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Abstract
The agro-food industrial wastewater (AFIW) contains high concentrations of oils and grease (O&G), which are significant threats to aquatic environments. In the context of the removal of contaminants from wastewater, the capability of Serratia marcescens SA30 immobilized in a packed-bed column reactor (PBCR) of O&G removal from AFIW needs to be verified. This study analyses the Serratia marcescens SA30 immobilized on oil palm frond (OPF) in PBCR in order to elucidate its removal ability of O&G from AFIW. The physicochemical parameters of the AFIW samples collected from the agro-food industry were analyzed according to Standard Methods for Examination of Water and Wastewater. The PBCR treatment system was set up using immobilized Serratia marcescens SA30 onto OPF for the removal of O&G from AFIW. The AFIW samples were collected at the inlet and outlet of the PBCR, and the respective concentrations of O&G were determined. These values assert that the parameters does not comply the production limit set in Environmental Environment Quality B (Industrial Effluent Regulations, 2009). The performance of the PBCR realized 100% efficiency, with the population ranging from 108 – 107 with the immobilized Serratia marcescens SA30 acting as a biosurfactant-producing bacteria, which was achieved by experiments ran at a volumetric flow rate of 3 mL/min during treatment using concentrations of O&G at 100% v/v after 144 hours operation in the PBCR. The data obtained would provide a green and sustainable pathway for the removal of O&G from water.
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Abstrak
Sisa air perindustrian agro-makanan (AFIW) mengandungi kepekatan minyak dan gris (O&G) yang boleh memberikan ancaman kepada persekitaran akuatik. Dalam konteks penyingkiran bahan bukan organik dan organik dari air sisa, keupayaan Serratia marcescens SA30 yang dipegunkan dalam reaktor turus terpadat tunggal (PBCR) perlu disahkan. Kajian ini menganalisis Serratia marcescens SA30 yang dipegunkan di pelepah kelapa sawit (OPF) dalam PBCR untuk menjelaskan kemampuan penyingkiran O&G dari AFIW. Parameter fizikokimia sampel AFIW yang diambil dari industri agro-makanan dianalisis berdasarkan Kaedah Piawai untuk Pemeriksaan Air dan Air Sisa. Sistem rawatan PBCR dibentuk menggunakan Serratia marcescens SA30 yang dipegunkan ke OPF untuk penyingkiran O&G dari AFIW. Sampel AFIW dikumpulkan di saluran masuk dan keluar PBCR, dan kepekatan O&G masing-masing ditentukan. Nilai-nilai tersebut menegaskan bahawa parameter tersebut tidak mencapai limit pengeluaran yang telah ditetapkan dalam Kualiti Persekitaran Lingkungan B (Peraturan Efluen Industri, 2009). Prestasi PBCR mencapai kecekapan 100% dengan populasi antara 108-107 dengan Serratia marcescens SA30 yang dipegunkan bertindak sebagai bakteria penghasil biosurfaktan, yang dicapai dengan eksperimen yang dijalankan pada kadar aliran volumetric 3 mL/min semasa rawatan menggunakan kepekatan O&G pada 100% v/v setelah 144 jam beroperasi dalam PBCR. Kajian ini akan memberikan laluan hijau dan lestari untuk menyingkirkan O&G dari air.

Kata kunci: 	Sisa air perindustrian agro-makanan, reaktor turus terpadat tunggal, Serratia marcescens SA30, minyak dan gris, dipegunkan
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Introduction
Agro-food industries are one of the significant contributors to environmental pollution. The rapid expansion of small and medium industries (SMEs) in Malaysia, particularly in rural areas, led to water body pollution due to most of these industries discharging a large amount of untreated wastewater into the environment [1]. Factors such as O&G, chemical oxygen demands (COD), and total suspended solids (TSS) can be minimized via proper storage, cleaning, slicing, washing, frying, salting, and coating and packing [2]. However, the lack of prior treatment of wastewater results in pollution, which can be harmful to humans. The current physicochemical and biological processes for the removal of O&G from industrial wastewaters include electrocoagulation, advanced oxidation process, and membrane technologies [3, 4, 5]. However, the processes mentioned above are costly undertakings and result in byproducts, such as excessive gases and sludges. Due to increased environmental awareness and stringent public policies, it is becoming necessary to compel industries to limit their respective discharges [6]. 

