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Abstract

:

Slaughterhouse wastewater is characterized by high concentrations of organic matter. This creates a need to explore methods for its treatment before discharge. This study evaluated the efficiency of an integrated treatment process consisting of a laboratory-scale upflow anaerobic sludge blanket reactor and a pilot-scale horizontal subsurface flow wetland. This treatment was used for (i) the removal of organic matter through anaerobic–aerobic microbiological processes, (ii) the conversion of organic matter from hydraulic processes, and (iii) for bioremediation and phytoremediation. The treatment system was evaluated at hydraulic retention times (HRTs) of 7.5, 5.0, and 2.5 d; during the investigation, the influence of the HRTs on the removal efficiency of the system was evaluated. High efficiencies of 85% and 75% were obtained for CODT and BOD, respectively, at an HRT of 7.5 d. The highest overall efficiency for the removal of total solids was observed at an HRT of 2.5 d. The results obtained confirm the feasibility of implementing the suggested system as an alternative for the adequate and sustainable treatment of slaughterhouse wastewater, and the system can be applied to slaughterhouses with similar conditions to those in this study.






Keywords:


slaughterhouse wastewater; meat processing plant; wetlands; anaerobic treatment












1. Introduction


The slaughtering, processing, and preservation activities used during meat production in municipal slaughterhouses produce large amounts of wastewater [1]. Wastewater discharge without proper treatment negatively impacts the environment [2]. The liquid effluents generated at municipal slaughterhouses cause severe pollution owing to their high organic load, showing a biochemical oxygen demand (BOD) ranging between 5000 and 10,000 mg/L. In addition, they have high contents of solids, nutrients, fats, and oils, which are pollutants with low biodegradability [3]. Therefore, if these wastewaters are not adequately treated, they may contribute to the degradation of the receiving environment, including water and soil [4,5]. In this regard, the implementation of specialized treatment systems is required for pollutant removal [2,6,7,8].



The safe and controlled disposal of slaughterhouse wastewater (SWW) has become increasingly important owing to the strict regulatory requirements of each country and the regulations imposed by environmental protection agencies on the quality of effluents from the meat processing industry [9]. Therefore, to increase the removal efficiency of contaminants, a treatment system aimed at decreasing the levels of contamination present in SWW is required to minimize the impact of the discharge on the environment [10]. According to Rittmann and McCarty [11], aerobic treatments are not an adequate option for SWW because aeration has high energy costs and limitations in the liquid-phase rates of oxygen transfer. In addition, the large volumes of sludge produced are a limitation. Therefore, for sustainable system development and utilization, anaerobic digestion has become a key technology for SWW treatment owing to its low cost and its generation of by-products (i.e., bioenergy, nutrients, and water for reuse) [5,10].



Anaerobic treatment systems (ATSs) have become increasingly consolidated and used, especially for medium- and high-load effluents [12]. Among the anaerobic processes, upflow anaerobic sludge blankets (UASBs) have been widely adapted for the treatment of high-load industrial wastewaters such as meat effluents [5,8,13,14]. A study conducted by Nair & Ahammed [15] demonstrated that UASB reactors have a removal efficiency range of 55% to 75% for this type of substrate, which varies depending on the composition of the treated SWW. Despite the high removal efficiencies achieved in anaerobic systems (e.g., UASB reactors), their effluents still contain residual nutrients, organic matter, and pathogenic microorganisms. Therefore, the effluents of ATSs that integrate UASBs often do not comply with the standards established by environmental legislation [8]. Among the main difficulties encountered during the treatment of SWW by ATSs are sludge washing as well as the inhibition of this process by operational factors such as volatile fatty acid concentrations, ammonium levels, and the buffer capacity of the system [7]; thus, post-treatment is required to ensure that the treated SWW meets the environmental standards of each country and to ensure the protection of the environments in which the effluents are discharged [4,16,17].



Wetlands are post-treatment systems used for the treatment of ATS effluents [9]. Wetlands have been used to treat different types of effluents because they have low costs, are environmentally friendly, and efficiently remove pollutants [18,19,20]. This bioremediation mechanism is widely used to treat wastewater [7,21,22]. For the treatment of slaughterhouse wastewater, mainly subsurface flow wetlands have been implemented, with high removals reported for both vertical and horizontal flow [7,21,22,23]. The removal processes occur through the action of aerobic bacteria attached to the filter medium (gravel) and plant roots, which provide optimal conditions for filtration, absorption, and nutrient consumption, favoring the development of symbiotic processes in the rhizosphere (i.e., between bacteria and roots) [23,24].



