


The experiment was conducted in four identical semi-open RAS systems with 625 dm3 volumes each (daily refill—150 dm3) modelled on devices used by Sikora et al. [18]. Three types of biological filter fillings were examined:




	-

	
Polypropylene aggregate (PPA) (active surface area 300–500 m2/m3 —manufacturer’s data) (Figure 1A).




	-

	
Polyethylene screw caps for PET bottles (PSC) (active surface area ca. 300 m2/m3) (Figure 1B).




	-

	
Commercial fittings HXF12KLL (CF) (active surface area 859 m2/m3, Stöhr GmhH & Co. KG, Marktrodach, Germany) (Figure 1C).









Each RAS system consisted of: an upper retention reservoir, a two-chamber lower retention reservoir (sedimentation chamber, pump chamber) and two rearing tanks. The systems were also fitted out with heaters, thermostats and aeration systems. The biological filter filling volume was 30 dm3. The specifics surface area of the biological filters used was: PPA—ca. 12 m2, PSC—ca. 9 m2, CF—ca. 25.5 m2. For submerged filters (Figure 2), the filling was placed directly in the sedimentation chamber. The filling was suspended above the sedimentation chamber in the variant with dripping filter (Figure 3), which had sprinklers mounted above them.



The systems were started five days before the fish were put in them to stabilise the conditions in the recirculation systems. The circulating water temperature was 25.0 ± 0.1 °C. Before the experiment, the systems were first thoroughly dried, disinfected with potassium permanganate at 7.5 g per run and then rinsed with water from the water supply system for 24 h.




2.1.2. Fish


Common carp juvenile (Cyprinus carpio), bred at the Department of Lake and River Fisheries of the University of Warmia and Mazury in Olsztyn and cultured under controlled conditions, were used in all experiment as a source of nitrogen compounds. Out-of-season carp breeding was carried out in accordance with the methodology described by Kucharczyk et al. [28], with the insemination method modified by Kucharczyk et al. [29] for burbot (Lota lota), ide (Leuciscus idus) and asp (Aspius aspius). The carp larvae were reared in a recirculation system at 25 ± 0.1 °C and fed brine shrimp (Artemia salina) nauplii for the first 25 days. Artificial feed with a granulation of 0.5–1.1 (Skretting, Norway: raw protein content 54%, fat content 18%) was introduced after that time.



In the submerged biological bed variant, 1379 ± 49 g (average ± SD) of fry with a weight and unit length of 3.76 ± 1.55 g (average ± SD) and 59.00 ± 8.77 mm (average ± SD) were placed in the RAS systems. In the dripping biological bed variant, however, 1400.00 ± 0.00 g fry with a unit weight and length of 16.30 ± 4.80 g and 96.40 ± 9.65 mm were placed in the RAS systems. All fish used during the experiment are juvenile forms of common carp.



The fish (carp) were fed twice daily (at 8.30 and 15.00) during the experiment with an artificial feed with a granulation of 1.1 (Skretting, Norway: raw protein content 54%, fat content 18%) and 1.9 mm (Skretting, Norway: raw protein content 50%, fat content 20%), with a single feeding lasting 30 min. The feeding dose was set at 3% of the daily biomass (half of the daily feeding dose was provided in one feeding). Subsequently, the dose was increased daily by 3% of the initial fish biomass [30,31]. The initial daily feed dose was 20.9 ± 0.5 g (average ± SD).



Sodium chloride was added to circulating water beginning on the day the nitrite nitrogen concentration reached 1 mg N-NO2/dm3. Nitrite shows of affinity to the Cl-/HCO3- ion exchange. As a result, a part of the nitrite is taken up by fish instead of chloride. Increase of chloride concentration in the water reduces nitrite uptake by fish [32].





2.2. Water Quality Measurements


Water tests started two days after the fish were placed in the systems. The water in each system was examined at 11:00 (samples were taken from the sprinkler). Hach Lange cuvette tests with a dedicated DR 5000 spectrophotometer were used for the water testing [18]:




	
Ammonium—cuvette test LCK 304



	
Nitrite—cuvette test LCK 341



	
Nitrate—cuvette test LCK 340








Daily ammonium assays were conducted for the initial 17 days of the experiment. The aim of this test was to check whether the compound accumulates in the water in excessive amounts. After that time, measurements were conducted every three days to monitor the total ammonium concentration in the circulating water. The nitrite concentration was checked daily throughout the experiment to determine the time needed to start stage I of nitrification (oxidation of ammonia to nitrites). The nitrate concentration in the water was tested daily for the first 28 days, after which measurements were conducted every two days to determine the time needed to start stage II of nitrification (oxidation of nitrite nitrogen to nitrate nitrogen).



Moreover, the following water parameters in the bed were measured at 11.00:




	-

	
pH—using a portable pH-meter manufactured by Oxyguard,




	-

	
Oxygen concentration (mg O2/dm3, saturation)—using an oxygen probe, a portable Polaris 2 manufactured by Oxyguard,




	-

	
Temperature—using an oxygen probe, a portable Polaris 2 manufactured by Oxyguard,









Moreover, the following water parameters were tested before the morning and afternoon feeding:




	-

	
Temperature—a probe combined with a thermostat controlling heater work,




	-

	
pH—using a portable pH-meter manufactured by Oxyguard,




	-

	
Oxygen concentration (mg O2/dm3, saturation)—using an oxygen probe, connected with the Total Commander system manufactured by Oxyguard.










