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Abstract

:

Nutrients (nitrogen and phosphorus) are among the water quality parameters that cannot be easily removed from wastewater. Unfortunately, the excessive accumulation of nutrients in water can lead to numerous health issues for humans and the environment in general (including aquatic life). This study looked into the potential use of polymeric nanofiltration membranes to remove total phosphorus, ammonia, nitrate, and nitrite from poultry slaughterhouse wastewater. The wastewater samples were subjected to three different treatment systems determined by pore sizes (0.4, 0.6, and 0.8 nm) as well as an integrated system composed of ultrafiltration and nanofiltration as the main units. The results of the study showed that pore size can significantly affect a nanofiltration system’s overall performance for removing nutrients from poultry slaughterhouse wastewater. The phenomenon was supported by the analysis of variance (ANOVA) results, which showed that the treated effluent’s concentrations of the investigated water quality parameters at different pore sizes produced p-values that were less than 0.01 (statistically significant). According to the results of the removal efficiency analysis, the combination of ammonia and a 0.8 nm pore size demonstrated the lowest removal efficiency, with a removal rate of around 54.57%. However, the combination of nitrate and a 0.4 nm pore size showed the best removal efficiency of about 90.5%. On the other hand, the integrated treatment was observed to be highly effective in the removal of the investigated parameters with a removal efficiency ranging from 97.8 to 99.71%. The study’s findings offer useful information about the potential use of nanofiltration treatment systems for wastewater from poultry slaughterhouses.
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1. Introduction


Nutrients are among the most challenging pollutants in receiving water bodies around the world [1]. Production activities, such as those involved in poultry slaughterhouse processes, generate highly polluted wastewater with high levels of contaminants including nutrients in the form of phosphorous and nitrogen. Eutrophication is a typical example of the challenges faced due to the excessive accumulation of nutrients in water bodies [2]. The phenomena can have a considerable impact on navigational activities in a water body. A good example is Lake Victoria in Tanzania [3], whereby, the discharge of wastewater into the lake has led to the overstimulated growth of water hyacinth.



Additionally, increased aquatic plant growth can result in oxygen depletion and light interception in a water body, affecting aquatic life [4]. Therefore, the treatment of wastewater with a potential nutrient is of great importance before any sort of discharge into a water body. Different forms of nitrogen can be found in water, including nitrite–nitrogen [5], nitrate–nitrogen [6], ammonia [7], and ammonium [8]. In drinking water, the excessive consumption of nitrate can be associated with several health issues, especially in infants, that include the potential for the development of serious difficulties in transporting oxygen within the bloodstream, leading to methemoglobinemia or blue baby syndrome [9,10,11]. Also, phosphorous in water can be present in different forms including white phosphorus, red phosphorus, and black phosphorus [12]. All these forms of nutrients should be properly analyzed and reduced to acceptable levels before being subjected to a water system.



Moreover, the removal of nutrients from poultry slaughterhouse wastewater can be achieved using physical [13,14,15], chemical [16,17], and biological (natural) [18] treatment technologies. Typical examples of physical wastewater treatment systems are filtration methods such as membrane filtration [19] (microfiltration, ultrafiltration, nanofiltration, and reverse osmosis) and adsorption. Typical examples of chemical-based wastewater treatment approaches are electrochemical [20] and photochemical methods [21]. Typical examples of biological (natural) treatment systems are waste stabilization ponds (anaerobic, facultative, and maturation) [22], activated sludge systems [23], trickling filters [24], phytoremediation, and aerated lagoons [25].



Unfortunately, some particular strengths and flaws can be found in each of the wastewater treatment methods discussed above. For example, physical and biological treatment methods can be very flexible to a range of wastewater compositions with little to no risk of by-product formation [26,27]. However, biological methods, in particular, require vast areas, generate a lot of sludge, and are generally slow [26]. The majority of the contaminants found in wastewater are typically removed using physical treatment techniques, particularly membrane filtration [28]. As an illustration, reverse osmosis can remove practically all of the wastewater’s contaminants including the minerals (regardless of whether they are good or harmful) [29]. To force the wastewater through the membrane filter, however, the systems need high pressure, which in turn, necessitates adequate and reliable energy sources [30]. On the other hand, although it is well known that chemical-based treatment methods, such as electrochemical systems, are extremely durable and compact, most of them also need energy to run and have the potential to produce by-products when wastewater pollutants react with the chemicals used for the treatment [31].



However, nanofiltration treatment systems have recently been gaining more attention in the field of wastewater treatment. Although reverse osmosis and nanofiltration have similar fundamental processes, they are each unique due to their unique features and applications. The distinction between nanofiltration (another ion-rejecting membrane technology) and reverse osmosis is that nanofiltration has a higher flux rate at low pressures. This results in fewer membrane components being needed and a reduced pump pressure (measured in pounds per square inch, or bars), which lowers operating expenses. Moreover, nanofiltration works well for applications that do not require a feed stream fully free of dissolved particles, whereas reverse osmosis removes almost all the dissolved substances in water.