For wastewater treatment using wetlands, the genus Typha is one of the most widely used given its wide geographic distribution and tolerance to changes in temperature and contamination levels [9,25,26]. Specifically, Typha domingensis is characterized by an extensive root system and a spongy plant structure that favors fixation processes, the accumulation of heavy metals that cannot be removed [27], the absorption of nutrients from soil [28], and the release of compounds that reduce the growth of pathogenic microorganisms [29].



In this sense, starting with the complex chemical composition of SWW (i.e., high organic loads and presence of particulate matter, fats, colloids, cellulose, and inorganic matter) and the difficulty in obtaining high efficiencies from individual treatments [16,17], this present study aims to increase the treatment removal efficiency by integrating anaerobic digestion and aerobic processes in a series system that combines two alternatives (a UASB + a subsurface wetland with horizontal flow) that have been widely studied [7]. The load conversion processes are based on physical processes: sedimentation, coagulation, and filtration. Moreover, they are assisted by the following biological processes: the biochemical activity of microorganisms (anaerobic) present in the reactor substrate and the aerobic activity in the filter medium (gravel) and the rhizosphere of the wetland plants; these conditions allow the system to reach higher efficiencies in pollutant removal. Compared with other treatments, the integrated system used in this study has the following advantages in terms of the experimental unit and operational conditions: (i) regulation of the buffer capacity of the reactor, (ii) better distribution of the influent with stable upward velocities, (iii) filtration processes by the granular media and by the plant roots for the elimination of solids and particulate material, (iv) facilitate of nutrient removal through nitrification and denitrification owing to oxygenation and the contribution of the carbon source present in the proteins and fats of the SWW, and (v) phytoaccumulation or immobilization of complex substances that are difficult to degrade [10,17,30,31].



Finally, the aim of this study was to evaluate the performance of two biological systems combined at different HRTs. Very simple and low-cost technologies were used, and the specific objectives of this study were to (i) characterize the SWW, (ii) characterize the granular sludge, (iii) adapt and start-up the system, (iv) monitor and operate the system, and (v) analyze the system’s removal efficiency. Based on the information collected, the viability of the system for the treatment of SWW was determined. The results could play an important role in the management of this type of wastewater as well as in the protection of the environment.




2. Materials and Methods


2.1. Design of the Experimental System


A UASB operating in series with a horizontal subsurface wetland was used for the experiment. The UASB was built using fiberglass and had a volume of 12 L and a biogas measurement system. Because of its dimensions, the UASB was considered to be at the laboratory scale.



To obtain retention times similar to those of operational wetland systems, the wetland was designed on a pilot scale in a rectangular shape. It was constructed using acrylic with a height, length, and width of 25 cm, 110 cm, and 40 cm, respectively, and it had a bottom slope of 0.4 cm. Baffles were used to divide it into four chambers to promote an upward and downward coil flow (i.e., to improve the system’s micromixing). As support material, 27 L of gravel with diameters of 1/2″, 3/8″, 1/4″, and 1/8″ distributed upward was added, and 25 specimens of T. domingensis were planted over an area of 0.03 m2 per plant unit. A 600 rpm peristaltic pump, which ensured a constant flow rate at each HRT assessed, was incorporated into the system. A diagram of the experimental system is shown in Figure 1. The system operated at sea-level environmental conditions (Riohacha, La Guajira, Colombia).




2.2. Operation of the Experimental System


2.2.1. UASB Inoculation


The inoculum was characterized, and the granule size (500 granules), sedimentation velocity, relative density, total solids (TSs), and moisture content were determined [32,33]. The inoculated sludge was obtained from a brewery. The granular sludge had a contact area of 0.10 m2, and 2.4 L of sludge was fed into the UASB. This corresponded to 20% of the reactor’s used volume, a commonly used heuristic in this type of reactor [34].