2.3. Fish Measurements


The fish were measured (average weight and average total length) at the beginning and end of the experiment. Thirty fish were collected randomly and weighed with an analytical balance (KERN & Sohn GmbH, Balingen, Germany) with an accuracy of 0.1 mg. The fish body lengths were measured with a calliper MEGA 20513 (Profix, Warsaw, Poland) with an accuracy of 0.01 mm. Due to the fish size, their bodies were measured after the experiment with a ruler with an accuracy of 1 mm. Moreover, the fish biomass was determined at both the beginning and end of the experiment (analytical balance KERN & Sohn GmbH, Germany). The fish were anaesthetised during the measurements with an MS222 anaesthetic at a concentration of 50 ppm.




2.4. Statistical Analysis


The dynamics of nitrogen compound (ammonia, nitrites, nitrates) transformations were examined with a Kruskal–Wallis ANOVA test on ranks (p > 0.05) and subsequently by multiple comparisons of mean ranks (p > 0.05) for all samples. The distribution normality was verified with the Shapiro–Wilk test (p > 0.05) before the ANOVA test was performed. All results were analysed statistically using Statistica 13.1 software (StatSoft, Tulsa, Oklahoma, USA). In addition, in order to analyse the nature of individual stages of nitrification, regression equations were performed and the correlation coefficient (R) was calculated.





3. Results


3.1. Variant I—Use of Submerged Biological Filter


3.1.1. Ammonium Nitrogen


At the beginning of the experiment, the ammonium concentration increased rapidly in all experimental RAS and was about 3 mg N-NH4/dm3 from day 3 (Figure 4).



High ammonia levels lasted for several days and then quickly decreased. After this period, until the end of the experiment, no major increases in ammonium were recorded in RAS circuits (Table 1).




3.1.2. Nitrite Nitrogen


In all RAS, nitrite levels increased for several dozen days until the maximum concentration was reached. After this time, the concentrations decreased until they reached a relatively low and stable level, which remained until the end of the experiment (Figure 5; Table 2).




3.1.3. Nitrate Nitrogen


The nitrate concentration in the system with PPA as the biological filter filling increased until day 53 and reached 32.05 mg N-NO3/dm3. It began to decrease afterwards. A similar trend was observed in the other two experiment variants. The concentration in the PSC system also rose until day 53 to reach a similar level (34.35 mg N-NO3/dm3). The highest concentration in the system with CF filling was higher than in the other two systems (50.40 mg N-NO3/dm3) and it was measured during a shorter time (day 44) (Figure 6).




3.1.4. Other Water Parameters


The average water temperature in the system with PPA was 24.8 ± 0.4 °C, average pH—8.01 ± 0.15, whereas the average concentration of oxygen dissolved in water and saturation were 6.6 ± 0.7 mg O2/dm3 and 79.8 ± 8.7%, respectively. The same parameters in the PSC system were: water temperature 24.8 ± 0.3 °C, pH 8.03 ± 0.15, dissolved oxygen concentration 6.7 ± 0.7 mg O2/dm3, saturation 82.4 ± 8.6%. In the system with CF filling, the parameters were: water temperature 24.8 ± 0.6 °C, pH 8.06 ± 0.14, dissolved oxygen concentration 6.8 ± 0.6 mg O2/dm3 and saturation 81.6 ± 7.2%.





3.2. Variant II—Use of Dripping Filters


The system with a submerged filter with CF filling (CFsf) was used again as the control in the second part of the experiment with dripping filters. There was a failure and leak in the system with the dripping filter filled with CF during this part of the experiment. The system was restarted in accordance with the procedure presented in the methodology.



3.2.1. Ammonium Nitrogen


As in the case of submerged filters, the concentration of ammonium in the experimental RAS systems increased rapidly and from day 3 it was about 3 mg N-NH4/dm3 (Figure 7).



High ammonia levels lasted for several days and then quickly decreased. After this period, no significant increases in RAS ammonium were noted until the end of the experiment (Table 3).



Only in the system in which a failure occurred were other characteristics of ammonium concentrations noted. The highest concentration in the system with CF was recorded on day 3—1.230 mg N-NH4/dm3—and it decreased afterwards. The ammonium concentration decreased below 0.3 mg N-NH4/dm3 after day 8 and until the end of the experiment it fluctuated, with an average concentration of 0.188 ± 0.047 mg N-NH4/dm3 (Figure 7).




3.2.2. Nitrite Nitrogen


In all RAS, nitrite levels increased for several dozen days, until the maximum concentration was reached. After this time, the concentrations decreased until they reached a relatively low and stable level, which remained until the end of the experiment (Figure 8; Table 4).




