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Abstract

:

This study compares the performance of the Hollow Fiber (HF) and Flat Sheet (FS) types of membrane bioreactors (MBRs) for the treatment of food and beverage (F&B) industry wastewater in a pilot-scale study of a wastewater treatment plant (WWTP). HF and FS membrane configurations were evaluated at two different Mixed Liquor Suspended Solid (MLSS) levels: 6000 mg/L and 12,000 mg/L. The performance of each configuration was evaluated in terms of Chemical Oxygen Demand (COD) and Total Suspended Solid (TSS) removals for effluent quality measurement. The transmembrane pressure (TMP), flux rate, and silt density index (SDI) were monitored and calculated for membrane fouling assessment. The results show that the rejection rates of COD and TSS for HF and FS membrane types were more than 84% for the two different MLSS levels. During the study, the HF membrane recorded 0.3 bar transmembrane pressure, which complies with the recommended range (i.e., two to three times of chemical cleaning). On the other hand, the FS membrane operates without chemical cleaning, and the TMP value was below the recommended range at 0.2 bar. It was found that the flux values recorded for both the HF and FS systems were within the recommended range of 40 L/m2/h. Analysis of SDI revealed that the calculated index ranged between 1 and 2.38 and was within the allowable limit of 3. Both types of MBR consistently achieved an 80% to 95% rejection rate of COD and TSS. Effluent quality measurement of treated F&B wastewater in this pilot-scale study using a WWTP integrated with an MBR indicated a good achievement with compliance with the Malaysia industrial effluent discharge standards.
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1. Introduction


In general, a large amount of water is used for the beverage production, washing, and cleaning process, and approximately 42% of wastewater is discharged to the drains [1]. The increase in demand of food and beverage (F&B) industries in Malaysia results in an increment of the productions line, which leads to a higher volume of wastewater produced. Industrial wastewaters need to undergo a treatment system, which is known as an Industrial Effluent Treatment System (IETS) or Wastewater Treatment System (WWTP), before they can be discharged into public drains or water bodies. Food and beverage industries have been reported to discharge wastewater with a high concentration of organic and inorganic substances. In Malaysia, the Department of Environment (DOE) has emphasized the importance of discharged effluent to comply with the discharged standard as addressed in the Environmental Quality Act (EQA) 1974. Failure to comply with this standard will cause the factory to be fined by the authorities and the plant to be sealed, which leads to severe losses due to production shutdown. The major concern is the limitation of the footprint on the existing wastewater treatment plant, which creates an opportunity for the system to be integrated with a membrane bioreactor (MBR). This study will specifically focus on wastewater treatment in the F&B industry with the application of an MBR at pilot scale. The MBR system consumes high capital cost and has high energy consumption [2]. This provides critical challenges due to the higher investment needed to build up a wastewater treatment plant, especially in Malaysia. On top of that, the major maintenance of an MBR involving the replacement of membrane elements and a permeate adaptor will require an additional cost, which may be the drawbacks of MBR system [3].



In general, a WWTP consists of physical chemical treatment or biological treatment; a large amount of water is used for the beverage production, washing, and cleaning process, and approximately 42% of water generated was discharge into the drain. The owner of the premises is required to construct a WWTP to collect the processed water and treat the wastewater generated within their premises, and they must comply with the specification as specified in the Guidance Document on the Design and Operation of IETS issued by the DOE [4]. The wastewater from the F&B industry mainly contains a high amount of sugar, flavorings, and coloring additives, which indirectly contribute to the spike of biochemical oxygen demand (BOD) and chemical oxygen demand (COD) in the discharged effluent [5]. Since about 63% of COD is unable to be treated by using a physical process, further treatment by using chemical and biological processes is needed to further reduce the pollutant content in the discharge effluent [1].



In a typical WWTP, effluent flows into an equalization tank (EQ) and is mixed by using a mixer or air blower before it flows into a chemical reaction tank (CRT) where the process of coagulant and flocculation will take place. Following this process, wastewater will overflow to the primary clarifier or dissolved air flotation (DAF) for the solid–liquid separation process. At this stage, clarified water is discharged into biological treatment in an activated sludge reactor (ASR), and the separated solid will be transferred to a holding tank for sludge treatment. An MBR system enables the advantages to be integrated into the existing ASR tank without any or a smaller additional footprint of new tank [6,7]. This is due to the bacteria population (commonly measured in the value of MLSS) cultivated in the ASR tank, which typically falls around 3000 mg/L, whereas after integrating the MBR system into the ASR tank, the bacteria population is capable of reaching up to ≈9000 mg/L [8,9]. Mixed liquor suspended solid (MLSS) is the concentration of suspended solid in the activated sludge reactor that is often used as an indicator for the growth of the microorganism. For healthy growth of the microorganism, it is recommended to maintain the level of dissolved oxygen (DO) at a higher range. Since in this study, the MLSS level is controlled at a concentration between 6000 and 12,000 mg/L, it is important to ensure that the air supply to the system is sufficient to accommodate the growth of microorganisms.



MBR is a type of filtration system that is fully submerged inside the conventional type of activated sludge reactor (ASR) tank. MBR is well known for its effectiveness in the removal of organic and inorganic substances in wastewater [10,11]. Since the scenario in the industry wastewater demand has a limitation regarding the footprint, the MBR system needs to be able to offer the ability to treat high flow rates of water and high loading rates intake with a smaller system footprint [12,13]. In addition, the MBR system has to be capable of providing stable system operation, which may ease the industrial personnel system handling despite its capability to undergo a nitrification and denitrification process in the degradation of organic matter in a wastewater treatment system [14]. MBR is also flexible in terms of its suitability to be installed after undergoing an aerobic or anaerobic pre-treatment system in a wastewater treatment plant [15,16]. Other than producing a better quality of effluent and complied to standard of treated water, the wastewater treatment system generated less sludge production, which led to the significant reduction of sludge disposal cost [3].