In response to this, industries begin to utilize sustainable technologies for wastewater management. To improve the microbial remediation of an O&G the bacterial cells must be immobilized in a suitable carrier or used of biosurfactant as a biocatalyst has been investigated compared with the free cells in various biotechnological processes. The use of immobilized cells in biodegradation processes enhances the O&G removal rates and provides increased tolerance ability to unfavorable conditions [7]. Parthipan et al. [8] found that biosurfactant producing strain of Bacillus subtilis was able to degrade oil about 87% within a short period of time (7 days). A study by Shen et al. [9] elucidated the ability of immobilized microbial consortia in the degradation of different types of petroleum hydrocarbons. A recent study showed the importance of Bacillus pumilus isolated from Chelidonium majus L. exhibit potential for hydrocarbons degradation and biosurfactant production [10].  The success of biotechnological solutions for bioremediation applications depends on the identification of the indigenous microbial communities having the ability to degrade complex O&G and enhancing their biodegradation potential.  

Therefore, the main objective of this present work was to elucidate the ability of immobilized Serratia marcescens SA30 onto OPF for the removal of O&G effluent from the agro-food processing industry in a column reactor. The optimal conditions for O&G degradation under the influence of immobilized Serratia marcescens SA30 onto OPF, such as inert supporting material, initial concentrations and times, and flow rates were established. The biodegradation potential was determined by evaluating the O&G removal rates and the presence of Serratia marcescens SA30 in the column reactor pre and post-treatment. This proposed approach could be an effective and environmentally-friendly biological treatment process that fulfills environmental regulations.

Materials and Methods
Characterization of agro-food industrial wastewater 
The agro-food industrial wastewater (AFIW) samples were obtained from the final effluents discharged from an industrial food factory located in Batu Pahat, Johor. The AFIWs served as nutrients to the bacteria. The AFIWs’ pH, microbiological count, temperature, color, chemical oxygen demand (COD), and oil and grease (O&G) concentrations were determined. The samplings and characterizations were performed as per the Standard Methods for Examination of Water and Wastewater [11].

Bacteria
Serratia marcescens SA30 was isolated from the collected AFIW [12]. Serratia marcescens SA30 was cultivated in an NB at 30 oC and 200 rpm for 24 hours. The strain was identified using the PCR-mediated amplification of the 16S rRNA gene sequencing analysis performed by Vivantis (M) Sdn. Bhd. The genes that were 100% similar to Serratia marcescens were obtained from the 1398 nucleotide sequence. The nucleotide sequence was deposited into the GenBank and marked with an accession number KF686740. A strain of Serratia marcescens SA30 is capable of producing biosurfactants [13].

Laboratory-scale column reactor
The experimental setup for the O&G biodegradation system consists of a tank, peristaltic pump, and a column (reactor), and is shown in Figure 1. The acrylic column reactor has a capacity of 5 L, and is 50 cm in height and has an inner diameter of (i.d) 4.6 cm. An acrylic column, divided into four sections measuring 2 cm each were filled with inert stones with a granular size of ~1-2 cm at the top and the bottom of the column. The stones were utilized to ensure excellent flow distribution within the column while retaining the column’s content. The inert stones were soaked in pure water for ~24 hours to remove impurities, then rinsed with distilled water and dried in an incubator (Memmert IN 110) for 24 hours. 35 cm of the column was filled with 90g of inert OPF, while 1-2 cm length range was used as inert supporting materials for bacterial cell immobilization during treatment. A headspace of 0.46 L was retained to ensure the consistent availability of oxygen supply.

Sampling point
Support material
Inert
Headspace
Outlet
Inert stone

Figure 1. 	Schematic diagram of laboratory packed-bed column of degradation of oil and grease


Immobilization of Serratia marcescens SA30 onto oil palm frond
Serratia marcescens SA30 was used during the immobilization of cells onto OPF packed within the column. OPF was obtained from the oil palm tree in Kulai, Johor, Malaysia, and selected using the coning and quartering method. Fresh OPF was cut into irregular lengths of ~1-2 cm. The OPF was rinsed with deionized water at a constant flow rate of ~0.18L h-1 to prevent clogging of the column and allow for the electrostatic charge and hydrophobic interactions necessary for the bacterial adhesion to the supporting material. The Serratia marcescens SA30 was pumped at a continuous circulation at similar flow rates to allow initial bacterial attachment for 3 days, followed by 5 L of NB and AFIW to ensure the bacteria used the NB and AFIW as its sole carbon source.

