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Abstract

:

To implement sustainable water resource management, the industries that produce a huge amount of wastewater are aiming to recycle wastewater. Reverse osmosis (RO) is an advanced membrane process that can produce potable water from wastewater. However, the presence of diverse pollutants in the wastewater necessitates effective pretreatment to ensure successful RO implementation. This study evaluated the efficiency of microfiltration (MF) and ultrafiltration (UF) as two pretreatment methods prior to RO, i.e., MF-RO and UF-RO, for recycling poultry slaughterhouse wastewater (PSWW). The direct treatment of PSWW with RO (direct RO) was also considered for comparison. In this study, membrane technology serves as a post treatment for PSWW, which was conventionally treated at Sanderson Farm. The results demonstrated that all of the processes, including MF-RO, UF-RO, and direct RO treatment of PSWW, rejected 100% of total phosphorus (TP), over 91.2% of chemical oxygen demand (COD), and 87% of total solids (TSs). Total nitrogen (TN) levels were reduced to 5 mg/L for MF-RO, 4 mg/L for UF-RO, and 9 mg/L for direct RO. In addition, the pretreatment of PSWW with MF and UF increased RO flux from 46.8 L/m2 h to 51 L/m2 h, an increase of approximately 9%. The product water obtained after MF-RO, UF-RO, and direct RO meets the required potable water quality standards for recycling PSWW in the poultry industry. A cost analysis demonstrated that MF-RO was the most economical option among membrane processes, primarily due to MF operating at a lower pressure and having a high water recovery ratio. In contrast, the cost of using RO without MF and UF pretreatments was approximately 2.6 times higher because of cleaning and maintenance expenses related to fouling. This study concluded that MF-RO is a preferable option for recycling PSWW. This pretreatment method would significantly contribute to environmental sustainability by reusing well-treated PSWW for industrial poultry purposes while maintaining cost efficiency.
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1. Introduction


Water is a basic human need and critical to global social and economic growth. However, the distribution of water is not uniform worldwide and is at risk from many sources of pollution. This water resource challenge can only be resolved by sustainable water resource management which is extremely important to ensure safety and promote social, ecological, and economic progress. The goal of sustainable management of water resources is to fulfill the growing demands without compromising the ability of future generations to do so. To implement this approach, the industrial sectors, which use excessive water, are keenly interested in conserving water resources by recycling wastewater [1].



The food industry is among the top-ranked industries that are highly concerned about water consumption [2]. In the food industry, in particular, poultry consumes 24% of freshwater, which is the highest proportion compared to other food sectors. The largest portion of this water is utilized in the operations of slaughtering, processing, and cleaning within poultry slaughterhouse plants [3]. Typically, a bird consumes approximately 24.4 L of water on average [4]. The water consumed is saturated with proteins, fats, quills, paunch, feces, urine, blood, and other organic matter. If this poultry slaughterhouse wastewater (PSWW) is released into local water bodies untreated, the biodegradable organic matter will almost eliminate the dissolved oxygen (DO) of the surface water and may cause the death of marine life and increase algae growth and water-borne diseases [5,6,7]. Therefore, it is necessary to treat PSWW before releasing it into the environment.



In the poultry industry, PSWW typically undergoes preliminary treatments, such as screening, sieving, and retention, followed by primary treatments like dissolved air flotation (DAF), electrocoagulation, and sedimentation. Subsequently, secondary treatments, which include anaerobic and aerobic processes, are employed. However, these methods primarily focus on meeting discharging standards and do not involve recycling the wastewater. To conserve water resources, it is crucial to implement recycling measures [8]. Implementing wastewater recycling in the poultry industry is challenging due to the requirement of meeting potable water quality to be able to reuse PSWW [9]. However, membrane technology has become a favorable option for wastewater recycling due to its high efficiency in separating contaminants, avoidance of chemical usage, and numerous advantages over traditional methods. The initial use of a membrane for treating PSWW was conducted by Jason et al. [10]. Their research employed a 50 KDa tubular UF membrane. The results showed that the UF membrane effectively purified PSWW, making it suitable for discharge and potential reuse while reclaiming valuable nutrients. Following this milestone, numerous researchers have studied the treatment of PSWW with membrane technologies [7].



Among various types of filtration membranes, reverse osmosis (RO) membrane technology provides the highest-quality water permeate and has already proven useful for treating wastewater in various industries, including poultry, municipal, seawater, petroleum, dairy, dyeing, and others [11,12,13,14,15,16]. RO is a high-pressure membrane filtration process that rejects dissolved solids from the water by generating hydrostatic pressure that exceeds the natural osmotic pressure of feed. This results in the absorption of water molecules on the membrane surface, which then permeate from the feed side of the membrane to the filtrate side [17]. This rejection of solids by the RO occurs due to the size exclusion and physical–chemical interactions between the solute, solvent, and membrane. RO offers several advantages, such as a low cost per liter of purified water, a compact and modular design, and the potential for fully automated process control [18].