The application of an MBR system toward the existing WWTP system is not limited to an improvement of plant capacity and the loading uptake to the system, but the system also tends to develop frequent fouling if it does not undergo proper maintenance [17,18,19,20]. Research shows that under subcritical flux conditions, membrane fouling can exist in three stages, where it will slowly increase linearly and increase exponentially with a rapid liner spike at the end of the process [20]. In general, fouling development is governed by several factors including influent wastewater characteristic, biomass or MLSS concentration, and the operational conditions, which include dissolved oxygen level, temperature, TMP value, sludge retention time, cake layer thickness, and membrane porosity [9,21].



The transmembrane pressure (TMP), flux rate, and silt density index (SDI) are the most commonly used indicators of membrane fouling. TMP is measured by monitoring the pressure of the MBR membrane before operation and during operation by using a pressure sensor [22]. Generally, MBR is a type of filtration system where clean water will pass through the surface of the membrane wall and leave the particulates outside or attached to the membrane wall, which is often known as permeate water [18]. Therefore, the accumulation of the biomass particulates will contribute to the pressure build up over time due to the resistance of water permeating through the membrane wall, which can be triggered by the reduction of flux and the increase of TMP in the system [19,23,24].



Flux can be defined as a mass or volume unit moving or transfer through the membrane surface unit. In a study conducted using confocal laser scanning microscopy (CLSM), at the lowest flux operation, the bio cake accumulation was shown to be higher than the biological substances in the system, which contributed to the increase of permeability resistance during the operation [23]. However, membrane fouling can be recovered by the cleaning of the membrane, whether it is by physical cleaning or chemical cleaning. Studies conducted on the fouling of an MBR membrane testing different MBR configurations such as hollow fiber (HF) type and flat sheet (FS) type membranes shows that there is the formation of a bio cake layer and pore block when the TMP level can reach 50 kPa or 0.5 bar [24].



The membrane configuration is differentiated into a few types; those commonly used for MBR modules are HF and FS. A set of HF elements is assembled to produce a skid of MBR modules. The material of construction for HF and FS elements is polyvinylidene fluoride (PVDF) due to its resistivity toward high chemical concentration. For studies conducted on the application of an MBR system using an HF membrane, the TMP increased to 40 kPa or 0.4 bar within 5 days and 60 kPa or 0.6 bar within 10 days [25]. Furthermore, previous research reported that an HF membrane prone is more to fouling issues with the bio-cake layer deposited at the wall of the membrane [24]. The clean water filter from the FS membrane shows that the percentage of pollutant reduction is higher, which is at the range of 97% to 99% as compared to the HF membrane [24]. The chemical cleaning for an FS membrane is recommended by the manufacturer to perform cleaning with the frequency of once every six months, whereas an HF membrane needs to undergo weekly cleaning [26]. The application of HF membrane configuration is widely used in Malaysia wastewater treatment plants, especially in the F&B industry. The study comparison between HF and FS membranes shall be highly recommended to influence the industry buyer to explore the choice of technology that the system may offer to solve the footprint issue.



In some F&B industries, an MBR system was introduced at the pre-treatment stage together with an oil skimmer and the introduction of ultraviolet (UV) pre-disinfection for the reduction of suspended solids and a huge amount of dissolved organic impurities, approximately above 99%, before entering a double stage of nanofiltration [27]. On top of that, studies conducted on the combination of packed bio-balls with an MBR system state that the results are stable in terms of the removal of organic constituents where there was an average of 94% reduction of the COD and Total Organic Compound (TOC) by differing the hydraulic retention times during the experiment [28]. Moreover, studies at the laboratory scale for the treatment of soft drink industry wastewater by using an MBR system show a combination of anaerobic and aerobic systems where an anaerobic Expanded Granular Sludge Bed (EGSB) as pre-treatment enters the aerobic tank before undergoing the MBR system; these studies reported that the COD removal efficiency ranged from 60 to 87% [29]. In general, F&B industrial wastewater treatment plants integrate the MBR system in the biological treatment. Although different treatment processes produce different final effluent characteristics, the removal efficiency of the pollutant is high. A previous study shows that the COD reduction after the MBR system can be reduced up to 83.9% and above, whereas the TSS reduction is above 93%. The MBR system application in the treatment of F&B industry wastewater is shown in Table 1.



Most previous studies focused on small-scale systems with capacity of less than 100 L, and little consideration has been given to the pilot scale with a capacity of 1000 L for performance assessment. Furthermore, none of the previous studies have compared MBR performance by using different membrane configurations of HF and FS at the pilot scale. The aim of the study is to investigate the performance of different MLSS levels of F&B wastewater by employing two different membrane configurations, which include HF and FS types of MBR. Performance analysis in terms of effluent quality as well as fouling index will be addressed in the following section.




2. Materials and Methodology


This study specifically focused on an MBR system after it undergoes the chemical treatment process in a pilot-scale WWTP with a design capacity of 1000 L/d which is located in Nilai, Negeri Sembilan, Malaysia as shown in Figure 1a. The samples were collected and analyzed according to parameters including pH, COD, and TSS. The pilot-scale MBR system was designed to treat the wastewater produced from F&B industry operated by Kian Joo Canpack Sdn Bhd. The effluent flows into the equalization tank (EQ) and is mixed by using a submersible mixer before it flows into a chemical reaction tank (CRT) where the process of coagulant and flocculation will take place. Then, the wastewater will overflow to dissolved air floatation (DAF) for the solid–liquid separation process. At this stage, clarified water is discharged into biological treatment, which includes an activated sludge reactor (ASR) with an integrated MBR system before discharge to the drain, whereas the separated solid will be transferred to a holding tank for sludge treatment. The schematic diagram of a pilot plant MBR system is shown in Figure 1b.



2.1. Sample Collection


The wastewater sample was collected at 3 different sampling points: the raw sample located at the influent of the EQ, the effluent from the DAF system, and the effluent of the MBR system. The samples were analyzed using different laboratory instruments to measure the parameters required such as pH, COD, TSS, turbidity, and dissolved oxygen. The process flow of study as shown in Figure 2.