Determination of biodegradation
The microbial degradation of O&G was performed in a column reactor. The samples were analyzed daily for 32 days. To optimize for immobilization and the degradation of O&G, the effect of initial concentrations (25%, 50%, 75%, and 100% (v/v)) and flow rates (1, 3, and 5 mL/min) were determined. At the end of the experiment, the O&G concentration and cell concentration (CFU/mL) were obtained.
Analytical method
The O&G was measured using the O&G determination method APHA 5520B (APHA, 2005) with n-hexane as its oil extraction solvent. The O&G content was determined for each sample pre and post-experiment. The experimental results of the analyses were expressed as mean ± standard deviation from the duplicate. The pH was determined using a pH meter (Eu-Tech), while the microbiological count was determined using the dislodging method via the spread-plate technique. ~1 g of OPF-attached bacteria samples were placed in a Bijou bottle containing 10 mL of sterilized DI and vortexed for 1 minute at high speed. For the quantification of bacteria, an aliquot (1 mL) of the suspension was diluted and spread onto the NA plates. The NA plates were then incubated at 30 oC for 24 hours in the incubator (Memmert IN110). The actual number of bacteria in the sample were then calculated and enumerated.

Results and Discussion
Characteristics of agro-food industrial wastewater
The results from the characterization of AFIW as shown in Table 1. Most of the parameters did not comply with the regulated discharge limit outlined in Standard B Environmental Quality (Industrial Effluent) Regulation 2009 [14], except for temperature and pH. The presence of high levels of O&G and other contaminants in the AFIW were assumed to be dependent on a series of industrial processes encompassing raw material storing, cleaning, shelling, slicing, washing, frying, salting, picking, coating, and packing due to the runoff water from cleaning of equipment or from fruit-washing, where trace concentrations of contaminants could leach from soil particles [12]. The wastewater was acidic due to the presence of fatty acids in the AFIW. The presence of 10 bacterial colonies indicated the possibility of biosurfactant producing bacteria that used the fatty acid in AFIW as nutrients for bacterial survival and growth [15].

Effect of concentration and time
The amount of O&G degradation at different concentrations onto OPF is shown in Figure 2. It can be seen that the O&G removal rate increases after 144 hours. The quickest O&G removal is observed at higher-level concentrations of 100% (v/v) AFIW, with complete removal being realized, followed by 75% (v/v), at 98% O&G removal. However, when decreasing the O&G concentrations from 50% (v/v) to 25% (v/v), the reactors demonstrated similar removal rate performance of complete degradation, corresponding to values of ~78% and ~72%, respectively. The degradation efficiency of O&G by immobilized cells increases with increasing O&G concentrations, even at a high O&G concentration of AFIW due to the growth of the biomass attached to a support material, rendering it possible for the O&G to be adsorbed on it while functioning as a protective shield against the toxicity of the O&G [16, 17]. Higher concentrations of AFIW encouraged the formation of biofilm while preventing the toxic effects of O&G towards the bacterial cells, which is due to the availability of reaction sites around or within the surface of Serratia marcescens SA30. This can be explained by the fact that higher concentrations result in faster transport prompted by the increased mass transfer coefficient of adsorption [18]. The rate of O&G can dictate the rate of O&G uptake transported from the exterior to the interior sites of the adsorbent particles and via the membrane of Serratia marcescens SA30 post-adsorption. 
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The bacteria demonstrated a faster degradation performance due to the adaptation of the isolates to the AFIW. The O&G environment is excellent for the lipolytic microorganisms due to the unrecovered O&G being present in the effluent, which induces the enzymes and biosurfactants to degrade O&G [19]. The yield of the enzyme lipase and biosurfactant increased alongside the concentration, which saturated the uptake system, as observed by the absence of O&G and free fatty acids in the medium. On the other hand, the free fatty acid, released into the medium, supported growth, which is indicated by the absence of the FFA from the growth medium or treated oily wastewater [20].The initial pH of the immobilized cells increased alongside time and became alkaline due to the absorption of the fatty acid present in the AFIW via the alteration to the charges of bacterial cell membranes and pH of ~7-9. The pH also affects the metabolism of microorganisms and its corresponding acceleration, which results in improved biodegradation of O&G [21].
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Effect of flow rate
The effect of flow rate on O&G adsorption by AFIE was determined by setting different flow rates on the inlet solution (1, 3, 5, 7, and 9 mL/min) shown in Figure 3, resulting in a >70% of the O&G being removed, with complete reduction achieved after 144 hours of reactor operations. It should be pointed out that a flow rate of 3 mL/min resulted in the effective removal of O&G (100%), followed by ~84% (5 mL/min), ~83% (1 mL/min),  ~72% (9 mL/min), and ~70% (7 mL/min). The increases in flow rate significantly affected the removal of O&G due to poor mass transfer, diffusional limitations, and short residence time [22]. Shorter times indicated by the increase flow rates resulted in the complexity of the AFIW, which extended the time it takes to facilitate the uptake process of the complex nutrient into the immobilized cell. When the influent flow rate was increased from 5 to 9 mL/min, the adsorption capacities were lower due to the insufficient residence time of the solute in the column and diffusion of the solute into the pores of the adsorbent, which results in the solute leaving the column before equilibrium [23]. The sorption capacity was smaller when the flow rate was high. It was generally assumed that at high flow rates, the residence period of O&G in the column was transitory, which cannot lead to the equilibrium of the sorption process [24]. The dominating roles of the biodegradation of O&G by the microbes attached to the bio-layer were formed on the surface of the adsorbent, making it one of the factors constituting increased removal rates.