2.2.2. System Start-Up


To ensure adequate sludge washing, the system was initially operated for 12 h at an upward rate of 13.33 mL/min, and the UASB was fed with SWW from the municipality of Riohacha (La Guajira, CA, USA). The UASB was progressively fed with increasing dilutions of SWW (40%, 60%, and 100%), and the reactor was operated for 20 d at each dilution level. A calcium carbonate solution (CaCO3) was simultaneously prepared at a concentration of 500 g/L, of which approximately 5 mL was added to the system to increase the pH of the influent to 7.5 to avoid acidification of the system [35]. Regarding the adaptation of the sludge to the substrate, the reactor was operated in batches for 60 d at a 48 h HRT until constant biogas production was obtained. The start-up phase of the reactor was completed once the reactor stabilized with regard to pH and biogas production.




2.2.3. Wetland Setup


To set up the wetland, Typha domingensis specimens were obtained from a natural lagoon located in an urban area of the city of Riohacha (Laguna Salá). The selection was performed considering the criteria and/or characteristics of young and healthy specimens [28]. To acclimate the seedlings to the new substrate, they were kept in plastic containers containing SWW diluted at 50% for 10 d and at 70% for a further 20 d. During this time, their development was monitored until the specimens reached stem, leaf lamina, and root lengths of 5 cm, 30 cm, and 15 cm, respectively [25]. The specimens were then transferred to the experimental system. For the integrated system (UASB + Wetland), the preparation phase lasted six weeks.




2.2.4. System Operation


The experimental system was installed and monitored at the facilities of the Institute for Environmental Studies and Water Use of the University of La Guajira, located in the city of Riohacha. The system (UASB + Wetland) was operated for 36 weeks, divided into three phases with a duration of 12 weeks for HRT1 (7.5 d), 9 weeks for HRT2 (5 d), and 9 weeks for HRT3 (2.5 d).




2.2.5. Analytical Methods


To assess the system, HRTs of 1.5, 1, and 0.5 d for the UASB and 6.1, 4.1, and 2 d for the wetland were considered. The HRTs evaluated are considered relevant for systems studied in tropical zones, such as that in which this study was conducted. Once the system stabilized, 10 samples were taken at each HRT to evaluate the removal levels. The sampling points were the influent, the UASB effluent, and the wetland. In the UASB, the biogas production and methane percentage were also measured. The following operational parameters were measured daily: pH, total alkalinity, and temperature. To evaluate the removal efficiency of the system, the following were measured: chemical oxygen demand (CODT), BOD, TSs, total volatile solids (TVSs), total fixed solids (TFSs), total suspended solids (TSSs), nitrate (NO3+5), nitrite (NO2+3), ammonium (NH4−3), and phosphate (PO4−3), following standard methods [36].






3. Results and Discussion


3.1. Sludge Characteristics


The characterization results showed large variability in the granule size, ranging between 0.02 mm and 4 mm; this large variability prevents instability in the sludge bed [33]. The sedimentation velocity of the sludge was 37.4 m/h, which is within the recommended range (29 to 42 m/h) for the formation of a suitable granular sludge [33]. The relative density of the sludge was slightly higher than that of water (1.02). It ranged between 1 and 1.07, consistent with that previously reported for this type of sludge [32].




3.2. Operational Parameters


Table 1 shows the operational parameters of the reactor. The mean, maximum, and minimum pH values, temperature (T), and alkalinity for the reactor influent and effluent during the system operation time are shown.



The temperature of the SWW in the influent and effluent of the UASB reactor at the different HRTs evaluated showed values within the expected range for the type of climate studied (tropical, between 20 and 40 °C); in this range, adequate anaerobic digestion is achieved through bacterial metabolism. The temperature values for the influent were between 24 and 29 °C, and those for the reactor effluent were between 30 and 31 °C, indicating that they were within the mesophilic range [6]. A suitable temperature during anaerobic processes, specifically those of the UASBs, is fundamental for ensuring the efficiency of treatment, considering that this variable affects the speed of biological reactions, gas transfer, and sedimentation [37].