However, a major drawback of RO is membrane fouling, in which particles are deposited on the membrane surface or in the membrane pores due to the presence of several pollutants in wastewater, encompassing colloidal or particulate matter, dissolved organics, chemical reactants, and microorganisms. The foulants are categorized into organic and inorganic compounds [19,20]. The fouling dramatically decreases productivity and permeate quality, leading to high operational costs, frequent cleaning, and limited membrane lifetime. The decrease in the permeate rate and quality directly impacts the sustainable use of RO, mainly its efficiency and economic aspects. Unconventional membrane-based techniques, specifically microfiltration (MF) and ultrafiltration (UF), have recently gained popularity as pretreatment methods prior to RO [21].



To treat PSWW, UF has been utilized as a pretreatment method for RO in some research studies to improve RO performance. For example, in a study conducted by Coskun et al. [22], where membrane technology was utilized for PSWW recycling, their results indicated that RO without UF pretreatment led to a significant decline in the long-term RO membrane fluxes due to extensive fouling. Consequently, operational expenses for the RO process increased. Coskun et al. [22] concluded that RO without UF pretreatment is inefficient for treating PSWW. Similarly, another study revealed that the treatment of PSWW with an integrated membrane system of UF and RO achieved a removal efficiency of up to 100% of turbidity, color, and total suspended solids (TSSs) and 99.6% of biochemical oxygen demand (BOD) and chemical oxygen demand (COD), meeting drinking water standards [23].



Previous studies [23,24,25,26,27,28,29,30] have been conducted on MF as a standalone or UF as a standalone membrane system and as pretreatment processes prior to RO for purifying PSWW, showing promising outcomes. However, a noticeable research gap exists in directly comparing MF and UF techniques for RO pretreatment technologies for PSWW. This study evaluates MF and UF pretreatment methods for RO to recycle PSWW. Also, the direct treatment of PSWW with RO is conducted for comparison. The aim is to identify the best approach to improve RO efficiency while maintaining cost-effectiveness. Moreover, the result of this study serves as a significant step toward a sustainable environment as it addresses water scarcity issues by recycling PSWW back into the poultry industry with membrane technology post treatment, as shown in Figure 1. This approach reduces the burden on freshwater resources while conserving them. Additionally, advanced membrane technology ensures high water quality, thereby reducing environmental impacts through complete on-site PSWW treatment. Moreover, enhancing the cost efficiency of membrane technology enables economical water recycling for poultry industries. Thus, the innovation of this work lies in its comprehensive and comparative evaluation of membrane pretreatment techniques for RO in recycling PSWW to advance cost-effective and sustainable wastewater treatment processes in the poultry industry.




2. Materials and Methods


2.1. Poultry Slaughterhouse Wastewater Characterization


The PSWW was obtained at the discharging unit of the Sanderson poultry processing plant located in Bryan, TX, USA. The PSWW was transported to the research lab within 2 h. The PSWW was stored in 5-gallon plastic jugs inside a cooler with 10 pounds of ice to maintain its temperature. Once the samples reached the research lab, the PSWW was immediately characterized for COD, total solids (TSs), total dissolved solids (TDSs), TSSs, total volatile solids (TVSs), total fixed solids (TFSs), total nitrogen (TN), and total phosphorous (TP). These analyses were performed following the Hach version of Standard Methods for the Examination of Water and Wastewater, as listed in Table 1. The analysis of TSSs involved the use of a Watman microfiber filter with a pore size of 1.5 μm (Little Chalfont, Buckinghamshire, UK). Hach instruments, reagents, and vials were utilized for conducting COD, TP, and TN tests. To validate the results, each characterization test was repeated three times. Blanks and standards were employed to calibrate the instruments used in the COD, TP, and TN measurements.




2.2. Pretreatment of Poultry Slaughterhouse Wastewater with Ultrafiltration and Microfiltration


The pretreatment of PSWW was conducted with MF and UF membranes. Both MF and UF membranes were procured from Sterlitech Corporation (Auburn, WA, USA). The MF membrane was made up of polyvinylidene fluoride (PVDF), while the UF membrane was composed of polyether sulfone (PES), as listed in Table 2. The MF and UF membranes were used in a Sterlitech customized membrane system, as illustrated in Figure 2. The membrane filtration system consisted of two flowmeters, a power-on switch, an adapter, a high-pressure valve, a low-pressure valve, a bypass valve, a pump, a tank, and a cooling unit. The membrane cell was made up of Delrin material. The dimensions of the cell were 0.127 m in length, 0.1 m in width, and 0.083 m in height, and the effective membrane area of the cell was 0.0042 m2. The tank was made of stainless steel and could hold up to about 20 L of wastewater. The operating pressure and flow rate of the MF membrane were 413 kPa and 6.0 L/min, respectively. UF was run at the same flow rate as MF; however, the pressure was twice as high as that in MF. The performance of MF and UF was evaluated based on pollutant removal efficiency and average flux.