3.2.3. Nitrate Nitrogen


The nitrate concentration in the system with PPA as the biological filter filling increased until day 44 and reached 32.150 mg N-NO3/dm3. It decreased slightly afterwards. A similar trend was observed in the system with PSC. The highest concentration of 30.00 mg N-NO3/dm3 was observed on day 40 and it decreased slightly afterwards. A different situation was observed in the system with CF. The concentration of nitrate nitrogen increased to 29.800 mg N-NO3/dm3 on day 36; afterwards it decreased until the end of the experiment, reaching 25.00 mg N-NO3/dm3 on the last day. In the system with CFsf, the nitrate concentration increased until day 32 and reached 32.15 mg N-NO3/dm3 and it decreased slightly afterwards (Figure 9).




3.2.4. Other Water Parameters


The average water temperature in the system with PPA was 24.9 ± 0.1 °C, average pH—8.84 ± 0.10, whereas the average concentration of oxygen dissolved in water and saturation was 7.3 ± 0.3 mg O2/dm3 and 88.9 ± 3.8%, respectively. The same parameters in the system with PSC were: water temperature 24.9 ± 0.2 °C, pH 8.82 ± 0.10, dissolved oxygen concentration 7.5 ± 0.4 mg O2/dm3, saturation 92.1 ± 3.9%. In the system with CF, the parameters were: water temperature 25.0 ± 0.3 °C, pH 8.83 ± 0.12, dissolved oxygen concentration 7.0 ± 0.4 mg O2/dm3 and saturation 85.7 ± 4.7%. The parameters in the control system (CFsf) were: water temperature 24.9 ± 0.1 °C, pH 8.74 ± 0.15, dissolved oxygen concentration 7.0 ± 0.3 mg O2/dm3 and saturation 86.1 ± 2.7%.





3.3. Statistical Analysis of Results


The results do not have a normal distribution (p < 0.05, Shapiro–Wilk test). A statistical analysis of the results using a Kruskal–Wallis ANOVA rank test revealed significant differences between the RAS systems (p < 0.05). Detailed results are provided in the table (Table 5).



Analysis of the results of ammonium concentrations in individual RAS allowed the determination of two periods of a different character for which regression equations take a different form. After placing the fish, the concentration of ammonium in individual systems increased. High levels of ammonium were noted from day 3, followed by low ones. There was one day of intermediate values between periods. Increases and decreases of ammonium concentration occurred rapidly. In the case of a system in which a failure occurred and it became necessary to restart it instead of a period with high concentrations, there was a period during which the concentration gradually decreased (Table 1 and Table 3).



The analysis of nitrite concentration resulting in individual RAS allowed the determination of four periods with a different nature of the course. These periods for different RAS systems have a different duration but show a similar nature. In the first period, the regression equation describing the increase in concentration takes the form of an exponential function. In the second period, the concentration initially rose, reached the maximum level and began to decline and the equation takes a polynomial form. In the third period, characterized by a decrease in concentration, the equation takes on a power form. In the fourth period, nitrite concentrations remain at the same level without significant decreases or increases, and the equation again takes on a polynomial form (Table 6a,b).



The concentration of nitrates in RAS systems show a similar tendency. After the initial slow increase in concentration, accelerated growth followed and was then inhibited. An analysis of the obtained results showed a decrease in nitrate concentration at the end of the experiment, which is reflected in the derived regression equations (Table 7).




3.4. Fish


During the experiment, no mortality was observed in the reared fish.





4. Discussion


In the experiment, the dynamics of changes in nitrogen compounds in the water used for rearing fish in semi-closed RAS were analysed in detail. The dynamics of nitrogen compounds (ammonium, nitrite, nitrate) during the maturation of biological filters as well as during the operation of mature filters were examined. Furthermore, the usefulness of PPA and PSC as fillings for biological filters was demonstrated. Due to the differences in construction, all three fillings have their own advantages and disadvantages. Therefore, when comparing fillings, the analysis was based on the analysis of changes in concentrations of nitrogen compounds in water and the time needed to achieve full filter functionality. Comparing structural parameters, especially similar in terms of the size of the active surface of PSC and PPA fillings, could be subjective. The impact of structural parameters should be examined at a later stage of the study, in which the impact of individual factors (e.g., oxygen, temperature, suspense solids, diffusion rate, etc.) would be analysed on the dynamics of the nitrification process. Water exchange is necessary in aquaculture farms using a closed water cycle equipped with biological filters without denitrification due to ever increasing level of nitrate. Denitrification is the process of reducing nitrates to gaseous nitrogen. It is an anaerobic process that can sometimes occur in biological filters overloaded by biogens. The amount of water needed varies depending on several factors. The most important is the increase in nitrate concentration, which in high concentrations shows adverse effects on aquatic organisms [21,23,33]. At the start-up stage of RAS facilities, water change is required for a similar reason. High concentrations of toxic forms of nitrogen occurring during the maturation of biological filters require the use of water changes not only to supplement evaporation. In the experiment, a one-time top-up of 150 dm3 daily was used. This allowed for the dilution of nitrogen compounds and while supplementing calcium compounds in water, it also allowed better observation of the dynamics of nitrogen compound transformation processes. An important factor was also the use of common carp—a model species which is considered to be relatively resistant to adverse environmental rearing conditions [34].