2.2. Analytical Method (Laboratory Analysis)


The samples were collected from a beverage manufacturing factory located at Nilai, Negeri Sembilan, Malaysia and tested according to the method adopted from the Standard Methods for the examination of water and wastewater analysis [30]. COD was measured using an HACH Spectrophotometer DR6000 (Standard Method 5220 D for low range value and high range value) after being heated in COD reactor at 150 °C for 2 h. TSS measurement was carried out after filtration using a 0.45 µm filter on the vacuum pump, and the sample was heated in a drying oven at 103 °C. The gravimetric method was applied for TSS measurement.




2.3. Experimental Design


The samples were collected from different points of the wastewater treatment system and the frequency of sampling and monitoring was 5 days for 3 consecutive weeks, as shown in Table 2. The wastewater flows through 2 types of membrane configuration: HF and FS types of MBR module. The HF membrane was integrated in the ASR, while the FS membrane is integrated in the MBR tank where the effluent of DAF is partially channeled to the MBR tank. A pump was installed in the outlet of each MBR module and equipped with an electromagnetic flowmeter to measure the flow of water discharge from the system. An air blower was supplied air to the air distribution piping located underneath the MBR module, and a pressure transmitter was installed to monitor the static pressure and operation pressure where the reading is used to calculate the TMP of the MBR system. The level of MLSS in the MBR system is controlled at 6000 mg/L and 12,000 mg/L for FS and HS configurations. Membrane cleaning in place (CIP) is recommended by the manufacturer to be performed about once a week for maintenance cleaning or once every 3 months for major recovery cleaning by using sodium hypochlorite (NaOCl) (range from 300 to 500 mg/L) or when the transmembrane pressure exceeds the set value limit. During this study, maintenance cleaning is performed to prevent the increase of transmembrane pressure, which would affect the membrane permeability.




2.4. Membrane Configuration


In this study, the wastewater has undergone two different types of MBR membrane configuration. The details specification of each membrane is tabulated in Table 3.




2.5. Membrane Fouling


Membrane fouling can be measured and monitored using a few parameters that include transmembrane pressure, membrane flux, and silt density index. TMP was measured from an installed pressure transmitter at the permeate pipeline. The value difference of static pressure and operating pressure was used to calculate the TMP. The reading is recorded as an indicator of membrane fouling [31]. Calculation of the TMP is as follows:


   P  t m   =    (   P i  +  P o   )   2  −  P p   



(1)




where



Ptm = Transmembrane pressure (bar)



Pi = Pressure at the inlet of the membrane module (bar)



Po = Pressure at the outlet of the membrane module (bar)



Pp = Permeate pressure (bar).



Membrane flux was calculated to monitor the performance of the membrane module. However, the flux value varies, and it is subjected to the characteristic of wastewater. The flux is expressed in units of L/m2/h and usually set at the range of 18.8–30.1 L/m2/h [32]. The equation of flux can be expressed as follows:


  J =  V  A × T    



(2)




where



J = Flux (L/m2/h)



V = Water volume in permeate (L)



A = Membrane contact area (m2)



T = Time (h).



Silt density index (SDI), on the other hand, is a test to calculate the relationship of filtration over time. The SDI is calculated by using Equation (3) [33,34,35].


  S D I =   1 −  (     t i     t f     )   T  × 100  



(3)




where



ti = Initial Filtration time



tf = Final Filtration time



T = Total time during filtration.



Approximately 500 mL of sample is passed through a filter or membrane of 0.45 µm for 15 min duration time. The time of initial and final filtration is recorded in seconds. On top of that, membranes with high rejection indicate good membrane characteristics. The rejection rate is calculated as follows:


  R   % =  (  1 −    C p     C f     )  × 100  



(4)




where



R = Rejection %



   C p    = Concentration in permeate



   C f    = Concentration in feed.





3. Results


In this section, the percentage removal of each parameter and the overall performance for both configurations and MLSS are discussed.



3.1. Characteristics of Raw F&B Wastewater


Raw F&B wastewater was collected at the influent of EQ and characterized as tabulated in Table 4.




3.2. Characteristic and Quality of F&B Effluent in a DAF System


After the coagulation and flocculation process, F&B wastewater is passed through a DAF system where high air pressure is supplied. The floating sludge is removed to a holding tank for sludge management, and the clarified water flows into the ASR for further treatment. Characteristics of the effluent in a DAF system are shown in Table 5.




3.3. Characteristic and Quality of F&B Effluent in an MBR System


Partially treated F&B wastewater was further processed for discharged standard compliance. The MBR system integrated in the ASR was employed to further treat F&B wastewater before being discharged into the water bodies or drain. During this stage, two different MLSS were applied, and the results are shown in Table 6.




3.4. Continuous Performance Monitoring


COD is a crucial parameter in evaluating the performance of an industrial WWTP. Thus, all WWTP must be designed according to the desirable range of raw influent COD to ensure the effluent of the WWTP complied to the discharge standard. Figure 3 and Figure 4 show that the COD influent and effluent obtained for an MBR system are slightly stable with a high COD percentage of removal efficiency, which complies with discharge standard A and standard B.




3.5. TSS Analysis


In a wastewater treatment plant, the measurement of TSS is crucial to ensure that solids are removed from the wastewater before it is discharged into water bodies. Consistency in the monitoring of TSS will ensure that the WWTP operates at optimum performance and eliminates the possibility of system failure, hence reducing costs for sludge management. Figure 5 and Figure 6 shows that the incoming TSS concentration was to further improve with a high percentage of TSS removal efficiency after passing to the MBR, complying with Standard A.




3.6. Transmembrane Pressure (TMP) Analysis


TMP requires frequent monitoring, as this parameter is one of the indicators of performance of an MBR system. This is due to the decrease of membrane permeability in operation, which was reported to be the major drawback to the MBR technology and mainly contributes to the membrane fouling issue [32,36]. Figure 7 shows the TMP monitoring for HF during its operation at two different concentrations of MLSS.