It should be emphasized that wastewater from poultry slaughterhouses is one of the most severely polluted types of wastewater [32,33,34], necessitating a highly effective and efficient treatment technique to achieve high removal efficiency. For instance, it has already been found that certain types of nitrogen from the effluent from poultry slaughterhouses are extremely resistant to treatment [16,35]. As a result, it is crucial to research various treatment options under various operational scenarios.



It is also important to note that because a weakness in one unit can be fixed by another, integrating many therapy units into one system can be advantageous in some circumstances [36,37]. However, how effectively these systems function in terms of eliminating contaminants depends largely on the properties of the wastewater to be treated and the type of treatment approach used. Unfortunately, there is currently a lack of sufficient information regarding the effectiveness of nanofiltration in terms of removing nutrients from poultry slaughterhouse wastewater.



The removal of nutrients from poultry slaughterhouse effluent using a nanofiltration treatment system as the main plant unit with different pore sizes is explored in this work. Three different polymeric nanofilters with pore diameters of 0.4, 0.6, and 0.8 nm are used to purify the wastewater samples collected from the poultry slaughterhouse. The Izevski poultry farm in the Republic of Kazakhstan’s Izhevsk hamlet provided the wastewater samples used in this analysis. The investigation covers a total of four nutrient parameters: total phosphorus, ammonia, nitrate, and nitrites. For each session of the experiments, 1.7 L of wastewater is used.




2. Materials and Methods


2.1. Case Study Description, Sampling, Wastewater Characteristics, and Analytical Methods


The Izevski Production Corporate, one of Central Asia’s largest poultry farms, producing more than 280 million eggs annually, is located in the village of Izhevsk in Kazakhstan, about 70 km from the capital city of Nur-Sultan (51°10′ North latitude and 71°26′ East longitude). The raw wastewater samples were collected there using the discrete sampling method. Figure 1 shows the primary production processes in the poultry slaughterhouse.



Plastic bottles each with a capacity of 5 L were used to collect the samples. Before exposing the collection bottles to the wastewater samples, they were thoroughly washed. Replication of the samples was also carried out in order to statistically assess the variation of data in the gathered samples and guarantee a high degree of data quality. In order to keep the wastewater in its natural state before treatment and analysis in the lab, sample preservation was another crucial component of the study. This was accomplished by keeping the wastewater samples at 4 °C. Additionally, on the day that the samples were collected, all of the samples were treated and examined; this was done to prevent any reactions in the wastewater that could change its natural state over time. Before subjecting the wastewater to the nanofiltration system, the wastewater samples were first subjected to mechanical filters (approximately 20 nm) to remove large, suspended particles.



As previously highlighted, this study investigated a total of four nutrient parameters: total phosphorus, ammonia, nitrate, and nitrites. A spectrophotometer (Hach DR3900, HACH/LANGE, Berlin, Germany) was utilized together with high-quality reagents and proper test kits, which were supplied by the Hach Company (Loveland, CO, USA) [38]. Total phosphorus was examined using the 4500-Nor APHA (APHA, Washington, DC, USA). Table 1 lists the characteristics of raw wastewater.




2.2. Experimental Setup and Procedures


Measurements of the membrane surface’s contact angle, made with a Goniometer CAM 101 (KSV Instruments Ltd., Helsinki, Finland), were used to determine the hydrophobicity of the surface. The measurements were conducted using the sessile drop technique. An average value was computed after more than six measurements of each contact angle. Both clean and contaminated membranes were used for all contact angle measurements. Through analysis of membrane fouling using measures of contact angles, a membrane surface change was identified. Material is more hydrophobic if the contact angle is bigger. Using a JEOL/JSM-6335F-INCA (Jeol, Tokyo, Japan) apparatus with an accelerating voltage of 10.0 kV, a scanning electron microscope was used to observe the membrane fouling on the pores of the membranes [39].



The general technical information of the nanofiltration treatment system is summarized in Table 2. Apart from the individual treatment systems covered by different nanofiltration pore sizes, the study also investigated the potential integration of ultrafiltration and nanofiltration for poultry slaughterhouse wastewater treatment. The integrated treatment system was mainly composed of ultrafiltration and nanofiltration (0.4 nm pore size). The pre-treatment unit covered by ultrafiltration was characterized by a pore size of 0.008 μm or 8 nm. Additionally, the ultrafiltration’s transboundary pressure varied from 3.5 to 4 bars, its pump supply voltage was 24 V, and its power ranged from 200 to 400 W. The integrated treatment system was mainly composed of ultrafiltration.




2.3. Statistical Methods


Minimum and maximum concentration values from the series of data were computed with the help of Microsoft Excel 2019’s in-built functions. Some other statistical parameters, such as arithmetic mean, standard deviation, and percent removal efficiencies, were also computed.