The overall pH value for the influent was 8.5, which is higher than that of the effluent (7.7), given that CaCO3 was added during start-up to neutralize the pH. The pH plays a fundamental role in organic-matter-removal processes [35]. The pH values of the reactor inlet showed an overall mean of 7.33 ± 0.33 once stabilized with the CaCO3 solution, whereas the overall mean pH for the system effluent was 8.54 ± 0.27. This increase in pH may have been due to biomethanization [35]. The neutralization of the pH through the addition of CaCO3 mitigated the acidification of the system, and the variations between the influent and effluent inhibited competition between the bacterial consortia characteristic of ATSs. Therefore, the bacteria would optimize the separation of the phases of anaerobic digestion and would reach adequate levels for the effective operation of the system [38]. The optimal pH varies with the substrate and digestion technique [35]; therefore, it was reported that the best performance occurs at an HRT of 7.5 d, where a pH of 7.48 is observed [39]. In this study, although the pH at the other two HRTs considered was higher than this, the system performed adequately.



The pH of the wetland technology had an overall mean of 7.88 ± 0.20 and a range of 7.23–8.38. Vymazal [20] reported that the optimum pH for nitrification processes by nitrifying bacteria (Nitrosomonas and Nitrobacter) lies in the range 7.5–8.6. With respect to this range, the pH observed in the operational phase of the wetland system during the denaturation of nutrients by aerobic microorganisms to convert the nutrients into substances assimilable by T. domingensis plants was in the optimal range for the operation of the system and plant development [22,35].



In this phase of project, the alkalinity was measured only in the UASB reactor because the alkalinity ratio is a fundamental control parameter for anaerobic processes [14,40]. In contrast, for aerobic systems (i.e., wetlands), these parameters may be considered secondary because the fluctuation of alkalinity data does not imply substantial negative impacts, as with anaerobic technologies [22]. As shown in Table 1, higher values were found for the effluent of the UASB reactor compared with those for the influent. The variations in the alkalinity results were attributed to the by-products generated at the methanogenic stage of the anaerobic digestion process, mainly the residual methane dissolved in the effluent. This produced chemical conditions that favored an increase in the alkalinity of the UASB effluent [7,41]. Achieving the appropriate metabolic conditions within the treatment system was favorable because it allowed the methanogenic bacteria to use the intermediary acids as soon as these were formed, preventing their accumulation and ensuring that the alkalinity and pH remained in a suitable range [38]. The HRT that most closely matched these requirements was 7.5 d; hence, biogas production was highest at this point [35] (Figure 2).



The average biogas production was approximately 2500 mL/day, with higher generation at a 36 h HRT in the UASB. This biogas production was the result of the high organic load applied and a favorable performance of the UASB, as it indicates the partial conversion of the organic compounds entering the system (Figure 2). These results were consistent with the highest removal rate and efficiency of the system, indicating that biogas production is closely related to organic matter removal [42].



The behavior of CODT and BOD in the system at the assessed HRTs is shown in Figure 3 and Figure 4. The BOD/CODT ratio was 0.64, indicating the potential for biological treatment of these wastewaters through conventional systems such as the integrated UASB + Wetland, wherein high removal efficiencies were achieved [43,44].



The CODT values for the influent ranged from 2467 mg/L to 1952 mg/L for the different HRTs. These values are suitable for treatment via anaerobic organisms [45]. The highest CODT removal efficiency was found at an HRT of 7.5 d (Figure 5). HRT1 (7.5 d) reported an average CODT removal efficiency of 94% for the UASB + Wetland system, with an average volumetric organic load (VOL) of 2.4 kg/m3. Subsequently, at an HRT of 5 d, with a mean VOL of 2.2 Kg/m3, the mean efficiency of the system was 90%. Finally, at an HRT of 2.5 d, a mean efficiency of 81% for CODT removal was obtained with a mean VOL of 2 Kg/m3. Values similar to those achieved in this study for HRT1 were reported by [2] and [14] when treating meat effluents through biological purification at different HRTs, achieving efficiencies between 85 and 97% for CODT removal.



The results obtained in this study coincide with those reported by Lopez-Lopez et al. [6], who indicated that the COD removal efficiency is directly dependent on the HRT, which they observed upon treating SWWs at different HRTs. The authors of [10] treated meat effluent under mesophilic conditions at six different HRTs and confirmed this statement. Both studies found that the higher the HRT, the higher the efficiency, which is because the microorganisms have greater contact with the substrate, which under optimal operating conditions favors a greater potential to degrade the pollutants in the wastewater. However, the authors emphasized that a suitable VOL concentration of the system is essential for obtaining higher efficiencies, based on the design of the system and considering that there are concentrations that inhibit anaerobic processes and prevent the removal of pollutants, which is consistent with the results reported in this study.