2.3. Characterization of Microfiltration and Ultrafiltration Foulants


The fouling cake on the MF and UF membrane surfaces was removed by splashing the water on their surfaces, collecting the foulant particles in a Petri glass dish, and then allowing them to air dry. The MF and UF foulants were examined under a Smith Detection Fourier Transform Infrared spectrometer and PerkinElmer thermogravimetric analyzer. The thermogravimetric analyzer (TGA) was employed to quantify the percentage of organic and inorganic compounds present in the foulants. The temperature range for the TGA analysis began at room temperature and increased gradually at a rate of 10 °C per minute until it reached a maximum temperature of 800 °C. The Fourier Transform Infrared Spectroscopy (FTIR) spectrometer was employed to detect the organically functional groups present in the foulant particles. The surface characteristics and elemental composition of virgin and fouled MF and UF membranes were analyzed using scanning electron microscopy–energy dispersive X-ray spectroscopy (SEM-EDS).




2.4. Treatment of Poultry Slaughterhouse Wastewater with Reverse Osmosis


The MF and UF permeate underwent RO treatment, referred to as (MF-RO) and (UF-RO) processes, respectively. The PSWW was also directly treated with the RO process, referred to as (direct RO), for comparison. The RO membrane, made of polyamide material as shown in Table 2, was procured from Sterlitech Corporation (Auburn, WA, USA). The operating pressure of RO was 1516 kPa and it was operated at the same flow rate as for MF and UF. The customized membrane system, shown in Figure 2, was also employed for the RO processes. The performance of all processes, including MF-RO, UF-RO, and direct RO, was assessed based on various factors, including real-time flux (Jw), average flux (Jaw), rejection coefficient (R), and permeate quality. For flux measurement during the pretreatment and treatment of PSWW, a single piece of membrane was employed without chemical cleaning or backwashing. For permeate quality, the results were validated using the permeates from two sets of experiments.



The Jw was calculated by taking the difference in weight of the permeate collected every minute (ΔW) and dividing it by the water density ( ρ ), effective membrane area (A), and time interval (Δt), as indicated in Equation (1). The Jaw was calculated by dividing the cumulative flux over the total time.


  Jw =    Δ W    ρ × A ×  Δ t       



(1)







The value of R was determined using Equation (2), where    C p    represents the concentration of the permeate and    C r    represents the concentration of the retentate.


  R = 1 −      C p     C r       



(2)








2.5. Economic Analysis


The preliminary economic analysis was performed by evaluating the total cost per year for the processes, including conventional treatment, MF-RO, UF-RO, and direct RO for the treatment of PSWW in (College Station, TX), (Arlington, VA), and (Goodyear, AZ), USA.



The total cost per year was calculated by summing the freshwater consumption and wastewater treatment costs per year, as shown in Equation (3).


Total Cost (USD/year) = Freshwater consumption cost (USD/year) + Wastewater treatment cost (USD/year)



(3)







The wastewater treatment cost per year was calculated by multiplying the wastewater treatment unit cost, as listed in Table 3, by the wastewater generated per day at Sanderson Farm, which is 6098 m3, and then by 365 days. The wastewater treatment unit cost for conventional treatment was obtained from the research conducted by Coskun et al. [22], which listed a cost of 0.36 USD/m3, as shown in Table 3. The wastewater treatment unit cost of 1.02 USD/m3 for UF-RO was determined from a study by Prez et al. [34]. For MF-RO, the wastewater treatment unit cost was adjusted using the data obtained from Prez et al. [34], where the energy consumption cost of MF was halved since the pressure used for MF in this study was half of the pressure of UF in pretreating PSWW, resulting in a total wastewater treatment cost of 1.01 USD/m3.



The economic analysis is not intended to be exhaustive but supplemental to our experimental work; therefore, the treatment cost for MF-RO, UF-RO, and RO were sourced directly from the literature and only energy consumption cost adjustments were made for MF-RO and UF-RO. The treatment cost for RO was 2.8 times higher than that of UF-RO, as indicated by Coskun et al. [22].



The freshwater consumption cost per year for each method was calculated by multiplying water consumption per day for each process by the freshwater consumption unit cost for the commercial water customers in (College Station, TX, USA), (Goodyear, AZ, USA), and (Arlington, VA, USA) and then by 365 days. The freshwater consumption unit cost for each region is listed in Table 4.





3. Results


3.1. Characterization of Poultry Slaughterhouse Wastewater


TSs are the sum of TDSs and TSSs for the stable water samples. Given that 4 ± 0.4 mg/L of TSSs was found in the PSWW, most of the solids present were TDSs, with a measured level of 2012 ± 82.3 mg/L. The primary reason for minimal TSSs in the PSWW is the operation of serial physical and biological treatments of PSWW at the Sanderson wastewater treatment plant. The TVSs and TFSs were quantified as 403 ± 27.6 mg/L and 1613 ± 55.1 mg/L, respectively. Furthermore, the PSWW exhibited a TP content of 54 ± 0.4 mg/L and a COD level of 34 ± 0.7 mg/L. The TN content was measured as 252 ± 2.1 mg/L. The TN content is high in PSWW due to the application of the anaerobic and aerobic digestion processes in the biological treatment of PSWW at the Sanderson wastewater treatment plant. The sequential treatment decomposes organic nitrogen into ammonia and other inorganic forms of nitrogen products. The samples of PSWW were randomly collected and analyzed in triplicate, and the results are consistent among the triplicates.