2.3.1. Relationship among Parameters


Moreover, correlation coefficients were extracted from the computed matrices based on the potential relationships among the studied water quality parameters of interest (total phosphorous, ammonia, nitrate, and nitrites). The general definitions of the correlation coefficients are as follows:




	
From 0 to 0.29: Regarded as a weak relationship



	
From 0.3 to 0.49: Defined as moderately related parameters



	
From 0.5 to 0.69: Defines a strong relationship



	
From 0.7 to 1: Defined as a very strong relationship









2.3.2. Data Distribution Analysis


Data distribution analysis is an important aspect of water quality-related investigations; this helps to obtain a clearer picture of the levels of pollution in wastewater. In this study, box and whisker plots were used to summarize the extent of the data distribution and unsymmetry among the nutrients investigated. This approach is also highly useful for identifying whether the data series contains potential unusual observations (outliers). Also, the box and whisker plots were useful in visually comparing the quality before and after the treatment processes.




2.3.3. Removal Efficiency Computations


Treatment efficiencies (in terms of percentage) from raw wastewater and the purified water analysis results were calculated as summarized in Equation (1).


    T e   ( % )  =  (     C b  −  C a     C b     )  × 100   



(1)




Whereby;     T e    , treatment efficiency,     C b    , concentration before treatment, and     C a    , concentration after treatment.




2.3.4. Percent Compliance Computations


The percent compliance of the raw wastewater and treated effluent for the investigated nutrients based on drinking water quality guidelines was conducted using the guidelines set by the World Health Organization (WHO). These standards for drinking water quality were chosen because they provide the most accurate assessment of water quality. The approach used for the calculation of the percent compliance is based on Equation (2).


    C p   ( % )  =  (     S i  −  C i     S i     )  × 100   



(2)




Whereby;     C p    , percent compliance,     S i  ,    the recommended standard for an ith parameter,     C i  ,    the concentration of the ith parameter.




2.3.5. Analysis of Variance (ANOVA)


The statistical significance of the differences between the two sets of data was examined using a single-factor analysis of variance (ANOVA). The levels of variance within each group were evaluated using the samples from each group in this method. To be more precise, the p-value and alpha (0.05) were combined to calculate the significance level. It should be emphasized that the probability that the null hypothesis will be rejected even if it is true is represented by the alpha value. The null hypothesis is accepted if the p-value is larger than the alpha value since it reflects the likelihood of achieving a result that is more extreme than the one received from the experiment.




2.3.6. Tukey’s HSD and Scheffé Multiple Comparison Tests


The study also employed the single-step multiple comparison procedures of Tukey’s HSD (honestly significant difference) and Scheffé multiple comparison tests. They were used to find methods that were considerably different from one another.




2.3.7. Flux Decline Computations


According to Darcy’s law [40], the permeate flux can be expressed as follows:


   J =  V  A × T     



(3)




where J = filtrate flux rate, A = membrane area, V = volume of filtrate generated, T = filtration or process time.



To calculate the percentage of flux reduction, the permeate fluxes were monitored three times. First, the flux of pure water was measured and the steady-state flux was designated as JP. Second, the amount of wastewater permeate flux was measured and quantified as JE at the end of the experiment. Finally, the pure water permeate flux with the fouled membrane was measured again until a stable permeate flux occurred and it was defined as JF.



The relative flux, RF, was defined as


    RF    = × 100   



(4)







The flux decline occurring during filtration was expressed as 100 − RF.



The flux recovery, FR, was defined as


    FR    = × 100   



(5)







In this instance, the (100 − FR) value represents the fouling-induced, irreversible flow reduction. Additionally, (FR − RF) represents the reversible flux drop brought on by the reversible adsorption phenomena or concentration polarization [39].






3. Results and Discussion


3.1. Wastewater Characterization


Analysis of the samples before (raw wastewater) and after treatment was successfully executed based on ammonia, total phosphorous, nitrites, and nitrate. An average concentration of 71.51 mg/L was recorded for ammonia in the raw wastewater, whereas 44.99 mg/L and 104 mg/L were the minimum and maximum recorded concentration values, respectively. It should be emphasized that no organization or research has expressly established evidence to show that ammonia consumption can be carcinogenic to humans at an average level. The World Health Organization (WHO) and the United States Environmental Protection Agency (US EPA) both regard the level of ammonia detected in drinking water to be of little concern to human health (with no significant or potential effect on drinking water) [41]. However, ammonia can be associated with adverse effects on human health if consumption and accumulation exceed the body’s capacity for self-detoxification. Apart from the human aspect, if a water body, such as a lake, pond, or river, is characterized by a relatively high concentration of ammonia, it becomes difficult for aquatic organisms to properly excrete the toxicant, whereby the toxic elements can accumulate in their bodies, especially in internal tissues and blood that would, in turn, lead to death and potential extinction [42,43].