The presence of Serratia marcescens SA30 in different parts of the column
The initial bacteria attachment shows a high cell concentration of Serratia marcescens SA30 value of  2.95 x 109 ± 7.07 x 107 (OD600 = 1.833 ± 0.018), which refers to the growth of Serratia marcescens SA30 in a rich medium NB. The cell concentration of Serratia marcescens SA30 in the column containing OPF gradually decrease to 3.95 x 108 ± 4.07 x 107 (OD600 = 1.377 ± 0.037) after 72 hours of continuous immobilization process. These values show that the Serratia marcescens SA30 has been attached to the support materials post-immobilization due to the decrease in cell concentrations. 

In this study, the population of Serratia marcescens SA30 declined to a certain extent in the community after 32 days of operations at different parts of the column (top, middle, bottom, and effluent), ranging from 108 – 107 throughout the degradation at different concentrations and flow rates was shown in Figure 4 and Figure 5 respectively. The number of Serratia marcescens SA30 on OPF significantly decreased alongside decreasing bacterial concentration in AFIW [25], which could be due to the accumulation of nutrients and the activity of the cells varying from point-to-point along the individual pore channels, which suggests that competitive carbon sources and the exhaustion of nutrients commonly forces bacteria to remain in stationary or death phases, making it easily degradable in the AFIW. 

The analysis confirmed that bacterial diversity increased gradually as the reactor is operating. The PBCR was not sterile, which results in the breeding of various microorganisms that could utilize O&G as a carbon source [26]. External microorganisms from the air or the influent could also grow on the OPF in the PBCR. However, the isolated bacteria from viable cell counts revealed that Serratia marcescens SA30 was the predominant microorganism on OPF in PBCR throughout the entire operation due to the high levels of colonization in the top, middle, and bottom of the column. The dominant Serratia marcescens SA30 in the PBCR is likely to be initiated by the adaptation of the bacteria to its proliferation in the different parts of the column, and the inoculation of the Serratia marcescens SA30, which reduces the toxic effects of the AFIW [27]. Serratia marcescens SA30 demonstrated a comparative advantage when competing with other microorganisms for habitat due to the strain possessing the highest oil-degrading activity.
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Table 1.  Characteristics of food industrial wastewater and total bacteria isolated
	Parameters
	Unit
	Values
	Standard B

	Temperature
	oC
	28.9 - 34.3
	40

	pH
	-
	4.99 - 5.69
	5.5 - 9.0

	COD
	mg/L
	8750 - 34000
	200

	O&G
	mg/L
	8312 - 128007
	10

	Color
	mg/L
	3000 - 17125
	200

	Total no of bacteria isolated
	-
	10
	-




































Figure 2. 	Percentage removal of O&G during biodegradation of AFIW by immobilized Serratia marcescens SA30 at different concentration and time intervals:(a) 25% (v/v) (b) 50% (v/v) (c) 75% (v/v) and (d) 100% (v/v)
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Figure 3.  Percentage removal of O&G during biodegradation of AFIE by immobilized Serratia marcescens SA30 at different flow rate and time intervals: (a) 1mL/min (b) 3 mL/min (c) 5 mL/min (d) 7 mL/min and (e) 9 mL/m
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Figure 4. 	Distribution of Serratia marcescens SA30 cells at top, middle and bottom of the column (a) 25%, 50%, 75% and 100% (v/v)