3.7. Flux Analysis


Flux is another measuring parameter during the monitoring of membrane fouling. Operating at higher design fluxes can inevitably increase operating costs due to higher operating pressures, more frequent cleaning, and potential membrane replacement costs. Figure 8 shows the flux monitoring at two different concentrations of MLSS.




3.8. Silt Density Index (SDI)


In addition to the analysis of TMP and flux, membrane fouling can also be measured using the silt density index (SDI), which is also known as the fouling index, where two different samples are taken and a test is conducted, and the results are shown in Table 7.





4. Discussion


The results in Table 4 show that raw beverage manufacturing wastewater has a neutral range of pH. COD was found to be 50% higher in a tank with an FS membrane, which is 3000 mg/L as compared to that with an HF membrane at 1710 mg/L. The TSS value for the incoming wastewater ranges from 140 to 250 mg/L. A previous study reported that the influent wastewater from beverage processing wastewater contained approximately 590–1350 mg/L of COD and 77–120 mg/L of SS before further treatment [19]. Moreover, the feed COD may increase up to 9950 mg/L for the soft drink industry due to the sugar content in certain products [29]. Dairy and soy beverage products showed significantly high COD content of up to 9500 mg/L and 12,000 mg/L respectively [5].



The obtained data in Table 5 show a reduction of COD concentration for HF and FS membranes of 87% and 49% respectively. A similar trend was recorded for TSS concentration with 49% and 62% reduction for the HF membrane and FS membrane, respectively. A previous study of dairy wastewater treatment found that the removal percentage of TSS and COD can be reduced up to 91% and 50% respectively by using a combination of coagulant and DAF [37]. Another study conducted using the same method showed that the TSS and COD reduction can be up to 77.5% and 88.7%, respectively [38]. In addition, previous research has found that DAF treatment reduces the dissolved solids by 20% and 90% for suspended solids [39].



In addition, Table 6 shows a comparison of different MLSS for HF membranes indicating a significant removal of both COD and TSS between 85% and 95%. This indicates that at a difference of 6 g/L of MLSS, the performance of the HF membrane was not very affected. The findings for the FS membrane are also in line with those of the HF in terms of different MLSS applied. Nevertheless, comparing the performance between different configurations, the concentration of COD in the final effluent was found to be 86% higher in FS as compared to HF, where the final effluent is 128 mg/L and does not comply with the discharged standard. This indicates more effective F&B wastewater treatment as compared to the HF system.



Overall, the HF membrane recorded the highest reduction for both parameters and the HF membrane shows the best performance for the MLSS value of 6000 mg/L with COD and TS reduction recorded at 92.6% and 94.7%, respectively. However, the figure shows a slight drop when the MLSS value increased to 12,000 mg/L, where the COD reduction was 85.5% and the value of TSS reduction was maintained at 94.1%. This finding is in line with a previous study conducted using a ceramic type of MBR membrane which reported that at an MLSS of 12,000 mg/L, COD removal rates were more than 95% [26]. On the other hand, the FS membrane for the MLSS values of 6000 mg/L and 12,000 mg/L shows COD and TSS reductions of 91.6% and 84.4%, respectively. The COD concentration was able to be reduced from an average of ≈1537.9 to ≈128 mg/L, whereas the TSS concentration reduced from ≈93.5 to ≈14.0 mg/L after undergoing the MBR system.



From the results, it can be concluded that treated F&B wastewater using an HF membrane can comply with discharged Standard A. However, the FS membrane complies with discharged Standard B only. A previous study conducted using an HF membrane stated that the reduction of organic constituents inclusive of the COD can be captured at an average of 94% with the range of MLSS level between 2790 and 5480 mg/L [28]. Researchers also suggested that the application of an MBR system is suitable as a secondary treatment especially for COD removal and TSS removal, for which the results can be up to 99% and 93.1%, respectively [5].



During the monitoring period for the FS membrane, the incoming COD was higher, which ranged from 1000 to 3000 mg/L. In Figure 4, after passing through MBR, the effluent is only capable of complying with Standard B, Environmental Quality (Industrial Effluents) Regulations 2009 but with high COD removal, as reported by previous study [40].



Figure 6 shows that the data obtained for TSS effluent DAF range slightly higher than the value of TSS during the study operation of the HF membrane within the range of 40 to 224 mg/L of TSS. However, after passing through the MBR system, the treated water results for TSS were recorded within the allowable limit of discharge Standards A and B, which is approximately below 50 mg/L. This finding can be supported by previous research work which described that the MBR system is capable of achieving TSS removal efficiency of almost more than 90% [41].



In addition, Figure 7 shows the TMP trend for the FS membrane at MLSS levels of 6000 mg/L and 12,000 mg/L. The recommended initial TMP by the manufacturer for the MBR system is more than 0.15 bar. By comparing the results in the figure, it is clearly projected that the HF membrane is operating at a high range of TMP and it is close to the recommended range of TMP, which is less than 0.3 bar. On the other hand, there are few readings that dramatically fall to 0 bar. This is because during the operation of MLSS 6000 mg/L, the system required chemical cleaning three times with the frequency interval of once every 3–5 days, whereas at MLSS 12,000 mg/L, the system performed chemical cleaning twice within 4–8 days. After conducting membrane cleaning maintenance with cleaning in place (CIP), the TMP shows improvement and significantly depreciates compared with the TMP before CIP. This is a good indicator for fouling development in the system, which caused the resistance toward MBR performance due to clogged pores and suction pressure increase during the operation [32,42]. On the other hand, the results obtained were relatively low compared to those of the HF type membrane. TMP during the operation of MLSS at 6000 mg/L shows a slight fluctuation as compared to at 12,000 mg/L.



Figure 8 shows that the operating flux for the HF membrane is between 10 and 40 L/m2/h. Some of the operating flux is higher than the recommended flux by the manufacturer. Other than that, the operating flux for the FS membrane is in between the recommended flux, which is less than 15 L/m2/h. Ideally, the membrane flux usually operates at the lower value to minimize the generation of membrane fouling in MBR [32].