For the total phosphorous, 45 mg/L was recorded as the minimum concentration value in the raw wastewater, 189.44 mg/L was recorded as the maximum concentration value, and 120.65 mg/L was the average concentration. The US EPA imposed phosphorus limitations in 1986, saying that phosphorus concentration levels in streams that do not drain into reservoirs should not exceed 0.1 mg/L. Additionally, streams that discharge into reservoirs should not surpass 0.05 mg/L and reservoirs should not exceed 0.024 mg/L [44].



The average nitrate concentration in the raw wastewater was 63.47 mg/L, with minimum and maximum concentration values of 45.3 mg/L and 80 mg/L, respectively. The minimum and maximum concentrations of nitrate were found to be 25.8 mg/L and 178.4 mg/L, respectively, whereas the average concentration was 103.41 mg/L.




3.2. Relationships among Parameters in the Raw Wastewater


To investigate the potential relationships among the studied water quality parameters, correlation indices were computed. Table 3 shows that the total phosphorous and ammonia in the raw wastewater were hardly correlated, with a correlation index of 0.13. Similarly, a relatively low correlation was observed between nitrites and phosphorus, with a correlation index of 0.41. However, “very high” concentrations were observed for nitrites and ammonia, with a correlation index of 0.94. In addition, a “very high” correlation index of 0.87 was observed between nitrates and ammonia. Similarly, a “very high” correlation index of 0.97 was observed between nitrates and nitrites.



In general, ammonia as a nutrient can be found in drinking water as a result of natural and anthropogenic activities. A typical example of anthropogenic activities leading to the introduction of ammonia in drinking water is the process of adding ammonia during secondary disinfection to form chloramines. The high relationship among ammonia, nitrites, and nitrates can be linked to the fact that they are all a product of nitrogen, whereas ammonia is the most reduced nitrogen form in wastewater; nitrite (NO2), and nitrate (NO3) are the most oxidized forms of nitrogen. Therefore, in the case of anaerobic conditions (absence of oxygen), the other two forms of nitrogen (nitrate and nitrites) are reduced, leading to ammonia.



Moreover, the very high correlation between ammonia, nitrites, and nitrates can be further explained based on their chemical compositions as well as their mode of production. From a chemical composition perspective, it is well known that nitrites are composed of one nitrogen atom and two oxygen atoms, whereas nitrates are composed of one nitrogen atom and one more oxygen atom than nitrites. From a production perspective, both nitrite and nitrate can be produced following a nitrification process achieved by nitrifying bacteria.



To be more precise, every single mole of ammonia in the nitrification process is equivalent to a single mole of nitrite. The bacteria that oxidize ammonia play a key role in the conversion of ammonia to nitrite, as shown in Equation (6), which results in the aforementioned phenomena [45].


     NH  3  +  O 2  →   NO  2 −  + 3  H +  + 2  e −    



(6)







Using bacteria that can oxidize nitrites, oxidation occurs after the conversion of ammonia to nitrite, resulting in the conversion of nitrite to nitrate (Equation (7) [46].


     NO  2 −  +  H 2  O →   NO  3 −  + 2  H +  + 2  e −    



(7)








3.3. Data Distribution in the Raw Wastewater


As previously mentioned, to assess the distribution of data of the studied parameters in the raw wastewater, box and whisker plots were developed. Figure 2 shows that the line defining the median of the ammonia box plot shifted slightly to the lower quartile (Q1) of the box plot; this means that the recorded concentration values of ammonia in the raw wastewater were composed of more high concentration values than low concentration values in the data series and this phenomenon is known as positive unsymmetry. However, despite the small shift, the general phenomenon shows that there was a significant balance between the lower concentration values and the higher concentration values. In the nitrite and total phosphorus box plots, the median lines shifted slightly toward the upper quartile (Q3), showing that the data distribution was negatively unsymmetrical. Moreover, nitrates exhibited a similar phenomenon to that seen in the ammonia box plot. In general, box plots are helpful because they offer a visual summary of the data, allowing researchers to recognize the mean values, dispersion of the data sets, and indicators of skewness [47].




3.4. Data Distribution in the Treated Effluent Using Nanofiltration


Figure 3 shows that the medians in the ammonia box plot for the 0.4 nm pore size, the total phosphorus box plot for the 0.4 nm pore size, the nitrite box plots for the 0.8 nm and 0.4 nm pore sizes, and the nitrate box plot for the 0.6 nm pore size were relatively closer to the Q3, indicating that the distribution of data was negatively unsymmetrical. The phenomenon can be interpreted as a higher frequency of low concentration values was observed and recorded in comparison to the high recorded concentration values. The ammonia box plot for the 0.6 nm pore size, the total phosphorus box plot for the 0.8 nm pore size, the nitrite box plot for the 0.6 nm pore size, and the nitrate box plot for the 0.4 nm show size show that the medians were relatively closer to the Q1; this means that the recorded concentrations of the aforementioned nutrients were composed of more high concentration values than low concentration values. Likewise, such a phenomenon can be defined as positive skewness. In addition, the nitrate box plot for the 0.8 nm pore size shows median lines closer to the middle, indicating that the data distribution was symmetrical or normal (equally distributed data).