Mechanical and biological filters must work together for the proper functioning of aquatic organisms [7,26,27,35,36]. The importance of the filtration process becomes significant when the breeding facility is built in RAS technology [22,37,38,39,40,41,42]. For the proper course of biological purification in the nitrification process, the cooperation of two groups of microorganisms is required. The first group oxidizes ammonia to nitrites and the other group oxidizes the formed nitrites to nitrates [6,7,43,44,45]. By analysing the concentration of particular forms of nitrogen in the water used during the commissioning of breeding facilities, it is possible to observe individual stages of nitrification and thus determine whether the biological filter has gained functionality [18,45]. The unpredictability of the maturation process was shown in an experiment carried out by Pulkkinen et al. [46] illustrating the effect of the type of biological filter used (fixed and moving bed bioreactors) on nitrification in recirculating aquaculture systems. In that experiment, despite the use of filter fillings operating for six months, the faulty operation of the bed was observed, which was revealed by an initially high concentration of nitrites, whose low level was achieved only after about eleven weeks. According to these authors, such a situation was caused by disturbances in the bacterial composition produced by the shock of transportation to a laboratory. This indicates the exceptional sensibility of nitrifying bacteria to variable environmental conditions. Due to the high concentration of toxic nitrogen compounds, fish rearing in circuits with immature biological filters threatens the loss of fish being reared. This is especially true for salmonids [47]. Therefore, species resistant to elevated concentrations of nitrogen compounds should be used at the start-up stage of aquaculture facilities.



The experiment using fish as a source of compounds needed in the nitrification process allowed observation of the work of the biological filter in conditions simulating real fish breeding [18]. Research carried out in this way is very important to properly carry out the maturation process of the biological filter and obtain a filter adapted to the given conditions in RAS systems. A review of the literature has shown that this approach to the topic is rare [18,48]. Research using synthetic solutions with nitrogen compounds dominates the field [40,49,50]. In this experiment, carp was used as a model species [34] with high metabolism [31].



During the experiment, all systems noted a rapid increase in the ammonium content in water to approximately 3 mg N-NH4/dm3 (Figure 4 and Figure 7; Table 1 and Table 3). The increase in ammonium concentration resulted from placing the fish in the water cycle and starting feeding them. It should be emphasized that carp is a species with very high metabolism [31]. This level persisted from 4 days (submerged filter, CF) to 9 days (submerged filter, PSC) (Figure 4). In other filters, the duration of elevated ammonium concentration in the circuits was 7–8 days. After this period, there was a rapid, several-fold decrease in ammonium concentration in the RAS. It was assumed that the procedure involving the drying of the circuits and their disinfection through the use of potassium permanganate will eliminate nitrifying bacteria. The abrupt increase in ammonium has proved this assumption. Low concentrations persisted until the end of the experiment. In the system that was restarted, the distribution of ammonium concentrations was different (Figure 7). The first recorded results were about 60% lower than in other systems, and there was a rapid decrease in ammonium concentration. The fall curve was much milder. There is a discrepancy between the results obtained for two systems in which submerged filters filled with CF were used (Figure 4 and Figure 7). The duration of elevated ammonium concentration for these systems was four days and eight days. The results during the experiment are divergent from the experiment carried out by Sikora et al. [18], in which no increase in ammonia concentration was observed. Kuhn et al. [45] reported similar results. In their research, they compared the effects of biological filters that were inoculated with nitrifying bacterial cultures with uninoculated filters. In unvaccinated RAS systems, ammonium nitrogen concentrations quickly rose above 2.5 mg/dm3 and then decreased. The time in which the ammonium nitrogen concentration was increasing and decreasing differed for the studied filters. The curves of changes in concentration were also different. In the case of filters inoculated with bacterial cultures, the course was similar to that observed in the system, which was restarted. This example supports the suggestion that nitrifying bacterial cultures remain in this system despite disinfection with potassium permanganate. For studies based on nitrifiers immobilized in PVA (polyvinyl alcohol) and then adapted to the salty environment [51], the time needed to remove the elevated TAN concentration (initial concentration of TAN introduced into bioreactors was 10 mg/dm3) to nitrite ranged from 22 days (salinity 30 ppt) to 26 days (salinity 7.5 ppt). These are longer periods than obtained during the author’s experiment. In 2015, Hu et al. [52] conducted research on the removal of nitrogen compounds from tilapia culture (Oreochromis niloticus) using aquaponic crops (tomato Lycopersicon esculentum and pak choi Brassica campestris L. subsp. chinensis). In these studies, they used root systems of cultured plants as growth surfaces for nitrifying bacteria. During the study, the highest TAN concentrations were reached when the TAN concentrations peaked around day 7 and were around 25 mg/dm3 (tomato) and 32.5 mg/dm3 (pak choi). These concentrations are higher than those observed in the discussed experiment; moreover, they did not decrease to a similar degree in a comparable period of time. This difference is probably due to the smaller root surface area in relation to the effective surface of the applied biological filter medias.