3.2. Pretreatment of Poultry Slaughterhouse Wastewater with Ultrafiltration and Microfiltration


3.2.1. Characterization of Microfiltration and Ultrafiltration Permeate


The PSWW pretreated with MF and UF retained some pollutants. MF achieved a removal efficiency of 15.4% of TSs, 68.2% of TVSs, 2.2% of TFSs, 5.6% of TP, and 32.1% of TN. MF outperformed UF regarding COD rejection, achieving a removal efficiency of 26.5% compared to 8.8% for UF, as reported in Table 5. However, UF resulted in a higher removal efficacy of 18.5%, 70.0%, 5.7%, 16.7%, and 37.3% for TSs, TVSs, TFSs, TP, and TN, respectively. In our study, the feed water of MF and UF is the slightly yellow water discharged to the environment after a series of conventional wastewater treatment steps, including dissolved air floatation, anaerobic digestion, aerobic digestion, sedimentation, and clarification. The water would primarily contain several inert soluble organic species for COD, such as flavines, polycarboxylates humic acids, etc., along with a small amount of big particles of biosolids, colloids, and algae. Although the UF membrane has a smaller MWCO than the MF membrane, the relatively higher pressure of UF caused a slightly higher COD in the UF permeate than that of the MF permeate in our experiments. The results obtained in this study for COD removal efficiency are comparable to the findings of Marchesi et al. [27]. They utilized membrane technology for the treatment and reuse of wastewater from the precooling system of chicken carcasses. Their findings showed that MF demonstrated a higher elimination efficiency of 62.5% of COD compared to UF, which reduced COD by 47.8%. Goswami and Pugazhenthi [38] studied the treatment of PSWW using a tubular ceramic MF membrane with fly ash as the key precursor. Their investigation yielded notable results, with MF achieving a 100% reduction in COD, highlighting its exceptional performance in the field of wastewater treatment.




3.2.2. Average Flux and Rejection Coefficient of Microfiltration and Ultrafiltration


The average flux of MF was 152.2 L/m2-h, which was 2.8 times higher than the UF average flux of 55.1 L/m2-h, as presented in Table 6. The flux value obtained in this study for MF is very close to the results of a study conducted by Abboah and Kiepper [25] in which they used membrane filtration as a substitute process for pretreating poultry processing wastewater. Their study utilized an MF process with the same pore size and membrane material specification as ours and achieved an average flux of 124 L/m2-h. In addition, in their research, MF demonstrated the highest average flux compared to UF. The higher average flux of MF is due to the larger pores of the MF membrane compared to UF, which allows a higher volume of water to pass through the MF membrane every minute. The rejection coefficient for MF was 0.2. This value was determined based on the measurement of TDSs in the permeate and retentate, which was 1706 mg/L and 2120 mg/L, respectively. Moreover, the rejection coefficient of UF was 0.4 as the concentration of TDSs in the permeate was 1643 mg/L and the concentration of retentate was 2730 mg/L. These results align with the data in Table 5, demonstrating that UF resulted in an overall higher rejection efficiency compared to MF.





3.3. Foulants’ Characterization


3.3.1. Thermogravimetric Analyzer


Weight loss analysis at different stages was used to quantify the proportion of organic and inorganic compounds in the MF and UF foulants. As displayed in Figure 3, up to 200 °C, the TGA curve showed a weight loss of around 25% for MF and about 18% for UF. This initial weight loss was caused by the evaporation of water molecules from the foulants, a characteristic seen in both MF and UF foulants. The degradation of organic compounds for MF and UF foulants occurred within the temperature range from 200 °C to 500 °C, accounting for approximately 40% of organics in MF foulants and 67% in UF foulants. The remaining weight percentage represents the quantity of inorganic compounds found in MF and UF, which were 35% and 15%, respectively. The TGA results corroborate the TVSs measurements, indicating that the UF achieved high removal efficiency of TVSs compared to that of MF. Consequently, UF fouling exhibited a higher concentration of organic compounds than MF fouling.



The TGA graphs for both MF and UF foulants were very similar to one another, thus indicating that the MF and UF foulants have common organic components that break down at similar temperatures during TGA analysis.




3.3.2. Fourier Transform Infrared Spectroscopy


FTIR is a rapid and accurate method for identifying functional groups, providing valuable information about the composition of foulants [39]. The FTIR analysis revealed that the MF and UF foulants contain very similar organic compounds, as similar bands were identified. For instance, the peak at 1000 cm−1 and 1260 cm−1 is associated with the C-O group in polysaccharides, and 1410 cm−1 represents the C-O group in hydroxy acid lipids, as shown in Figure 4. The 1530 cm−1 and 1640 cm−1 specify an amino group in proteins. The 2920 cm−1 shows the C-H group in fats and 3290 cm−1 exhibits the protein hydroxyl group.