3.5. Removal Efficiencies from the Nanofiltration Systems


Figure 4 shows that the pore sizes and pollutants to be removed had a significant influence on the removal efficiency of the nanofiltration treatment approaches. The lowest removal efficiency was observed with the combination of ammonia and a 0.8 nm pore size, with an approximately 54.57% removal efficiency, whereas the highest removal efficiency was observed with the combination of nitrate and a 0.4 nm pore size, with an approximately 90.5% removal efficiency. In general, the removal efficiency of the investigated pore sizes ranged from 54.57% to 90.5% In the literature, it has been observed that, unlike reverse osmosis that removes approximately 98–99% of monovalent ions, a nanofiltration membrane typically removes 50% to 90% of monovalent ions [48,49].




3.6. Data Distribution from Integrated Treatment System Effluent


Figure 5 shows that the medians for the ammonia and nitrate box plots were relatively closer to the Q1; this means that the recorded concentrations of the aforementioned nutrients were composed of more high concentration values than low concentration values. In the total phosphorus box plot, the median lines were closer to the Q3, indicating that the distribution of data was negatively unsymmetrical. This phenomenon can be interpreted from the analysis results as a higher frequency of low concentration values was observed and recorded in comparison to high concentration values, whereas the nitrite box plot had the median line closer to the middle, indicating that the data distribution was symmetric or normal (equally distributed).




3.7. Removal Efficiencies from the Integrated Treatment System


When the wastewater from the treated effluent (Table 4) was subjected to the integrated treatment approach, 1.21 mg/L was recorded as the minimum concentration and 2.24 mg/L as the maximum concentration, whereas 1.588 mg/L was recorded as the average concentration. In addition, 0.001 mg/L was recorded as the minimum concentration for total phosphorus and nitrites whereas 0.03 mg/L and 0.005 mg/L were recorded as the maximum concentration values for total phosphorus and nitrites, respectively. Moreover, 0.018 mg/L and 0.003 mg/L were recorded as the average concentrations for total phosphorus and nitrites, respectively. Also, an average concentration of 0.3 mg/L was recorded for nitrates, which is equivalent to a 99.7% removal efficiency. Figure 5 shows that the integrated treatment was highly effective in the removal of the nutrients with a removal efficiency ranging from 97.8 to 99.7%. From the results, we understand that pre-treatment can play a significant role in the performance of a membrane filtration system. According to a study conducted by Monnot et al. [50], in community-scale seawater reverse osmosis desalination plants, the influence of a novel pre-treatment system on process intensification and general performance was significant. It is worth highlighting that pre-treatment becomes useful because it reduces membrane fouling, scaling, and degradation and extends the effectiveness and lifespan of the membrane elements.




3.8. Percent Compliance


A summary of the percent compliance of the investigated parameters in the treated effluent and raw wastewater to the established water quality standards for the various pore sizes of the nanofiltration system is shown in Table 5. Based on the average concentrations in the final effluent after the wastewater was processed by the nanofiltration system alone, it can be seen that most water quality parameters did not comply with the recommended water quality standards for drinking water (negative values) with the exception of ammonia. Table 5 shows, however, that the combined treatment was quite successful in removing the bulk of the contaminants, with compliance rates ranging from 67.3% to 99.8%.




3.9. Analysis of Variance (ANOVA)


The single-factor analysis of variance was applied to the concentrations of ammonium, phosphates, nitrite, and nitrate in the treated effluent from each treatment system (as determined by the pore size). The summary of the p-values obtained by the ANOVA is shown in Table 6. Notably, the null hypothesis is that if there is no difference between the means, it is rejected when the p-value is less than 0.05, leading to the conclusion that there is a significant difference. The ammonium concentrations with the investigated pore sizes produced a p-value of 0.000138, which is less than 0.05 (alpha value), making the variations in concentrations statistically significant, as can be seen in Table 6. Phosphates, nitrites, and nitrate exhibited similar phenomena. We can further conclude from the ANOVA results that the system’s overall treatment performance can be significantly impacted by the nanofilter’s pore size. In the literature, when different pore sizes of monofilament woven filter cloth of monofilament made of polypropylene were used to treat high-strength food wastewater, an average COD removal higher than 80% and 70% for smaller pore sizes and larger pore sizes was achieved, respectively [51].




3.10. Tukey’s Honestly Significant Difference


Tukey’s honestly significant difference was used to further investigate the significance level of the mean differences in terms of the investigated parameters’ concentrations in the treated effluent. From Table 7, it can be seen that a significant difference (p < 0.01) was observed between the 0.8 nm vs. 0.4 nm, 0.8 nm vs. the integrated treatment system, 0.6 nm vs. 0.4 nm, and the 0.6 nm vs. the integrated treatment system, whereas insignificant differences were observed between the 0.8 nm vs. 0.6 nm and the 0.4 vs. the integrated treatment system. According to the findings, the difference in the ammonia content in the final effluent between one pore size and another decreased when the pore size of the nanofilter was increased. Similar to this, the concentration of ammonia in the treated effluent approached that of the integrated treatment system the more the nanofilter pore size was reduced.