According to Karpinski et al. [53], the increase in nitrite concentration is delayed in relation to the increase in ammonium concentration (Figure 4, Figure 5, Figure 7 and Figure 8; Table 1, Table 3 and Table 6a). In the conducted experiment, an increase in nitrite concentrations was observed from the beginning of the experiment (Figure 5 and Figure 8). Initially, these concentrations were relatively low compared to the observed concentrations of ammonium nitrogen, however, since the growth curve is exponential, the concentration of nitrite increased very quickly (Table 6a). Subsequently, the increase in nitrite concentration slowed down and slightly collapsed, followed by a reversal of the trend observed in the first period. Nitrite concentrations in all RAS systems dropped rapidly, reaching a relatively constant level (Figure 5 and Figure 8, Table 6a,b). This course of concentration changes was observed in all RAS systems except the system in which the failure occurred (Table 6a). In this system, the period of deceleration and collapse of the upward trend does not occur (Table 6b). Maximum concentration values were reached much faster and they began to decrease faster. This is reflected in the equations describing the course of nitrification (Table 6a,b). The time needed to stabilize the second phase of nitrification ranged from 15 to 33 days (Figure 5 and Figure 8). This is different from the results obtained by Kuhn et al. [45]. Despite the fact that measurements were carried out for 28 days, no downward trend was observed. This situation occurred in systems not inoculated with nitrifying bacteria. Different results were obtained in systems inoculated with nitrifiers—no increase in nitrite concentration was observed. In the research conducted by Sikora et al. [18], the time needed to stabilize the second phase of nitrification was 35 days, which is longer than the results observed in this article, although similar. Comparable times to those obtained during the experiment and to those obtained by Sikora et al. [18] were also obtained by Seo et al. [51] during an experiment with the acclimatization of nitrifiers to saltwater conditions. The acclimatization time of biological filters, and thus the time needed for nitrite oxidation to a safe level, was achieved after 33 days (salinity 7.5 and 15 ppt) and 39 days (salinity 30 ppt). Longer nitrite elimination times than observed during the experiment were also reported by Hu et al. [52]. The time needed for oxidation of nitrite to nitrate in aquaponic cultivation was about 40 and 50 days for tomato and pak choi respectively. As in the case of ammonia oxidation, the surface of the roots on which nitrifying bacteria developed was smaller than in the tested biological filter medias.



For nitrates, the recorded concentration values increased from the very beginning of the experiment. Initially, as with nitrites, this increase was slow to eventually accelerate. After a period of dynamic growth, nitrate concentrations stabilized (Figure 6 and Figure 9; Table 7). For CF, despite the similar nature of the increase curve, the concentrations were higher during the first part of the experiment. No similar trend was observed for the same type of filter in the second part of the experiment (Figure 6 and Figure 9). Higher values in the initial phase of growth in the second part of the experiment show the concentrations in the RAS system in which the failure occurred (Figure 9). The similar nature of the increase in nitrate concentration was reported by both Kuhn et al. [45] (circulation vaccinated with nitrifying bacteria) and Sikora et al. [18]. Kuhn et al. [45] did not observe an increase in the concentration of nitrates in the RAS system inoculated with nitrification, which was associated with the incomplete nitrification process. The nitrate concentration increase curve presented by Seo et al. [51] was comparable to the present experiment. At the end of the experiment, a decrease in nitrate concentration was observed in individual RAS systems. Probably this decrease was associated with the development of heterotrophic bacteria in the volume of water.



During this experiment, it was analysed how the concentrations of nitrogen forms in water are shaped in experimental RAS systems. On this basis, the course of the nitrification process was determined along with the time needed for the biological filter to mature. The maturation of the biological filter is largely dependent on the temperature at which the process takes place (Table 8). In systems using cool water, a mature filter can be obtained after a few months of its work, while this period is significantly shorter in systems developed for the needs of thermophilic species. Another factor that may affect the maturation of biological filters is the presence of the desired nitrifying bacteria. Biological filters inoculated with nitrifying bacteria, operating at 25 °C, show desirable properties after 53 days [54]. The use of water from tilapia culture (temperature 26.4 °C) allowed a functional biological filter to be obtained after 56 days [5]. These results do not reflect the information provided by Kolman [55], who states that at 18 °C, it takes 40 to 60 days to obtain a working biological filter. In addition, the periods given differ from those obtained by Sikora et al. [18]. Studies have shown that the time needed to mature a biological filter without inoculating the culture cycle with nitrifying bacteria cultures is 35 days at 23 °C.



The conducted tests showed that at 25 °C, without introducing nitrifying bacteria cultures into the RAS system, the time needed for the filter to mature is from 21 to 33 days. If nitrifying bacteria are present, this period may be shorter. In one of the RAS systems used for the experiment, a failure occurred. As a result of the failure, it was necessary to restart the RAS. This RAS was dried and disinfected in accordance with the adopted procedure. In this system (drip filter, CF), a functional biological filter was obtained on day 16.