The BOD showed a trend similar to that of the CODT. The efficiency for BOD removal was affected by changes in the HRT: the shorter the contact time, the lower the removal rate. The values of BOD input into the system varied between 1.96 kg/m3 and 1.66 kg/m3 (Figure 4), with the mean being 1.74 kg/m3. These values, according to Lopez-Lopez et al. [6], are within the concentration range for slaughterhouse effluent water (1.5–2.5 kg/m3). The highest removal performance was achieved at an HRT of 7.5 d, with a mean of 84% (Figure 6). These results are similar to those obtained by De la Varga et al. [46], who explored the same system (UASB + Wetland) and reported a BOD removal efficiency of up to 88% at an HRT of 2.7 d.



The values obtained for TSs reached a mean of 11.01 ± 1.62 g/L and 4.81 ± 0.53 g/L for the influent and effluent, respectively (Figure 5). Unstable behavior was observed during the experiment, and the maximum values were recorded at HRT3 (2.5 d). The highest removal efficiency was reached at HRT3, with a mean of 85%, whereas at HRT1 and HRT2, the mean removal efficiencies were 83% and 69%, respectively. Notably, in the slaughterhouse of the municipality of Riohacha, the sieving and screening system was not operational; therefore, the water had to be passed through a traditional strainer to retain the solids and remains of larger viscera.



The TFSs and TVSs trended as expected after treatment (anaerobic and aerobic). This may have been associated with the filtration processes that occurred in the wetland caused by the granular material and the rhizofiltration by the plant specimens. Furthermore, the presence of oxygen during photosynthesis favors the degradation of particulate material, including fats and proteins, which are major components of SWW [7]. The overall removal efficiencies for TFSs were 81%, 71%, and 60% for HRT1, 2, and 3, respectively (Figure 5), whereas the mean removal efficiencies for TVSs reached 84%, 67%, and 53% for HRT1, 2, and 3, respectively (Figure 5). Bandera [40] reported a lower mean efficiency (no higher than 50%) for these solids upon treating wastewater from the same slaughterhouse with a UASB pilot reactor at an HRT of 1.5 d. This demonstrates that using a combination of the systems (UASB + Wetland) improves the removal of solids.



The overall mean TSS values for the influent were 0.44 ± 0.04 g/L, 0.39 ± 0.02 g/L, and 0.44 ± 0.03 g/L for HRTs 1, 2, and 3, respectively (Figure 5). These values coincide with the standard range, 0.3–0.9 g/L, proposed by Rajakumar et al. [14] for SWW composition. For the series system, the highest removal percentage of 79% was achieved at an HRT of 7.5 d, highlighting the influence of a system in which the UASB showed higher TFS removal efficiency. However, according to Vymazal [20], a wetland performed well in removing solids. In wetlands, the residence time of wastewater is longer, and the wastewater displays laminar flow behavior that allows for the settling of solids, whereby such solids and other substances are trapped in the gravels and the roots of the plants.



The trend for NO3+5 is shown in Figure 6. The mean values for the system effluents were 0.02 mg/L, 0.04 mg/L, and 0.05 mg/L for HRTs 1, 2, and 3, respectively. For NO2+3, the values for the effluents for HRTs 1, 2, and 3 (0.01 mg/L, 0.03 mg/L, and 0.04 mg/L, respectively) were consistent with those reported by Carrasquero et al. [47]. The mean removal efficiencies for NO3+5 for HRTs 1, 2, and 3 were 82%, 59%, and 50%, whereas for NO2+3, the mean efficiencies were 82%, 66%, and 56%, respectively, for each HRT assessed. These removal efficiencies were higher than those obtained by Bandera [40] and Mazunder et al. [48], which were no higher than 60% when treating SWWs for these nutrients. The UASB reactor showed good nitrification by transforming nitrites into nitrates and performed adequate denitrification (Figure 6 and Figure 7). The high levels of protein present in the SWW favored increases in the fatty acid and nitrogen compound concentrations, inhibiting methanogenesis [3]. Therefore, it is evident that the UASB alone would not have achieved high removal efficiencies and that the combination of this treatment with an aerobic technology increased these efficiencies.