SDI is known as an indicator of the relationships between particles in water and the fouling development in the filtration system. During this study, two separate samples were taken, and the results reveal that the SDI for sample 1 can be up to 2.38, whereas that for sample 2 was maintained below SDI 2, which is around 1.91, as shown in Table 7. The allowable limit for SDI is 3. The limit has been set to minimize the membrane fouling through the recommended membrane cleaning maintenance schedule and pretreatment process if required [43]. However, the value of SDI varies depending on the water characteristics. There was a study conducted on the SDI for an MBR influent sample, which can reach up to 3.24, indicating that the system has fouling potential [34]. SDI was also measured in organic wastewater, where the results obtained ranged from 1.28 to 4.16 due to the different characteristics of the raw sample [33,44].




5. Conclusions


Raw F&B wastewater presents pH and COD values that range from 6.9 to 7.4 and from 710 to 3000 mg/L respectively. The TS concentration in the raw samples ranges from 140 to 250 mg/L. All parameters have shown significant reduction after DAF and MBR with reduction of TS and COD recorded between 80 and 95%.



Running the pilot scale for two different types of membranes has shown a great performance for both systems. The overall performance of the HF and FS membranes both shows significantly high percentages of reduction of COD and TSS, which ranged from 84.4% to 94.1% regardless of the different MLSS levels during operations. However, the study shows that the HF with an MLSS of 6000 mg/L shows the highest percentage of reduction: 92.6% and 94.7% for COD and TSS. Fouling development in the MBR system is measured by the monitoring of TMP and flux pattern analysis. The TMP trend of the HF system shows that the system operates just below the recommended range, which is 0.3 bar. This can be observed when the system operates at higher flux and it exceeds the recommended flux given by the manufacturer. Therefore, it can be observed that after chemical cleaning, the flux operation is reduced slightly and significantly improves the membrane permeability to the system. The FS membrane, on the other hand, shows positive results where the flux and TMP trends stay far below the recommended range.



This is related to the flux obtained where the HF membrane operated at a higher flux, while the FS membrane operated at a lower flux. On top of that, during the operation of these membranes, no chemical cleaning activity has been conducted. The SDI obtained for two different samples shows that the SDI for sample 1 ranges from 2.26 to 2.38 and that for sample 2 ranges from 1.46 to 1.91. The SDI obtained for each sample is below the recommended value, which is less than 3. This indicates that the development of membrane fouling is rapid when using the HF membrane as compared to the FS membrane type.



Therefore, in a long-term operation, this contributes to the increase of maintenance cost to the system because the system requires chemical cleaning throughout its operation. Despite the fouling issue, both membrane configurations have proven capable of further reducing the pollutant content in the wastewater even at different concentrations of MLSS, and the results obtained at the effluent of MBR do comply to the discharge standards in the Environmental Quality (Industrial Effluents) Regulations 2009. Additionally, several recommendations are listed for future work to improve the knowledge of the related study area. More research work should be carried out on F&B wastewater treatment at higher MLSS concentration to investigate the efficiency of the system and the effect on fouling deposition. Similar evaluations can be performed on other types of modules, including spiral wound, at various MLSS levels.







Author Contributions


Conceptualization, S.N.M.N. and S.I.; methodology, S.N.M.N. and S.I.; validation, S.I. and T.N.T.M.M.; formal analysis, S.N.M.N. and S.B.M.; investigation, S.N.M.N. and T.N.T.M.M.; resources, T.N.T.M.M. and S.B.M.; data curation, S.I. and S.B.M.; writing—original draft preparation, S.N.M.N.; writing—review and editing, S.I. and A.A.; visualization, S.N.M.N. and A.A.; supervision, S.I. and A.A. All authors have read and agreed to the published version of the manuscript.




Funding


This research was financially supported by Cheme Advance Services Sdn. Bhd, Universiti Putra Malaysia and Tenaga Nasional Berhad Research Sdn. Bhd.




Institutional Review Board Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


The authors would like to express their gratitude to officer in Cheme Advance Services Sdn. Bhd., Kian Joo Canpack Sdn Bhd and all academicians in Water Engineering Unit, Department of Civil Engineering, Faculty of Engineering, Universiti Putra Malaysia toward the success of this study.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Hsine, E.A.; Benhammou, A.; Pons, M.-N. Design of a Beverage Industry Wastewater Treatment Facility Using Process Simulation. IFAC Proc. Vol. 2004, 37, 299–302. [Google Scholar] [CrossRef]

	



Gu, Y.; Li, Y.; Li, X.; Luo, P.; Wang, H.; Wang, X.; Wu, J.; Li, F. Energy Self-sufficient Wastewater Treatment Plants: Feasibilities and Challenges. Energy Procedia 2017, 105, 3741–3751. [Google Scholar] [CrossRef]

	



Iorhemen, O.T.; Hamza, R.A.; Tay, J.H. Membrane Bioreactor (MBR) Technology for Wastewater Treatment and Reclamation: Membrane Fouling. Membranes 2016, 6, 33. [Google Scholar] [CrossRef] [PubMed]

	



The Commissioner of Law Revision, Environmental Quality Act 1974; Percetakan National Malaysia Bhd: Kuala Lum-pur, Malaysia, 2006.