5. Conclusions


The maturation of biological filters is, despite the overall repetitive pattern, a largely variable process. The time of individual stages of nitrification and their courses differ. It largely depends on the type of filter used and its filling and prevailing conditions. The obtained results showed the effectiveness of all tested biofilter media. The shortest time to biofilter maturation was when submerged CF was used. However, the maximum peak concentration of nitrite was also noted when it was used. For fish culture welfare, it is important that nitrite concentration should be as low as possible. Therefore, other tested biofilter media worked better from this point of view. New technologies are being sought, new materials are used as filter fillings and nitrification conditions are being modified. Increasingly, breeders want to increased production faster and faster. This involves the use of increasingly efficient filters that can be run faster. Research such as that described in this article is helpful, even necessary, in learning how the nitrification process works, the conditions that shape it and what should be done to obtain fully efficient biological filters.



In addition, the article describes an unorthodox approach to new materials useful as cartridges for biological filters. Both PPA and PSC are materials that are associated as a convenient intermediate, not a useful cartridge for biological filters. However, these materials proved to be effective within the assumed parameters.
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Figure 1. Polypropylene aggregate (PPA)-specifics surface area—ca. 12 m2 (A); polyethylene screw caps for PET bottles (PSC)-specifics surface area—ca. 9 m2 (B); Commercial fittings HXF12KLL (CF)-specifics surface area—ca. 25.5 m2 (C). 
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Figure 2. Recirculation aquaculture system with submerged filter scheme: 1 upper retention tank—0.251 m3, 2 rearing tank—2 × 0.096 m3, 3 lower retention tank (3a chamber with biofilter, 3b chamber with pump)—0.182 m3, 4 water inlets, 5 sprinklers, 6 water outlets, 7 pump, 8 water supply to upper retention tank, 9 submerged filter—0.030 m3. 
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Figure 3. Recirculation aquaculture system with dripping filter scheme: 1 upper retention tank—0.251 m3, 2 rearing tank—2 × 0.096 m3, 3 lower retention tank (3a chamber with biofilter, 3b chamber with pump)—0.182 m3, 4 water inlets, 5 sprinklers, 6 water outlets, 7 pump, 8 water supply to upper retention tank, 9 dripping filter—0.030 m3. 
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Figure 4. Ammonium nitrogen concentration in experimental systems using submerged biological filters: PPA—polypropylene aggregate, PSC—polyethylene screw caps for PET bottles, CF—commercial fittings HXF12KLL. 
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Figure 5. Nitrite nitrogen concentration in experimental systems using submerged biological filters: PPA—polypropylene aggregate, PSC—polyethylene screw caps for PET bottles, CF—commercial fittings HXF12KLL. 
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Figure 6. Nitrate nitrogen concentration in experimental systems using submerged biological filters: PPA—polypropylene aggregate, PSC—polyethylene screw caps for PET bottles, CF—commercial fittings HXF12KLL. 






Figure 6. Nitrate nitrogen concentration in experimental systems using submerged biological filters: PPA—polypropylene aggregate, PSC—polyethylene screw caps for PET bottles, CF—commercial fittings HXF12KLL.



[image: Applsci 10 00626 g006]







[image: Applsci 10 00626 g007 550] 





Figure 7. Ammonium nitrogen concentration in experimental systems using dripping biological filters: PPA—polypropylene aggregate, PSC—polyethylene screw caps for PET bottles, CF—commercial fittings HXF12KLL, CFsf—control submerged filter for dripping filters, commercial fittings HXF12KLL. 
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Figure 8. Nitrite nitrogen concentration in experimental systems using dripping biological filters: PPA—polypropylene aggregate, PSC—polyethylene screw caps for PET bottles, CF—commercial fittings HXF12KLL, CFsf—control submerged filter for dripping filters, commercial fittings HXF12KLL. 
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Figure 9. Nitrate nitrogen concentration in experimental systems using dripping biological filters: PPA—polypropylene aggregate, PSC—polyethylene screw caps for PET bottles, CF—commercial fittings HXF12KLL, CFsf—control submerged filter for dripping filters, commercial fittings HXF12KLL. 
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Table 1. Ammonium nitrogen concentration in RAS, in which various tested fillings (PPA—polypropylene aggregate, PSC—polyethylene screw caps for PET bottles, CF—commercial fittings HXF12KLL) were used for two separated stages, Stage I (high ammonium concentration) and Stage II (low concentrations ammonium) separated by a period of rapid drop in ammonium (break down).
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Filling

	

	
Stage I

	
Break Down

	
Stage II






	
PPA

	
Average ± SD

(N-NH4/dm3)

	
2.971 ± 0.059

	
0.960

	
0.100 ± 0.022




	
Duration (d)

	
3–10

	
11

	
12–60




	
PSC

	
Average ± SD

(N-NH4/dm3)

	
2.996 ± 0.056

	
0.860

	
0.133 ± 0.031




	
Duration (d)

	
3–11

	
12

	
13–60




	
CF

	
Average ± SD

(N-NH4/dm3)

	
2.906 ± 0.029

	
0,675

	
0.118 ± 0.040




	
Duration (d)