The trend for nitrogen in its ammonium form (NH4−3) is illustrated in Figure 8. It showed a mean of 0.63 ± 0.01 mg/L for the influent, and for the effluent, the mean values were 0.1 mg/L, 0.23 mg/L, and 0.25 mg/L for HRTs 1, 2, and 3, respectively. HRT1 showed a higher efficiency, reaching mean values of 86% and a maximum removal of 92%, a value similar to that found by Wu et al. [49] in their study on the treatment of meat effluents.



The influent nutrient PO4−3 (Figure 9) had a low mean concentration of 0.66 ± 0.05 mg/L, consistent with that reported by Bustillo-Lecompte & Mehrvar [8]; this value is in the range of physicochemical characteristics of SWWs. PO4−3 can be removed by biological treatment, and T. domingensis can sequester nutrients and assimilate them into their metabolic structures, particularly PO4−3 [26]. This is verified by the mean values observed for the effluents in this study, which were 0.11 mg/L, 0.23 mg/L, and 0.34 mg/L for HRTs 1, 2, and 3, respectively. The highest removal efficiency of 83% was achieved at an HRT of 7.5 d.



In addition to the water temperature, the artificial swamp with its oxygen supply favored nutrient removal, especially for N and P. The passage of water through this treatment unit allowed nitrification and converted NO2+3 to NO3+5, which is why, after the combined treatment, the values for NO3+5 were higher. For PO4−3, this allowed assimilation by plants, thus reducing its final concentration [44]. Studies conducted by Bustillo & Mehrvar [8] and El Khateeb et al. [23] found that the secondary treatment of wastewater using wetlands is efficient for N and P removal. Other authors, such as Wang et al. [50], treated wastewater using an artificial wetland and obtained removal efficiencies of 45% and 46% for N and P, respectively.



The results obtained in the present study demonstrate the effectiveness of the proposed system for the treatment of SWW. Compared with previously conducted similar studies, this study optimized the removal efficiency for the following parameters evaluated: total solids, ammonium [1], suspended solids [5,51], and phosphates [7]. However, it is important to note that the removal efficiencies for each system vary according to the composition of the SWW to be treated and the environmental and operational conditions of the treatment. Finally, based on the analysis of the results, the proposed system is efficient, economical, and easy to install and has a lower surface area requirement compared with other combined treatments.



Table 2 shows the parameters of international and Colombian regulations for SWW discharge. It is evident that the assessed system (UASB + Wetland) meets the minimum requirements for Colombian regulations; however, at the international level, the system would only comply in some cases. Several advantages of the UASB + Wetland treatment system can be highlighted, such as specialization of the bacterial consortium toward the anaerobic digestion phases, higher removal efficiency, alternative options for pollutant metabolization (anaerobic/aerobic), adaptation of the system to the high volumetric loads observed, and inhibition of factors such as increases in oil and fat concentrations. Therefore, the feasibility of this integrated system is evident, demonstrating improvements in the elimination of nutrients, solids, and sediments. The results obtained, when compared with values set by Colombian regulations, confirm the feasibility of implementing the UASB in series with a wetland to treat wastewater produced in municipal slaughterhouses, which could be replicable on a real scale under similar conditions.





4. Conclusions


According to the results, the sludge formed in the UASB reactor for the treatment of SWW created favorable conditions for the treatment of this type of substrate at the operating conditions evaluated. The removal efficiencies (for BOD, COD, TSs, TSSs, etc.) obtained in the evaluated system (UASB + Wetland) meet the standards established in the local regulations (Colombia). Considering that the evaluated system is based on biological processes, which require low implementation and operation costs, it is both sustainable and efficient; it reached removal efficiencies of 88% (CODT) and 84% (BOD) at an HRT of 7.5 d. The combined system proposed in this study achieves SWW treatment not only via biological action but also via the sedimentation that occurs in the wetland system, making it a viable and feasible tool for the treatment of SWW.
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Figure 1. Diagram of the experimental system used. 1. Load tank, 2. peristaltic pump, 3. UASB, 4. biogas system, 5. wetland inlet, 6. Typha domingensis, 7. filter material, 8. wetland effluent. 
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Figure 2. Production of biogas vs. COD removed in the UASB during the treatment of the SWW. 
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Figure 3. Evolution of the CODT in each of the component system. 
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Figure 4. Evolution of the BOD in each of the component systems. 
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Figure 5. Evolution of the solids in each component of the system during SWW treatment. 