	



Wang, Y.; Serventi, L. Sustainability of dairy and soy processing: A review on wastewater recycling. J. Clean. Prod. 2019, 237, 117821. [Google Scholar] [CrossRef]

	



Razavi, S.M.R.; Miri, T. A real petroleum refinery wastewater treatment using hollow fiber membrane bioreactor (HF-MBR). J. Water Process. Eng. 2015, 8, 136–141. [Google Scholar] [CrossRef]

	



Su, D.; Ben, W.; Strobel, B.W.; Qiang, Z. Impacts of wastewater treatment plant upgrades on the distribution and risks of pharmaceuticals in receiving rivers. J. Hazard. Mater. 2021, 406, 124331. [Google Scholar] [CrossRef]

	



Kawasaki, K.; Maruoka, S.; Katagami, R.; Bhatta, C.P.; Omori, D.; Matsuda, A. Effect of initial MLSS on operation of submerged membrane activated sludge process. Desalination 2011, 281, 334–339. [Google Scholar] [CrossRef]

	



Gurung, K.; Ncibi, M.C.; Sillanpää, M. Assessing membrane fouling and the performance of pilot-scale membrane bioreactor (MBR) to treat real municipal wastewater during winter season in Nordic regions. Sci. Total. Environ. 2017, 579, 1289–1297. [Google Scholar] [CrossRef] [PubMed]

	



Cicek, N. A review of membrane bioreactors and their potential application in the treatment of agricultural wastewater. Can. Biosyst. Eng. 2003, 45, 37–49. [Google Scholar]

	



Hoinkis, J.; Deowan, S.A.; Panten, V.; Figoli, A.; Huang, R.R.; Drioli, E. Membrane Bioreactor (MBR) Technology–a Promising Approach for Industrial Water Reuse. Procedia Eng. 2012, 33, 234–241. [Google Scholar] [CrossRef]

	



Wei, Y.; Li, G.; Wang, B. Application of Granular Sludge Membrane Bioreactor in the Treatment of Wastewater. Procedia Environ. Sci. 2011, 10, 108–111. [Google Scholar] [CrossRef]

	



Luong, T.V.; Schmidt, S.; Deowan, S.; Hoinkis, J.; Figoli, A.; Galiano, F. Membrane Bioreactor and Promising Application for Textile Industry in Vietnam. Procedia CIRP 2016, 40, 419–424. [Google Scholar] [CrossRef]

	



Pathak, N.; Phuntsho, S.; Tran, V.H.; Johir, M.; Ghaffour, N.; Leiknes, T.; Fujioka, T.; Shon, H.K. Simultaneous nitrification-denitrification using baffled osmotic membrane bioreactor-microfiltration hybrid system at different oxic-anoxic conditions for wastewater treatment. J. Environ. Manag. 2020, 253, 109685. [Google Scholar] [CrossRef] [PubMed]

	



Sikosana, M.L.; Sikhwivhilu, K.; Moutloali, R.; Madyira, D.M. Municipal wastewater treatment technologies: A review. Procedia Manuf. 2019, 35, 1018–1024. [Google Scholar] [CrossRef]

	



Yan, S.; Songtao, Z.; Li, Z. Pilot Tests on the Treatment of Bath Wastewater by a Membrane Bioreactor. Membranes 2021, 11, 85. [Google Scholar] [CrossRef]

	



Chen, M.; Zhang, X.; Wang, Z.; Wang, L.; Wu, Z. QAC modified PVDF membranes: Antibiofouling performance, mechanisms, and effects on microbial communities in an MBR treating municipal wastewater. Water Res. 2017, 120, 256–264. [Google Scholar] [CrossRef] [PubMed]

	



Mei, X.; Quek, P.J.; Wang, Z.; Ng, H.Y. Alkali-assisted membrane cleaning for fouling control of anaerobic ceramic membrane bioreactor. Bioresour. Technol. 2017, 240, 25–32. [Google Scholar] [CrossRef]

	



Ng, K.-K.; Lin, C.-F.; Panchangam, S.C.; Hong, P.-K.A.; Yang, P.-Y. Reduced membrane fouling in a novel bio-entrapped membrane reactor for treatment of food and beverage processing wastewater. Water Res. 2011, 45, 4269–4278. [Google Scholar] [CrossRef]

	



Li, J.; Zhang, X.; Cheng, F.; Liu, Y. New insights into membrane fouling in submerged MBR under sub-critical flux condition. Bioresour. Technol. 2013, 137, 404–408. [Google Scholar] [CrossRef]

	



Yao, M.; Ladewig, B.; Zhang, K. Identification of the change of soluble microbial products on membrane fouling in membrane bioreactor (MBR). Desalination 2011, 278, 126–131. [Google Scholar] [CrossRef]

	



Abushaban, A.; Salinas-Rodriguez, S.; Pastorelli, D.; Schippers, J.; Mondal, S.; Goueli, S.; Kennedy, M. Assessing Pretreatment Effectiveness for Particulate, Organic and Biological Fouling in a Full-Scale SWRO Desalination Plant. Membranes 2021, 11, 167. [Google Scholar] [CrossRef] [PubMed]

	



Hwang, B.-K.; Lee, C.-H.; Chang, I.-S.; Drews, A.; Field, R. Membrane bioreactor: TMP rise and characterization of bio-cake structure using CLSM-image analysis. J. Membr. Sci. 2012, 419–420, 33–41. [Google Scholar] [CrossRef]

	



Hai, F.I.; Yamamoto, K.; Fukushi, K. Different fouling modes of submerged hollow-fiber and flat-sheet membranes induced by high strength wastewater with concurrent biofouling. Desalination 2005, 180, 89–97. [Google Scholar] [CrossRef]

	



Futamura, O.; Katoh, M.; Takeuchi, K. Organic waste water treatment by activated sludge process using integrated type membrane separation. Desalination 1994, 98, 17–25. [Google Scholar] [CrossRef]

	



Hashisho, J.; El-Fadel, M.; Al-Hindi, M.; Salam, D.; Alameddine, I. Hollow fiber vs. flat sheet MBR for the treatment of high strength stabilized landfill leachate. Waste Manag. 2016, 55, 249–256. [Google Scholar] [CrossRef] [PubMed]

	



Chmiel, H.; Kaschek, M.; Blöcher, C.; Noronha, M.; Mavrov, V. Concepts for the treatment of spent process water in the food and beverage industries. Desalination 2003, 152, 307–314. [Google Scholar] [CrossRef]

	



Matošić, M.; Prstec, I.; Jakopović, H.K.; Mijatovic, I. Treatment of beverage production wastewater by membrane bioreactor. Desalination 2009, 246, 285–293. [Google Scholar] [CrossRef]

	



Sheldon, M.S.; Erdogan, I. Multi-stage EGSB/MBR treatment of soft drink industry wastewater. Chem. Eng. J. 2016, 285, 368–377. [Google Scholar] [CrossRef]

	



APHA. American Public Health Association; American Water Works Association; Water Environment Federation. Stand. Methods Exam. Water Wastewater 2002, 2, 1–541.