3.3.3. Scanning Electron Microscopy–Energy Dispersive X-ray Spectroscopy


The MF and UF fouled and virgin membranes were analyzed using SEM-EDS. The SEM results showed a significant difference in the morphology between the virgin and fouled membranes in both the MF and UF categories. As illustrated in Figure 5a,c, the MF and UF virgin membranes displayed a smooth surface compared to the MF and UF fouled membranes in Figure 5b,d, in which a ridge structure is apparent. In the fouled membranes, the deposition of particles resulted in the amorphous matrix. This fouling layer introduced additional resistance to the MF and UF membranes, significantly reducing their filtration performance.



The EDS tool was used to analyze the elemental composition of the fouling layer on the membrane surface. In the case of the MF virgin membrane, the EDS showed the presence of carbon (C), oxygen (O), and fluorine (F), as shown in Figure 6a. However, the EDS for the fouled MF membrane presented significant peaks for elements such as sodium (Na), magnesium (Mg), aluminum (Al), silicon (Si), phosphorus (P), potassium (K), calcium (Ca), and iron (Fe), as displayed in Figure 6b. For the UF virgin membrane, the EDS revealed elemental peaks for C, O, Na, and sulfur (S), as shown in Figure 6c. However, the results for the fouled UF membrane indicated the presence of various inorganic elements, including Mg, Al, Si, P, and Ca, as presented in Figure 6d.



These findings indicate that the foulants on both the MF and UF membrane surfaces consist of inorganic compounds containing elements such as Na, Mg, Al, Si, Ca, P, K, and Fe. Additionally, a significant rise in O in both the MF and UF membranes indicates the existence of organic compounds, like humic substances, proteins, or polysaccharides [40].





3.4. Treatment of Poultry Slaughterhouse Wastewater with Microfiltration–Reverse Osmosis, Ultrafiltration–Reverse Osmosis, and Direct Reverse Osmosis


3.4.1. Characterization of Microfiltration–Reverse Osmosis, Ultrafiltration–Reverse Osmosis, and Reverse Osmosis Permeate


The PSWW treatment with MF-RO, UF-RO, and RO achieved a 100% removal efficiency for TP and greater than a 91.2% removal efficacy for COD, as shown in Table 7. Furthermore, they removed over 87% of TSs from the PSWW. The TN level was reduced to 5 mg/L for MF-RO, 4 mg/L for UF-RO, and 9 mg/L for direct RO treatment. Meiramkulova et al. [30] studied the purification of PSWW by integrating membrane filtration with electrochemical pretreatment. Their research achieved comparable removal efficiencies of 99.76% for COD, and 96.77% and above 93.05% for phosphorus and nitrogen parameters, respectively.



Among all three processes, UF-RO showed the highest pollutant removal efficiency, followed by MF-RO, with the second highest, and direct RO, with the lowest removal efficiency. Nevertheless, the parameters measured in the product water achieved through all of these processes meet the required U.S. standards, including TN levels less than 10 mg/L and TDS levels below 500 mg/L, suitable for wastewater in the poultry industry for poultry processing [41,42,43]. In our previous study, Fatima et al. [44], we used membrane technologies, including UF, forward osmosis, and RO to treat and recycle PSWW. The UF-FO-RO membrane process completely removed the TSs, TVSs, TFSs, and TP from PSWW. However, the level of TN was decreased to 22 mg/L, which exceeds the required limit of 10 mg/L for reusing PSWW. This research study explored a maximum of two membrane sequential processes, specifically MF-RO and UF-RO, and direct RO treatment for PSWW. Although the removal efficacy for the TSs, TVSs, and TFSs was less than that achieved with UF-FO-RO, these processes produced a permeate that meets potable water standards across all parameters.




3.4.2. Real-Time Flux, Average Flux, and Rejection Coefficient of Microfiltration–Reverse Osmosis, Ultrafiltration–Reverse Osmosis, and Direct Reverse Osmosis


The real-time fluxes of MF-RO and UF-RO were very similar to one another. Both processes started at a flux of around 51 L/m2-h and maintained stability for 18 h. However, RO showed a lower initial flux of 46.8 L/m2-h, as shown in Figure 7. This observation highlights that employing MF or UF as a pretreatment for RO leads to a significant increase in water flux of approximately 9%, in accordance with the results of Coskun et al. [22]. In their research, UF as a pretreatment for RO increased membrane flux by 5.7 times.



The average flux was 54.5 L/m2-h for MF-RO, 54.1 L/m2-h for UF-RO, and 40.8 L/m2-h for direct RO, as listed in Table 8. The rejection coefficient of the UF-RO process was the highest (0.96), resulting from a TDS concentration of 166 mg/L in the permeate and 5070 mg/L in the retentate. The rejection coefficient for the MF-RO process was the second highest (0.94), as the TDS concentration in the permeate was 250 mg/L, and 4800 mg/L in the retentate. The rejection coefficient for the direct RO process was the lowest (0.91) because the TDS concentration in the permeate was 325 mg/L and it was 3714 mg/L in the retentate. These results are justified by the data in Table 7, where UF-RO exhibited the highest removal efficiency, MF-RO is in the second position, and RO has the lowest removal efficiency.