                                        
Figure 5. 	Distribution of Serratia marcescens SA30 cells at top, middle and bottom of the column 1, 3, 5 and 9 mL/min
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Conclusion
This study assessed the capability of immobilized Serratia marcescens SA30 onto OPF to predict the optimum concentrations and flow rates for the removal of O&G from AFIW. It was found that the optimum operating of PBCR treated system realized 100% efficiency condition of 100% v/v concentration, a flow rate of 3 mL/min at a pH 7 after 144 hours operation. The use of Serratia marcescens SA30 strain immobilized onto the OPF removed O&G from AFIW, which contributes to the high efficiency of an environmentally-friendly method for treating wastewaters and advanced biotechnology studies.
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Sample (O	&	G)	0	3.4791849639199341	0.309208010212974	4.3940381817060965	6.1283304547927795	4.6255990067021076	0	3.4791849639199341	0.309208010212974	4.3940381817060965	6.1283304547927795	4.6255990067021076	1.201907120930036	0	24	48	72	96	120	144	0	23.854993282088365	36.409583168495054	50.050551516070698	59.752283193879492	69.271766608809429	78.200095866993109	 (Control)	0	0.50049971843053565	1.0733154791868307	1.7969952277035224	1.952987552397174	2.3272263172158789	0.19630494792851025	0	0.50049971843053565	1.0733154791868307	1.7969952277035224	1.952987552397174	2.3272263172158789	0.19630494792851025	0	24	48	72	96	120	144	0	1.4004792200280918	4.7355568408199753	14.720959908929832	22.888035106080217	24.670191963425047	26.878735299787831	pH (control)	0	3.5355339059327882E-2	7.0710678118654502E-2	7.0710678118655432E-2	3.5355339059327251E-2	7.0710678118654502E-2	7.0710678118655432E-2	0	3.5355339059327882E-2	7.0710678118654502E-2	7.0710678118655432E-2	3.5355339059327251E-2	7.0710678118654502E-2	7.0710678118655432E-2	0	24	48	72	96	120	144	7	7.1249999999999734	7.2	7.35	7.4749999999999996	7.75	7.85	pH (O	&	G)	0	7.0710678118654502E-2	3.5355339059327251E-2	0.17677669529663689	7.0710678118654502E-2	7.0710678118654502E-2	7.0710678118654502E-2	0	7.0710678118654502E-2	3.5355339059327251E-2	0.17677669529663689	7.0710678118654502E-2	7.0710678118654502E-2	7.0710678118654502E-2	0	24	48	72	96	120	144	7	7.25	7.4749999999999996	7.6749999999999945	8.0500000000000007	8.15	8.5500000000000007	Time (Hours)

O&G Removal (%)

pH


Sample (O	&	G)	0	3.0997190480856402	4.072052899127744	0.66823658385836859	1.929726108501447	1.4071342243062579	8.3694978077288248E-2	0	3.0997190480856402	4.072052899127744	0.66823658385836859	1.929726108501447	1.4071342243062579	8.3694978077288248E-2	0	24	48	72	96	120	144	0	11.051832358674472	24.399376218323589	50.872514619883042	61.364522417153992	70.46699415204678	72.619181286549718	 (Control)	0	0.39366191610245654	0.73213618072844777	3.9818190473153412	1.1646394058863643	0.8132530304120279	0.14891667911990092	0	0.39366191610245654	0.73213618072844777	3.9818190473153412	1.1646394058863643	0.8132530304120279	0.14891667911990092	0	24	48	72	96	120	144	0	1.8912642361773817	3.0983436194354308	13.331700282072491	18.242879260248987	23.58623358995553	24.944009671056786	pH (control)	0	3.5355339059327882E-2	0.14142135623734642	7.0710678118654502E-2	3.5355339059327251E-2	7.0710678118654502E-2	0.14142135623729638	0	3.5355339059327882E-2	0.14142135623734642	7.0710678118654502E-2	3.5355339059327251E-2	7.0710678118654502E-2	0.14142135623729638	0	24	48	72	96	120	144	7	7.1249999999999707	7.35	7.45	7.5749999999999975	7.75	7.8000000000000007	pH (O	&	G)	0	7.0710678118655432E-2	0.10606601717800122	0.10606601717800122	7.0710678118654502E-2	3.5355339059327882E-2	0.10606601717806789	0	7.0710678118655432E-2	0.10606601717800122	0.10606601717800122	7.0710678118654502E-2	3.5355339059327882E-2	0.10606601717806789	0	24	48	72	96	120	144	7	7.1499999999999995	7.375	7.5750000000000002	7.95	8.125	8.5250000000000004	Time (Hours)