	
3–6

	
7

	
8–60
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Table 2. Nitrite nitrogen concentration in RAS, in which various tested fillings (PPA—polypropylene aggregate, PSC—polyethylene screw caps for PET bottles, CF—commercial fittings HXF12KLL) were used for two separated stages, Stage I (high nitrite concentration) and Stage II (low nitrite concentration).
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Filling

	
Stage I

	
Stage II




	
Increase (d)

	
Maximum Concentration

(N-NO2/dm3)

	
Decrease (d)

	
Average ± SD

(N-NO2/dm3)

	
Duration (d)






	
PPA

	
1–19

	
12.340

	
19–31

	
0.404 ± 0.137

	
14




	
PSC

	
1–20

	
15.180

	
20–33

	
0.412 ± 0.169

	
12




	
CF

	
1–9

	
20.900

	
9–21

	
0.211 ± 0.049

	
24
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Table 3. Ammonium nitrogen concentration in RAS, in which test fillings (PPA—polypropylene aggregate, PSC—polyethylene screw caps for PET bottles, CFsf—control submerged filter for dripping filters, commercial fittings HXF12KLL) were used for two separated stages: Stage I (high ammonium concentration) and Stage II (low ammonium concentrations) separated by a period of rapid drop in ammonium concentration (break down).
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Filling

	

	
Stage I

	
Break Down

	
Stage II






	
PPA

	
Average ± SD

(N-NH4/dm3)

	
2.996 ± 0.033

	
0.799

	
0.162 ± 0.048




	
Duration

	
3–9

	
10

	
11–45




	
PSC

	
Average ± SD

(N-NH4/dm3)

	
3.010 ± 0.055

	
0.313

	
0.209 ± 0.033




	
Duration

	
3–10

	
11

	
12–45




	
CFsf

	
Average ± SD

(N-NH4/dm3)

	
2.986 ± 0.033

	
0.884

	
0.120 ± 0.019




	
Duration

	
3–9

	
10

	
11–45
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Table 4. Nitrite nitrogen concentration in RAS, in which test fillings (PPA—polypropylene aggregate, PSC—polyethylene screw caps for PET bottles, CF—commercial fittings HXF12KLL, CFsf—control submerged filter for dripping filters, commercial fittings HXF12KLL) were used for two separated stages: Stage I ((high nitrite concentration) and Stage II (low nitrite concentration).
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Filling

	
Stage I

	
Stage II




	
Increase (d)

	
Maximum Concentration

(N-NO2/dm3)

	
Decrease (d)

	
Average ± SD

(N-NO2/dm3)

	
Duration (d)






	
PPA

	
1–17

	
12.500

	
17–27

	
0.480 ± 0.139

	
18




	
PSC

	
1–19

	
12.900

	
19–30

	
0.438 ± 0.137

	
15




	
CF

	
1–8

	
5.780

	
8–15

	
0.385 ± 0.126

	
30




	
CFsf

	
1–17

	
11.700

	
17–26

	
0.261 ± 0.178

	
19
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Table 5. Analysis of concentrations of nitrogen compounds using Kruskal-Wallis ANOVA test on ranks (p > 0.05) showed differences between individual RAS systems. Results of a multiple comparison test of mean ranks for all samples: PPA—polypropylene aggregate, PSC—polyethylene screw caps for PET bottles, CF—commercial fittings HXF12KLL, CFsf—control submerged filter for dripping filters, commercial fittings HXF12KLL. Data marked with the same letter in rows did not differ statistically.
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Submerged Filter

	
Dripping Filter

	




	

	
PPA

	
PSC

	
CF

	
PPA

	
PSC

	
CF

	
CFsf






	
Ammonium

	
a

	
b

	
a

	
bc

	
c

	
bc

	
ab




	
Nitrite

	
bcd

	
bcd

	
a

	
cd

	
d

	
abc

	
ab




	
Nitrate

	
bc

	
bc

	
a

	
b

	
c

	
ab

	
bc
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Table 6. (a) Nitrite nitrogen concentration analysis in experimental RAS systems using regress equation (Reg.) and correlation coefficients (R): PPA—polypropylene aggregate, PSC—polyethylene screw caps for PET bottles, CF—commercial fittings HXF12KLL, CFsf—control submerged filter for dripping filters, commercial fittings HXF12KLL. (b) Nitrite nitrogen concentration analysis in experimental RAS systems (dripping, CF) using regress equation (Reg.) and correlation coefficient (R).
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(a)




	
Type of Filter,

Filling

	

	
Stage




	
I

	
II

	
III

	
IV




	
Submerged,

PPA

	
Reg.

	
y = 0.0137e0.5439x

	
y = −0.1324x2 + 4.8955x − 33.778

	
y = 6E + 10x−7.218

	
y = 0.0007x2 − 0.0651x + 1.8372




	
(R)

	
0.9988

	
0.9538

	
0.9916

	
0.6644




	
Duration (d)

	
1–11

	
11–24

	
24–36

	
36–60




	
Submerged,

PSC

	
Reg.