	



Wei, C.-H.; Huang, X.; Ben Aim, R.; Yamamoto, K.; Amy, G. Critical flux and chemical cleaning-in-place during the long-term operation of a pilot-scale submerged membrane bioreactor for municipal wastewater treatment. Water Res. 2011, 45, 863–871. [Google Scholar] [CrossRef]

	



Ninomiya, Y.; Kimura, K.; Sato, T.; Kakuda, T.; Kaneda, M.; Hafuka, A.; Tsuchiya, T. High-flux operation of MBRs with ceramic flat-sheet membranes made possible by intensive membrane cleaning: Tests with real domestic wastewater under low-temperature conditions. Water Res. 2020, 181, 115881. [Google Scholar] [CrossRef]

	



Park, C.; Kim, H.; Hong, S.; Choi, S.-I. Variation and prediction of membrane fouling index under various feed water characteristics. J. Membr. Sci. 2006, 284, 248–254. [Google Scholar] [CrossRef]

	



Choi, J.-S.; Hwang, T.-M.; Lee, S.; Hong, S. A systematic approach to determine the fouling index for a RO/NF membrane process. Desalination 2009, 238, 117–127. [Google Scholar] [CrossRef]

	



DuPont de Nemours, Inc. “Resource Centre: DuPont,” April 2020. Available online: https://www.dupont.com/content/dam/dupont/amer/us/en/water-solutions/public/documents/en/45-D01559-en.pdf (accessed on 28 January 2021).

	



Musa, M.A.; Idrus, S.; Man, H.C.; Daud, N.N.N. Wastewater Treatment and Biogas Recovery Using Anaerobic Membrane Bioreactors (AnMBRs): Strategies and Achievements. Energies 2018, 11, 1675. [Google Scholar] [CrossRef]

	



Muniz, G.L.; Borges, A.C.; da Silva, T.C.F. Performance of natural coagulants obtained from agro-industrial wastes in dairy wastewater treatment using dissolved air flotation. J. Water Process. Eng. 2020, 37, 101453. [Google Scholar] [CrossRef]

	



El-Gohary, F.; Tawfik, A.; Mahmoud, U. Comparative study between chemical coagulation/precipitation (C/P) versus coagulation/dissolved air flotation (C/DAF) for pre-treatment of personal care products (PCPs) wastewater. Desalination 2010, 252, 106–112. [Google Scholar] [CrossRef]

	



Atallah, E.; Zeaiter, J.; Ahmad, M.N.; Kwapinska, M.; Leahy, J.J.; Kwapinski, W. The effect of temperature, residence time, and water-sludge ratio on hydrothermal carbonization of DAF dairy sludge. J. Environ. Chem. Eng. 2020, 8, 103599. [Google Scholar] [CrossRef]

	



Sun, J.; Wang, X.; Li, R.; Dai, L.; Zhu, W.-T. Hyperhaline Municipal Wastewater Treatment of a Processing Zone through Pilot-Scale A/O MBR, Part I: Characteristics of Mixture Liquor and Organics Removal. Procedia Environ. Sci. 2011, 8, 773–780. [Google Scholar] [CrossRef]

	



Litaor, M.; Meir-Dinar, N.; Castro, B.; Azaizeh, H.; Rytwo, G.; Levi, N.; Levi, M.; MarChaim, U. Treatment of winery wastewater with aerated cells mobile system. Environ. Nanotechnol. Monit. Manag. 2015, 4, 17–26. [Google Scholar] [CrossRef]

	



Zheng, Y.; Zhang, W.; Tang, B.; Ding, J.; Zhang, Z. Membrane fouling mechanism of biofilm-membrane bioreactor (BF-MBR): Pore blocking model and membrane cleaning. Bioresour. Technol. 2018, 250, 398–405. [Google Scholar] [CrossRef]

	



Inc. Metcalf & Eddy; Tchobanoglous, G.; Stensel, H.; Tsuchihashi, R. Wastewater Engineering: Treatment and Resource Recovery, 5th ed.; McGraw-Hill: New York, NY, USA, 2013. [Google Scholar]

	



Abushaban, A.; Salinas-Rodriguez, S.; Kapala, M.; Pastorelli, D.; Schippers, J.; Mondal, S.; Goueli, S.; Kennedy, M. Monitoring Biofouling Potential Using ATP-Based Bacterial Growth Potential in SWRO Pre-Treatment of a Full-Scale Plant. Membranes 2020, 10, 360. [Google Scholar] [CrossRef] [PubMed]








[image: Membranes 11 00456 g001 550] 





Figure 1. (a) The pilot plant MBR system set up (source: Beverage Manufacturing Wastewater Treatment Plant, Cheme Advance Services Sdn Bhd); (b) The pilot plant MBR system schematic diagram. 
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Figure 2. Process flow of study. 
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Figure 3. COD concentration of influent and effluent for an MBR system at MLSS values of 6000 mg/L and 12,000 mg/L by using an HF membrane. 
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Figure 4. COD concentration of influent and effluent for an MBR system at MLSS values of 6000 mg/L and 12,000 mg/L by using an FS membrane. 
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Figure 5. Graph of TSS influent and effluent for an MBR system at MLSS values of 6000 mg/L and 12,000 mg/L by using an HF membrane. 
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Figure 6. Graph of TSS influent and effluent for an MBR system MLSS values of 6000 mg/L and 12,000 mg/L by using an FS membrane. 
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Figure 7. TMP trend for HF and FS membranes by using MLSS values of 6000 mg/L and 12,000 mg/L. 
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Figure 8. Flux trend for HF and FS membranes by using MLSS values of 6000 mg/L and 12,000 mg/L. 
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Table 1. The summary of MBR treatment for food and beverage industry wastewater.
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	Source Wastewater
	Membrane Type
	Pore Size (µm)
	Membrane Surface Area (m2)
	Capacity