3.5. Economic Analysis


In poultry slaughterhouses, it is reported that 24.4 L of water per bird is used for poultry processing operations. Given that an average of 250,000 birds are processed daily at the Sanderson poultry processing plant, the total freshwater consumption will amount to 6098 m3/day.



3.5.1. Wastewater Treatment Cost


Considering the wastewater treatment unit cost for each process, which is 0.36 USD/m3 for conventional, 1.37 USD/m3 for MF-RO, 1.38 USD/m3 for UF-RO, and 3.8 USD/m3 for direct RO treatment as stated in Table 3, this results in a wastewater treatment cost of 823,535 USD/year for the conventional process, 3,049,305 USD/year for MF-RO, 3,071,563 USD/year for UF-RO, and 8,591,472 USD/year for RO, as listed in Table 9.




3.5.2. Freshwater Consumption Cost


For the RO process, 75% of water was recovered, as listed in Table 9. In the MF-RO process, 73.5% of wastewater was effectively recovered, calculated by considering the recovery rates of 98% for MF and 75% for RO. In the UF-RO process, a water recovery rate of 67.5% was achieved, calculated based on 90% UF water recovery and 75% RO water recovery. Considering the water recovery rates of 73.5%, 67%, and 75% in the MF-RO, UF-RO, and RO processes, the total freshwater consumption for MF-RO accounts for 1616 m3/day, 2012 m3/day for UF-RO, and 1524 m3/day for RO.



Considering the current local price of city freshwater, which is 0.8 USD/m3 in College Station, Texas [35], 1.36 USD/m3 in Arlington, Virginia [37], and 1.46 USD/m3 in Goodyear, Arizona [36], as listed in Table 4, the conventional method results in a freshwater consumption cost of 1,780,616 USD/year, 3,027,047 USD/year, and 3,249,624 USD/year for College Station, Texas, Arlington, Virginia, and Goodyear, Arizona, respectively. Using the same approach, the freshwater consumption costs for MF-RO, UF-RO, and RO have been calculated for specific regions, as shown in Table 9.




3.5.3. Total Cost


The total cost combines the freshwater consumption cost and wastewater treatment cost. In Texas, this results in costs of 2,604,151 USD/year for conventional, 3,521,177 USD/year for MF-RO, 3,659,067 USD/year for UF-RO, and 9,036,480 USD/year for RO treatment. In Virginia, the total cost amounts to 3,850,582 USD/year for conventional, 3,851,487 USD/year for MF-RO, 4,070,320 USD/year for UF-RO, and 9,347,986 USD/year for RO treatment. In Arizona, the total cost for conventional treatment is calculated as 4,073,159 USD/year, for MF-RO, it is 3,910,471 USD/year, for UF-RO, it is 4,143,758 USD/year, and for RO, it is 9,403,612 USD/year.



Table 9 shows that the total cost of MF-RO and UF-RO is very close across all of the regions. This similarity can be attributed to the fact that wastewater treatment costs were very close, with the unit costs of 1.37 USD/m3 and 1.38 USD/m3, respectively. Additionally, the water recovery for both processes varies by only 6%, resulting in a slight difference in freshwater consumption costs. Consequently, the total cost for MF-RO and UF-RO is comparable. However, given that this analysis was preliminary, we recommend conducting a detailed economic analysis of the MF-RO and UF-RO processes. This will provide a more comprehensive understanding of their respective costs and benefits.



Among all of the membrane processes under consideration, MF-RO emerges as the most economically efficient solution for recycling PSWW. The cost-effectiveness of the MF-RO process can be attributed to two key factors: a lower pressure and high flux, which enable high water recovery. The combination of these factors positions MF-RO as the most economical choice for PSWW treatment. The second most cost-effective option is UF-RO, with costs closely approaching those of MF-RO. However, direct PSWW treatment with RO proves to be expensive, approximately 2.6 times higher compared to the cost of treating PSWW with MF-RO due to its substantial fouling-related maintenance expenses. This highlights the significant cost-saving impact of pretreatment, reducing RO expenses by a considerable percentage.



Furthermore, two states of the USA, Virginia and Arizona, are facing water scarcity issues, resulting in elevated water prices. The current water price in Arlington, Virginia, is 1.36 USD/m3 [37], and in Goodyear, Arizona, it is 1.46 USD/m3 [36]. The high water prices in these regions can be attributed to various factors, including the impacts of climate change such as increased temperatures and prolonged droughts, along with insufficient management of freshwater resources and inadequate water infrastructure [45,46]. The high freshwater consumption cost in Virginia and Arizona has shown that the cost of recycling wastewater using advanced membrane technologies is somewhat comparable to the total cost of conventional water use and wastewater management. This suggests that over time, membrane technology will become economically viable, while also making a significant contribution to water conservation for human consumption and addressing water scarcity issues.