Table 8 presents the Tukey’s HSD analysis results from the phosphate datasets, whereby a significant difference (p < 0.01) was observed for all the combinations, except for the 0.4 vs. the integrated treatment system. Similar to the phenomenon observed with ammonia, the concentration of phosphates in the treated effluent approached that of the integrated treatment system the more the nanofilter pore size was reduced.




3.11. Scheffé Multiple Comparison


The variations in the results were further investigated using the Scheffé multiple comparison analysis to examine the significance level of the mean differences in terms of the studied parameters’ concentrations in the treated effluent. From Table 9, it can be seen that a significant difference (p < 0.01) was observed between the 0.8 nm vs. 0.4 nm, 0.8 nm vs. the integrated treatment system, 0.6 nm vs. 0.4 nm, and the 0.6 nm vs. the integrated treatment system, whereas insignificant differences were observed between the 0.8 nm vs. 0.6 nm and the 0.4 vs. the integrated treatment system.



Table 10 presents the Scheffé multiple comparison analysis results from the phosphate datasets, whereby it can be seen that a significant difference (p < 0.01) was observed for all the combinations, except for the 0.4 vs. the integrated treatment system. Similar to the phenomenon with the ammonia, as the pore size of the nanofilter was reduced, the concentration of phosphates in the treated effluent approached that of the integrated treatment system.




3.12. Flux and Membrane Fouling Analysis


As previously mentioned, one of the criteria investigated was how much water passed through a membrane. Figure 6 demonstrates that the pure water flux decreased as the pore size decreased, or, to put it another way, the pure water flux increased as the pore size increased. A similar phenomenon was observed for the wastewater permeate flux and the permeate flux with the fouling membrane. The highest JP (82 L m−2 h−1) was obtained with the 0.8 nm pore size, whereas a pore size of 0.4 nm resulted in a JP of approximately 49 L m−2 h−1. The highest JE (56 L m−2 h−1) was obtained for the size treatment system with a pore size of 0.8 nm, whereas the system with a pore size of 0.4 nm resulted in a JE of approximately 36 L m−2 h−1. On the other hand, the highest JF of approximately 69 L m−2 h−1 was obtained when the wastewater was subjected to a 0.8 nm pore size, whereas a pore size of 0.4 nm resulted in a JE of approximately 39 L m−2 h−1. An increased pore size typically equates to higher porosity. In a study by Mohammad et al. [52] that investigated the performance of ultrafiltration using nanofibers, it was shown that the porosity level had a significant impact on the flux. To be more specific, in comparison to the bleached rice straw nanofiber membrane, which could reject 79.7% of the bovine serum albumin soluble in water, the unbleached rice straw nanofiber membrane was able to reject 58.4% of the bovine serum albumin [52]. The bleached rice straw nanofiber membrane’s greater ability to reject bovine serum albumin from the water was observed to be a result of its lower porosity compared to the unbleached rice straw nanofiber membrane [52].



Figure 7 presents the summary of the relative flux and flux recovery estimated in the study. It can be seen that both the relative flux and flux recovery gradually increased with the decrease in the pore size. To be more specific, when the wastewater was subjected to a 0.8 nm pore size, a relative flux of approximately 68.3% was obtained, 71.4% was obtained with a 0.6 nm pore size, and 73.5% with a 0.4 nm pore size. On the other hand, based on the flux recovery, approximately 84.1% was obtained with a 0.8 nm pore size, 87.5% with a 0.6 nm pore size, and 91.8% with a 0.4 nm pore size. The material of the membrane, the pore size, the characteristics of the wastewater, and the hydrodynamic circumstances were among the factors mentioned in the literature that have a significant impact on membrane flux [53]. Numerous researchers have thoroughly investigated membrane fouling, which has a direct impact on the membrane flux. Therefore, to improve the performance of a membrane, fouling should be kept under control [54]. Membrane fouling can be reduced by pretreating influents, optimizing operational circumstances, changing the properties of the sludge, and changing the membrane properties [54]. Of note is the fact that the membrane’s resistance to fouling by the feed solution is also represented by the relative flux [55].



Figure 8 presents the summary of the estimated flux decline occurring during filtration and membrane fouling. It can be observed that both parameters decreased with the decrease in the pore size. In general, the membrane fouling that reduced with the reduction in the filter pore size was an interesting phenomenon to observe. A membrane fouling flux of approximately 15.9% was estimated with the 0.8 nm pore size treatment system, and approximately 8.2% was estimated with the 0.4 nm pore size. Similar results have also been reported in studies conducted by Fangchao et al. [56] and Kuo-Jen et al. [57], where, in order to filter 0.15 mm polymethyl methacrylate particles, two track-etched membranes with mean pore sizes of 0.2 and 0.4 mm, respectively, were utilized as the filter media. The results showed that the blocking index gradually changed during the first phase of filtering, maintained a value of around 0.5 for a time, and then abruptly decreased to zero under critical conditions [57]. Due to more severe membrane blocking, the blocking index for the 0.4 mm membrane was always higher than that for the 0.2 mm membrane under the same filtration pressure and flux [57].