(L)
	Removal

Efficiency (%)
	Country
	Reference





	F&B

processing plant
	HF
	0.04
	74
	1500
	≈99% COD
	Europe
	[26]



	Beverage

processing
	HF
	0.4
	0.92
	40
	≈94% COD
	Croatia
	[27]



	F&B

processing plant
	HF
	0.036
	0.046
	50
	≈91–98% COD
	USA
	[18]



	Soft drink

processing
	HF
	0.2–0.4
	0.058
	30
	≈83.9% COD
	South

Africa
	[28]



	Dairy and soy

processing
	HF
	0.5
	0.044
	10
	≈93.1% TSS

≈99% COD
	New

Zealand
	[3]
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Table 2. The monitoring parameter and the sampling point.
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	No
	Monitoring Parameter
	Point of Sampling





	1
	Flow
	Influent EQ, Effluent DAF, Effluent MBR



	2
	pH
	Influent EQ, Effluent DAF, Effluent MBR



	3
	COD
	Influent EQ, Effluent DAF, Effluent MBR



	4
	TSS
	Influent EQ, Effluent DAF, Effluent MBR



	5
	Turbidity
	Effluent MBR



	6
	DO
	Effluent DAF



	7
	Static Pressure
	Effluent MBR



	8
	Operating Pressure
	Effluent MBR



	9
	TMP
	Effluent MBR



	10
	Flux
	Effluent MBR
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Table 3. MBR module specification.
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	No
	Specification
	Unit
	HF
	FS





	1
	Brand
	-
	Sterapore
	Membray



	2
	Make
	-
	Mitsubishi, Japan
	Toray, Japan



	3
	Membrane Surface Area
	m2
	1000
	45



	4
	Material
	-
	PVDF
	PVDF + PET non-woven fabric



	5
	Pore Size
	µ
	0.4
	0.08



	6
	Recommended MLSS range
	mg/L
	5000–12,000
	7000–18,000



	7
	Recommended operating TMP
	bar
	<0.3
	<0.2



	8
	Recommended operating Flux
	L/m2/h
	<33.3
	<31.2



	9
	Air flow rate
	Nm3/min/module
	4.4
	0.75
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Table 4. Raw wastewater characteristics of the influent of an EQ tank for two different membrane configurations.
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No

	
Parameter

	
Unit

	
Results

	
Standard A *

	
Standard B *






	

	
HF Membrane




	
1

	
Flow

	
m3/h

	
30

	
-

	
-




	
2

	
pH

	
pH

	
7.4 ± 1

	
6.0–9.0

	
5.5–9.0




	
3

	
COD

	
mg/L

	
1710 ± 312

	
80

	
200




	
4

	
TSS

	
mg/L

	
140 ± 65

	
50

	
100




	

	
FS Membrane




	
5

	
Flow

	
m3/h

	
25

	
-

	
-




	
6

	
pH

	
pH

	
6.9 ± 11

	
6.0–9.0

	
5.5–9.0




	
7

	
COD

	
mg/L

	
3000 ± 312

	
80

	
200




	
8

	
TSS

	
mg/L

	
250 ± 65

	
50

	
100








* Standard A and Standard B are acceptable conditions for the discharge of industrial effluent for mixed effluent extracted from Environmental Quality (Industrial Effluents) Regulations 2009.
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Table 5. Characteristics of effluent in a DAF system.
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No

	
Parameter

	
Unit

	
Average Results

	
Total Reduction (%) (Influent from EQ Tank)






	

	
HF Membrane




	
1

	
COD

	
mg/L

	
229.6

	
86.5




	
2

	
TSS

	
mg/L

	
71.2

	
49.1




	

	
FS Membrane




	
3

	
COD

	
mg/L

	
1537.9

	
48.7




	
4

	
TSS

	
mg/L

	
93.5

	
62.6
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Table 6. Sample characteristics of the effluent in the MBR system.
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No

	
Parameter

	
Unit

	
Average Results

	
Total Rejection Rate (%) (Effluent from DAF)






	

	
HF Membrane at MLSS 6000 mg/L




	
1

	
COD

	
mg/L

	
16.9

	
92.6




	
2

	
TSS

	
mg/L

	
3.8

	
94.7




	

	
HF Membrane at MLSS 12,000 mg/L




	
3

	
COD

	
mg/L

	
33.3

	
85.5




	
4

	
TSS

	
mg/L

	
4.2

	
94.1




	

	
FS Membrane at MLSS 6000 mg/L




	
5

	
COD

	
mg/L

	
128.0

	
91.7




	
6

	
TSS

	
mg/L

	
14.5

	
84.5




	

	
FS Membrane at MLSS 12,000 mg/L




	
7

	
COD

	
mg/L

	
128.7

	
91.6




	
8

	
TSS

	
mg/L

	
14.6

	
84.4
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Table 7. Analysis of SDI.
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HF Membrane Water Sample 1




	
Time

	
Unit

	
Test 1

	
Test 2

	
Test 3

	
Average




	
Time initial, ti

	
s

	
330

	
312

	
321

	
321




	
Time final, tf

	
s

	
212

	
206

	
210

	
209




	
SDI

	
(%/min)

	
2.38

	
2.26

	
2.31

	
2.32




	
FS Membrane Water Sample 2




	
Time

	
Unit

	
Test 1

	
Test 2

	
Test 3

	
Average




	
Time initial, ti

	
s

	
411

	
423

	
398

	
410.7




	
Time final, tf

	
s

	
298

	
302

	
311

	
304




	
SDI

	
(%/min)

	
1.83

	
1.91

	
1.46

	
1.74
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