Despite the increasing viability of membrane technology over time, it will still encounter limitations such as the end of life (EOL) of membranes due to irreversible fouling, and the disposal of EOL membranes will negatively impact the environment. Therefore, research has been conducted on recycling EOL membranes to improve their sustainability, which has shown promising results [47]. Sielbal et al. [48] explored transforming the spent RO membrane into another useful membrane through oxidation of the active layer. Their results showed that the RO membrane was successfully recycled to have characteristics similar to the NF membrane, effectively treating brackish and surface water. The study conducted by Chen et al. [47] showed that the closed-loop cycle reduced membrane production and disposal, thereby reducing CO2 emissions by 24% along with 27% of environmental and economic impacts compared to membranes without recycling. All of these studies indicate that the limitations of membrane technology are being addressed, which would make membrane technology more economical in use.






4. Conclusions


It is concluded that PSWW treatment using MF-RO, UF-RO, and direct RO meets the standards for potable water quality required for reusing wastewater in the poultry industry. However, using MF and UF pretreatment methods before RO yields remarkable performance improvements. It results in a 9% increase in membrane flux, higher pollutant removal efficiencies from wastewater, and substantial reductions in RO membrane costs. The cost of RO without pretreatment is high due to expenses associated with fouling and maintenance. The foulants in the pretreatment primarily consist of organic compounds such as proteins and carbohydrates found in algae and colloids, along with some inorganic matter. Considering the economic analysis and removal efficiency, MF-RO emerges as the most cost-efficient option, followed by UF-RO and RO alone. These results suggest that a combination of the MF-RO membrane process holds excellent promise for PSWW treatment, specifically in areas where freshwater prices are high due to water scarcity issues. Overall, MF-RO demonstrates outstanding performance by delivering high efficiency in pollutant removal and recovering valuable products, all while maintaining economic efficiency. This study proposes that the MF-RO process is a sustainable approach to addressing the potable water shortage crisis, demonstrating excellence in treating PSWW. To broaden its impact on additional sustainable uses, future directions should involve evaluating the MF-RO combination for various wastewater types. Furthermore, there should be a concerted focus on implementing strategies to not only enhance the overall cost efficiency of this process but also to incorporate measures that strengthen its sustainability.
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Abbreviation




	COD
	Chemical oxygen demand



	EDS
	Energy dispersive X-ray spectroscopy



	FTIR
	Fourier-transform infrared spectroscopy



	Jav
	Average flux



	Jw
	Real-time flux



	MF
	Microfiltration



	MWCO
	Molecular weight cut-off



	PES
	Polyether sulfone



	PVDF
	Polyvinylidene fluoride



	PSWW
	Poultry slaughterhouse wastewater



	R
	Rejection coefficient



	RO
	Reverse osmosis



	SEM
	Scanning electron microscopy



	TGA
	Thermogravimetric analysis



	TDSs
	Total dissolved solids



	TFSs
	Total fixed solids



	TN
	Total nitrogen



	TP
	Total phosphorous



	TSs
	Total solids



	TSSs
	Total suspended solids



	TVSs
	Total volatile solids



	UF
	Ultrafiltration
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Figure 1. Comprehensive process flow diagram of PSWW treatment. 
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Figure 2. Schematic of Sterlitech customized membrane system. 
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Figure 3. TGA of UF and MF foulants. 
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Figure 4. FTIR spectroscopy of MF and UF foulants. 
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Figure 5. SEM analysis of virgin and fouled membranes: (a) virgin MF membrane; (b) foulants on MF membrane; (c) virgin UF membrane; (d) foulants on UF membrane. 
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Figure 6. EDS elemental analysis of fouled and virgin membranes. (a) MF virgin membrane; (b) MF fouled membrane; (c) UF virgin membrane; (d) UF fouled membrane. 
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Figure 7. Real-time flux of MF-RO, UF-RO, and direct RO. 
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Table 1. Standard Method for Examination of Water and Wastewater.
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	Standard Method
	Hach Method





	TSs
	2540 B
	Hach 8271



	TSSs
	2540 D
	Hach 8158



	TDSs
	2540 C
	Hach 8163



	TFSs
	2540 E
	Hach 8276



	TVSs
	2540 E
	Hach 8276



	COD
	5220 D
	Hach 8000



	TN
	4500 N—E
	Hach 10072



	TP
	4500 B—C
	Hach 10127










 





Table 2. UF, MF, and RO membrane specifications [31,32,33].
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	Parameters
	MF
	UF
	RO





	Feed type
	Industrial wastewater
	Industrial wastewater
	Industrial wastewater



	pH
	1–11
	1–11
	1–13



	Pore size/MWCO
	0.2 µm
	30,000 Da
	-



	Polymer
	PVDF
	PES
	PA-TFC



	Membrane module
	Flat sheet
	Flat sheet
	Flat sheet







-: Not reported.