Moreover, according to the literature, the type of fouling that predominates and, as a result, the retention of specific pollutants, is directly related to the size of the membrane pores; however, in order to evaluate the influence of pore size on membrane fouling, the feed composition should also be taken into account [58]. Applying a membrane filtering technique, such as nanofiltration, can result in a drop in flux and yield. One of the causes is concentration polarization, or the accumulation of retained solutes, which happens rapidly and can be reversed [58]. Another is fouling phenomena, which include long-term and practically irreversible processes such as the adsorption, pore-blocking, and deposition of solidified solutes [58]. These processes result in a decrease in the driving power of the filter or an increase in the transport resistance of the penetrating solvent [58].



Figure 9 presents the summary of the concentration polarization estimated in the study. It is also worth noting that concentration polarization is a phenomenon that can significantly impair overall nanofiltration process efficiency. An interesting phenomenon is that the highest concentration polarization (18.4%) was observed with the 0.4 nm pore size treatment system, whereas the concentration polarization significantly reduced when the wastewater was treated using the integrated treatment system. It should be noted that rejected solutes typically build up on the membrane’s surface, where their concentration progressively rises; on the bulk side, a concentration buildup takes place [59]. In other words, concentration polarization describes the steady flow of contaminated influent to the membrane surface and the selective retention of some constituents causes an accumulation of some solutes on or near the membrane surface. Their concentration grows over the course of the operation, leading to the formation of a boundary layer with a higher concentration. The fluid in this layer is almost stationary and the membrane surface has zero velocity [60].





4. Conclusions


The potential applicability of nanofiltration systems with different pore sizes (0.4, 0.6, and 1.8 nm) for the removal of nutrients from poultry slaughterhouse wastewater has been investigated. Also, an integrated system with ultrafiltration and nanofiltration has been investigated for its potential applicability for the removal of nutrients from poultry slaughterhouse wastewater. The combination of nitrate and a 0.4 nm pore size demonstrated the highest removal efficiency (90.5%) out of the three investigated pore sizes. The combined treatment, on the other hand, was shown to be extremely effective in eliminating the examined parameters, with removal effectiveness rates ranging from 97.8 to 99.71%. The majority of the water quality parameters did not meet the recommended water quality guidelines for drinking water as determined by the average concentrations in the final effluent after the wastewater was processed solely by the nanofiltration systems. However, the combined treatment achieved compliance rates ranging from 67.3% to 99.8%. p-values of less than 0.01 were obtained for the concentrations of the examined water quality parameters in the treated effluent using the various pore sizes, meaning that the concentration differences were statistically significant. The differences were further justified by Tukey’s honestly significant difference and Scheffé’s multiple comparisons. Moreover, the differences in the pore size were also observed to affect the general phenomenon of flux and membrane fouling, where the membrane fouling was generally observed to decrease with the decrease in the pore size. The results of this study provide some important information regarding the prospective application of nanofiltration treatment devices for wastewater from poultry slaughterhouses.
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Figure 1. Poultry production flowchart. 
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Figure 2. Box plots of raw wastewater. 
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Figure 3. Data distribution from treated effluent from different pore sizes (a) ammonia (b) total phosphorus (c) nitrites (d) nitrates. 
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Figure 4. Removal efficiencies from nanofiltration systems. 
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Figure 5. Integrated treatment. 
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Figure 6. Presentation of different types of fluxes. 
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Figure 7. Relative flux and flux recovery. 






Figure 7. Relative flux and flux recovery.



[image: Water 14 02929 g007]







[image: Water 14 02929 g008 550] 





Figure 8. Flux decline occurred during filtration and fouling. FDODF = flux decline occurring during filtration. 
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Figure 9. Concentration polarization. 
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Table 1. Characteristics of the poultry slaughterhouse raw wastewater (n = 12).
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	Parameter
	Min
	Max
	Median
	AM
	SD
	Guideline
	Agency





	Ammonia
	44.99
	104
	68.525
	71.51
	22.674
	32.5
	US EPA



	Total phosphorous
	45
	189.44
	124.08
	120.65
	53.401
	10
	US EPA



	Nitrites
	45.3
	80
	64.285
	63.4675
	12.350
	1
	US EPA



	Nitrate
	25.8
	178.4
	99.95
	103.41
	54.181
	0.1
	WHO







All parameters in mg/L; minimum concentration values (Min), maximum concentration (Max), arithmetic mean or average (AM), and standard deviation (SD).
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Table 2. Nanofiltration general technical specifications.
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	Parameter
	Unit
	Value