	
y = 0.0117e0.4586x

	
y = −0.16x2 + 6.5599x − 52.287

	
y = 5E + 16x−10.96

	
y = 0.0013x2 - 0.1243x + 3.1995




	
(R)

	
0.9894

	
0.9909

	
0.9931

	
0.7628




	
Duration (d)

	
1–13

	
13–27

	
27–36

	
36–60




	
Submerged,

CF

	
Reg.

	
y = 0.0115e0.8991x

	
y = −0.24x2 + 5.8161x − 14.642

	
y = 7E + 26x−20.47

	
y = 0.0002x2 − 0.0119x + 0.4015




	
(R)

	
0.9991

	
0.9031

	
0.9817

	
0.6522




	
Duration (d)

	
1–8

	
8–18

	
18–22

	
22–60




	
Dripping,

PPA

	
Reg.

	
y = 0.0109e0.6266x

	
y = −0.1126x2 + 3.5649x – 16.232

	
y = 6E + 09x−6.821

	
y = −0.0002x2 − 0.0057 + 0.4272




	
(R)

	
0.9953

	
0.9216

	
0.9914

	
0.4423




	
Duration (d)

	
1–11

	
11–19

	
19–31

	
31–45




	
Dripping,

PSC

	
Reg

	
y = 0.0151e0.5446x

	
y = −0.0698x2 + 2.5974x – 11.5

	
y = 5E + 14x−9.983

	
y = 0.002x2 − 0.1489x + 3.1431




	
(R)

	
0.9979

	
0.9807

	
0.9913

	
0.9381




	
Duration (d)

	
1–12

	
12–22

	
22–33

	
33–45




	
Submerged,

CFsf

	
Reg.

	
y = 0.0127e0.6536x

	
y = −0.0698x2 + 2.1765x – 5.6077

	
y = 2E + 12x−8.719

	
y = 0.0013x2 − 0.1001x + 2.1323




	
(R)

	
0.9995

	
0.9390

	
0.9914

	
0.9199




	
Duration (d)

	
1–10

	
10–19

	
19–29

	
29–45




	
(b)




	
Type of Filter,

Filling

	

	
Stage




	
I

	
II

	
III

	




	
Dripping,

CF

	
Reg.

	
y = −0.0351x3 + 0.469x2 – 0.8346x + 0.4202

	
y = 18770x−3.647

	
y = 0.001x2 – 0.067x + 1.4065

	




	
(R)

	
0.9998

	
0.9917

	
0.8223

	




	
Duration (d)

	
1–9

	
9–21

	
21–45
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Table 7. Nitrate nitrogen concentration analysis in each experimental system using regress equation and correlation coefficients (R): PPA—polypropylene aggregate, PSC—polyethylene screw caps for PET bottles, CF—commercial fittings HXF12KLL, CFsf—control submerged filter for dripping filters, commercial fittings HXF12KLL.
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	Type of Filter,

Filling
	Regress Equation
	Correlation Coefficients (R)





	Submerged,

PPA
	y = −0.0005x3 + 0.0392x2 − 0.1142x + 0.135
	0.9844



	Submerged,

PSC
	y = −0.0005x3 + 0.0425x2 − 0.3631x + 1.5747
	0.9946



	Submerged,

CF
	y = −0.0006x3 + 0.0367x2 + 0.5992x − 2.1153
	0.9797



	Dripping,

PPA
	y = −0.0017x3 + 0.1118x2 − 1.1623x + 3.931
	0.9884



	Dripping,

PSC
	y = −0.0015x3 + 0.1082x2 − 1.3589x + 4.808
	0.9882



	Submerged,

CFsf
	y = −0.0005x3 + 0.0174x2 + 0.9072x − 1.355
	0.9968



	Dripping,

CF
	y = −0.0015x3 + 0.1052x2 − 1.1256x + 3.7311
	0.9926
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Table 8. Comparison of time needed to mature biological filter in accordance with temperature on the example of literature data and conducted experiment: PPA—polypropylene aggregate, PSC—polyethylene screw caps for PET bottles, CF—commercial fittings HXF12KLL, CFsf—control submerged filter for dripping filters, commercial fittings HXF12KLL.
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Temperature (°C)

	
Time (d)

	
°D

	
Source of Biogens






	
Sandu, et al., 2002

	
25.0

	
53

	
1325

	
No data




	
Greiner and Timmons, 1998

	
26.4

	
56

	
1478.4

	
Fish




	
Kolman, 2002

	
18.0

	
40–60

	
720–1080

	
No data




	
Sikora et al. 2018

	
23.0

	
35

	
805

	
Fish




	
This paper

	
Submerged, PPA

	
25.0

	
35

	
875

	
Fish




	
Submerged, PSC

	
25.0

	
36

	
900

	
Fish




	
Submerged, CF

	
25.0

	
21

	
525

	
Fish




	
Dripping PPA

	
25.0

	
37

	
924

	
Fish




	
Dripping PSC

	
25.0

	
32

	
800

	
Fish




	
Submerged CFsf

	
25.0

	
18

	
700

	
Fish




	
Dripping CF

	
25.0

	
18

	
450

	
Fish
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