 





Table 3. Wastewater treatment unit cost [22,34].
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	Wastewater Treatment Unit Cost USD/m3





	Conventional
	0.36



	Conventional + MF-RO
	1.37



	Conventional + UF-RO
	1.38



	Conventional + RO
	3.8










 





Table 4. Freshwater consumption unit cost [35,36,37].
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	Freshwater Consumption Unit Cost USD/m3





	College Station, TX, USA
	0.8



	Goodyear, AZ, USA
	1.36



	Arlington, VA, USA
	1.46










 





Table 5. Characterization of PSWW, UF, and MF permeate.






Table 5. Characterization of PSWW, UF, and MF permeate.





	Parameters
	PSWW
	MF Permeate (mg/L)
	MF Removal Efficiency (%)
	UF Permeate (mg/L)
	UF Removal Efficiency (%)





	TSs
	2016 ± 82.7
	1706 ± 16.9
	15.4
	1643 ± 32.9
	18.5



	TVSs
	403 ± 27.6
	128 ± 16.5
	68.2
	121 ± 2.4
	70.0



	TFSs
	1613 ± 55.1
	1577 ± 0.4
	2.2
	1521 ± 0.4
	5.7



	TSSs
	4 ± 0.4
	0.0
	100
	0.0
	100



	TDSs
	2012 ± 82.3
	1706 ± 16.9
	15.2
	1643 ± 32.9
	18.3



	COD
	34 ± 0.7
	25 ± 2.8
	26.5
	31 ± 0.9
	8.8



	TP
	54 ± 0.4
	51 ± 0.2
	5.6
	45 ± 0.1
	16.7



	TN
	252 ± 2.1
	171 ± 2.1
	32.1
	158 ± 6.3
	37.3










 





Table 6. Average flux and rejection coefficient (referring to TDSs) of MF and UF pretreatments.
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	Average Flux (L/m2-h)
	Rejection Coefficient





	MF
	152.2
	0.2



	UF
	55.1
	0.4










 





Table 7. Characterization of MF-RO, UF-RO, and direct RO permeate.
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	Parameters
	PSWW (mg/L)
	MF-RO Permeate (mg/L)
	MF-RO Removal Efficiency (%)
	UF-RO Permeate (mg/L)
	UF-RO Removal Efficiency (%)
	Direct RO Permeate (mg/L)
	Direct RO Removal Efficiency (%)





	TSs
	2016 ± 82.7
	250 ± 0.0
	87.5
	166 ± 62.4
	91.8
	325 ± 20.41
	83.9



	TVSs
	403 ± 27.6
	100 ± 0.0
	75.2
	66.7 ± 23.6
	83.4
	216 ± 47.1
	46



	TFSs
	1613 ± 55.1
	150 ± 0.0
	90.7
	100 ± 38.8
	93.8
	75 ± 25
	95.4



	TDSs
	2012 ± 82.3
	250 ± 0.0
	87.5
	166 ± 62.4
	91.7
	325 ± 20.41
	83.8



	COD
	34 ± 0.7
	<3 ± 0.0 *
	>91.2
	<3 ± 0.0 *
	>91.2
	<3 ± 0.0 *
	>91.2



	TP
	54 ± 0.4
	0 ± 0.0
	100
	0 ± 0.0
	100
	0 ± 0.0
	100



	TN
	252 ± 2.1
	5 ± 0.2
	98.0
	4 ± 0.1
	98.4
	9 ± 0.1
	96.4







* The lower detection limit of COD agents in our tests is 3 mg/L.













 





Table 8. Average flux and rejection coefficient (referring to TDSs) of MF-RO, UF-RO, and direct RO processes.
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	Average Flux (L/m2-h)
	Rejection Coefficient





	MF-RO
	54.5
	0.94



	UF-RO
	54.1
	0.96



	RO
	40.8
	0.91










 





Table 9. Economic analysis of MF-RO, UF-RO, and direct RO processes for PSWW treatment.
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College Station, Texas

	
Arlington, Virginia

	
Goodyear, Arizona




	
Processes

	
Water Recovery Rate (%)

	
Water Recovery Rate (m3/day)

	
Freshwater Consumption (m3/day)

	
Wastewater Treatment Cost (USD/year)

	
Freshwater Consumption Cost (USD/year)

	
Total Cost (USD/year)

	
Freshwater Consumption Cost (USD/year)

	
Total Cost (USD/year)

	
Freshwater Consumption Cost (USD/year)

	
Total Cost (USD/year)






	
Conventional

	
-

	
-

	
6098

	
823,535

	
1,780,616

	
2,604,151

	
3,027,047

	
3,850,582

	
3,249,624

	
4,073,159




	
MF-RO

	
73.5

	
4482

	
1616

	
3,049,305

	
471,872

	
3,521,177

	
802,182

	
3,851,487

	
861,166

	
3,910,471




	
UF-RO

	
67

	
4086

	
2012

	
3,071,563

	
587,504

	
3,659,067

	
998,757

	
4,070,320

	
1,072,195

	
4,143,758




	
RO

	
75

	
4574

	
1524

	
8,591,472

	
445,008

	
9,036,480

	
756,514

	
9,347,986

	