	Pore size
	nm
	0.4, 0.6, and 0.8



	Pump supply voltage
	V
	36



	Pump power
	kW
	0.3–0.5
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Table 3. Correlations among studied water quality parameters in the raw wastewater.
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	Ammonia
	Total Phosphorous
	Nitrites
	Nitrate





	Ammonia
	1
	
	
	



	Total phosphorous
	0.13
	1
	
	



	Nitrites
	0.94
	0.41
	1
	



	Nitrate
	0.87
	0.59
	0.97
	1
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Table 4. Effluent quality characteristics and removal efficiency using the integrated treatment system.
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	Parameter
	Min
	Max
	Median
	Mean
	STD
	Removal Efficiency (%)





	Ammonia
	1.21
	2.24
	1.45
	1.588
	0.392
	97.78



	Total phosphorous
	0.001
	0.03
	0.02
	0.018
	0.010
	98.33



	Nitrites
	0.001
	0.005
	0.003
	0.003
	0.002
	98.42



	Nitrate
	0.2
	0.5
	0.25
	0.3
	0.122
	99.71
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Table 5. Percent compliance from raw wastewater and treated effluent.
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	Parameter
	Raw Wastewater (%)
	0.8 (%)
	0.6 (%)
	0.4 (%)
	Integrated (%)





	Ammonia
	−120.03
	0.05
	27.74
	50.418
	95.12



	Total phosphorous
	−1106.5
	−105.18
	−121.4
	−23.15
	99.82



	Nitrites
	−6246.75
	−985.75
	−935.75
	−767.667
	99.70



	Nitrate
	−103,310
	−15,675
	−13,025
	−9720
	67.31
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Table 6. ANOVA results from the different pore sizes.
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	Parameter
	F Crit
	p-Value
	Status (Is p-Value < 0.05?)





	Ammonium
	3.708
	0.000138
	TRUE



	Phosphates
	3.411
	1.08 × 10−6
	TRUE



	Nitrites
	3.411
	8.13× 10−5
	TRUE



	Nitrate
	3.587
	0.001481
	TRUE
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Table 7. Tukey’s honestly significant difference analysis results from ammonia datasets.
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	Treatment Pairs
	Tukey’s HSD Q Statistic
	Tukey’s HSD p-Value
	Tukey’s HSD Inference





	0.8 vs. 0.6
	1.3226
	0.770407
	insignificant



	0.8 vs. 0.4
	8.8967
	0.001005
	** p < 0.01



	0.8 vs. integrated
	7.894
	0.001116
	** p < 0.01



	0.6 vs. 0.4
	7.4181
	0.001778
	** p < 0.01



	0.6 vs. integrated
	6.5714
	0.004229
	** p < 0.01



	0.4 vs. integrated
	0.071
	0.899995
	insignificant







** statistically significant.
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Table 8. Tukey’s honestly significant difference analysis results from phosphate datasets.
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	Treatment Pairs
	Tukey’s HSD Q Statistic
	Tukey’s HSD p-Value
	Tukey’s HSD Inference





	0.8 vs. 0.6
	6.1333
	0.003926
	** p < 0.01



	0.8 vs. 0.4
	12.4801
	0.001005
	** p < 0.01



	0.8 vs. integrated
	13.1714
	0.001005
	** p < 0.01



	0.6 vs. 0.4
	5.7614
	0.00631
	** p < 0.01



	0.6 vs. integrated
	7.493
	0.001005
	** p < 0.01



	0.4 vs. integrated
	2.834
	0.236134
	insignificant







** statistically significant.
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Table 9. Scheffé multiple comparison analysis results from ammonia datasets.
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	Treatment Pairs
	Scheffé TT-Statistic
	Scheffé p-Value
	Scheffé Inference





	0.8 vs. 0.6
	0.9352
	0.830639
	insignificant



	0.8 vs. 0.4
	6.2909
	0.000824
	** p < 0.01



	0.8 vs. integrated
	5.5819
	0.002047
	** p < 0.01



	0.6 vs. 0.4
	5.2454
	0.003213
	** p < 0.01



	0.6 vs. integrated
	4.6467
	0.007378
	** p < 0.01



	0.4 vs. integrated
	0.0502
	0.999964
	insignificant







** statistically significant.
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Table 10. Scheffé multiple comparison analysis results from phosphates datasets.
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	Treatment Pairs
	Scheffé TT-Statistic
	Scheffé p-Value
	Scheffé Inference





	0.8 vs. 0.6
	4.3369
	0.007271
	** p < 0.01



	0.8 vs. 0.4
	8.8248
	9.22 × 10−6
	** p < 0.01



	0.8 vs. integrated
	9.3136
	5.07 × 10−6
	** p < 0.01



	0.6 vs. 0.4
	4.0739
	0.011374
	* p < 0.05



	0.6 vs. integrated
	5.2984
	0.001464
	** p < 0.01



	0.4 vs. integrated
	2.0039
	0.304666
	insignificant







Note: ** statistically significant (alpha value 0.01). * statistically significant (alpha value 0.05).
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