Figure 5. Evolution of the solids in each component of the system during SWW treatment.



[image: Water 16 00700 g005]







[image: Water 16 00700 g006] 





Figure 6. Evolution of NO3+5 in each component of the system. 
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Figure 7. Evolution of NO2+3 in each component of the system. 
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Figure 8. Evolution of NH4+3 in each component of the system. 
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Figure 9. Evolution of PO4−3 in each component of the system. 
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Table 1. Operational parameters of the influent and effluent at the UASB.
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Hydraulic Retention Time: 7.5 Days






	
HRT (h)

36

	
Component

	
(°C)

    x  ¯    ± σ

	
pH

    x  ¯    ± σ

	
Alk P (mg/L)

    x  ¯    ± σ

	
Alk T (mg/L)

    x  ¯    ± σ




	
Influent

	
28.1 ± 2

	
8.54 ± 0.22

	
347 ± 144

	
520 ± 203




	
Effluent UASB

	
31.1 ± 1.36

	
7.43 ± 0.88

	
766 ± 492

	
933 ± 499




	
Hydraulic Retention Time: 5.0 days




	
HRT (h)

	
Component

	
T (°C)

    x  ¯    ± σ

	
pH

    x  ¯    ± σ

	
Alk P (mg/L)

    x  ¯    ± σ

	
Alk T (mg/L)

    x  ¯    ± σ




	
24

	
Influent

	
28.8 ± 1.31

	
8.49 ± 0.36

	
557 ± 154

	
799 ± 157




	
Effluent UASB

	
30.5 ± 0.96

	
7.79 ± 0.22

	
1700 ± 319

	
2006 ± 346




	
Hydraulic Retention Time: 2.5 days




	
HRT (h)

	
Component

	
T (°C)

    x  ¯    ± σ

	
pH

    x  ¯    ± σ

	
Alk P (mg/L)

    x  ¯    ± σ

	
Alk T (mg/L)

    x  ¯    ± σ




	
12

	
Influent

	
27.9 ± 1.57

	
8.65 ± 0.20

	
538 ± 190

	
756 ± 226




	
Effluent UASB

	
31.1 ± 0.87

	
8.01 ± 0.17

	
1462 ± 430

	
1736 ± 448








Notes: pH: potential of hydrogen. Alk P: partial alkalinity. Alk T: total alkalinity. T: slaughterhouse residual water temperature.     x  ¯    ± σ: average values ± standard deviation.













 





Table 2. Comparative analysis of Colombian and international regulations in relation to the results of this study.
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Parameter

	
EPA, USA

	
EU

	
India

	
China

	
Canada

	
Australia

	
Colombia

	
UASB–Wetland HRT 7.5 d, Riohacha




	
A

	
B






	
pH

	
6–9

	
-

	
6.5–8.5

	
6–9

	
6–9

	
5–9

	
6.00–9.00

	
5.00–9.00

	
7.23–8.38




	
COD (mg/l)

	
-

	
125

	
250

	
100–300

	
-

	
40

	
900

	
1350

	
340




	
BOD (mg/l)

	
16–26

	
25

	
30

	
20–100

	
5–30

	
5–20

	
450

	
675

	
375




	
NT (mg/l)

	
4–8

	
10–15

	
-

	
15–20

	
1.25

	
10–20

	
-

	
-

	
0.4




	
PT (mg/l)

	
-

	
1–2

	
-

	
0.1–1

	
1

	
2

	
-

	
-

	
0.23




	
F&O (mg/L)

	
-

	
-

	
10

	
-

	
-

	
-

	
50

	
75

	
50




	
TSSs (mg/L)

	
20–30

	
35–60

	
50

	
20–30

	
5–30

	
5–20

	
200

	
300

	
75








Notes: F&O: fat and oil, A: dumping in surface water, B: dumping in sewer. [7], Colombian normative (MAVD, 2015).
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