O&G Removal (%)

pH






Sample (O	&	G)	0	12.27468690830052	5.6665476704188755	2.9726296287822378	2.7186006158362348	9.2360289883474986E-2	4.9224044033678784E-2	0	12.27468690830052	5.6665476704188755	2.9726296287822378	2.7186006158362348	9.2360289883474986E-2	4.9224044033678784E-2	0	24	48	72	96	120	144	0	43.699166942675674	65.284906775111523	84.985192129517401	93.731647384453851	97.52566389908101	99.667112982200635	 (Control)	0	0.34008139706480506	0.14877028784475579	0.52696680239120852	1.0048988173246427	0.44074730111103122	0.71226172038110935	0	0.34008139706480506	0.14877028784475579	0.52696680239120852	1.0048988173246427	0.44074730111103122	0.71226172038110935	0	24	48	72	96	120	144	0	2.7467238620199304	6.0114464793741114	14.278871799430942	19.773070768136591	29.500844594594593	31.371354907539114	pH (O	&	G)	0	7.0710678118655432E-2	0.14142135623734642	3.5355339059327882E-2	3.5355339059327882E-2	0.10606601717806789	7.0710678118654502E-2	0	7.0710678118655432E-2	0.14142135623734642	3.5355339059327882E-2	3.5355339059327882E-2	0.10606601717806789	7.0710678118654502E-2	0	24	48	72	96	120	144	7	7.35	7.6999999999999975	8.0250000000000004	8.2249999999999996	8.5750000000000028	8.9500000000000028	pH (control)	0	3.5355339059327882E-2	0.10606601717800122	3.5355339059327251E-2	0.14142135623734642	3.5355339059327882E-2	7.0710678118654502E-2	0	3.5355339059327882E-2	0.10606601717800122	3.5355339059327251E-2	0.14142135623734642	3.5355339059327882E-2	7.0710678118654502E-2	0	24	48	72	96	120	144	7	7.1249999999999707	7.3249999999999744	7.4250000000000007	7.6	7.875	8.0500000000000007	Time (Hours)

O&G Removal (%)

pH


Sample (O	&	G)	0	2.5722911476317032	6.3038079080761253	2.4650357542297185	2.0395216110694272	3.1296351365902368	0.15947416288686062	0	2.5722911476317032	6.3038079080761253	2.4650357542297185	2.0395216110694272	3.1296351365902368	0.15947416288686062	0	24	48	72	96	120	144	0	47.584456775106098	54.373083606916069	73.67461760016873	84.811292417570542	92.348228868932324	98.256367594005013	 (Control)	0	0.97104990223488608	2.00103217632652	2.20184530102647	0.48334192205188892	1.4729241350958919	1.022024130382732	0	0.97104990223488608	2.00103217632652	2.20184530102647	0.48334192205188892	1.4729241350958919	1.022024130382732	0	24	48	72	96	120	144	0	3.0934454805734957	7.655771128913651	16.621512681548186	22.574280829796265	24.060299498810458	27.711233172290385	pH (control)	0	3.5355339059327882E-2	7.0710678118654502E-2	7.0710678118655432E-2	3.5355339059327251E-2	7.0710678118654502E-2	7.0710678118655432E-2	0	3.5355339059327882E-2	7.0710678118654502E-2	7.0710678118655432E-2	3.5355339059327251E-2	7.0710678118654502E-2	7.0710678118655432E-2	0	24	48	72	96	120	144	7	7.1249999999999707	7.2	7.35	7.4749999999999996	7.75	7.85	pH (O	&	G)	0	3.5355339059327251E-2	7.0710678118655432E-2	7.0710678118654502E-2	3.5355339059326654E-2	3.5355339059327882E-2	7.0710678118655834E-2	0	3.5355339059327251E-2	7.0710678118655432E-2	7.0710678118654502E-2	3.5355339059326654E-2	3.5355339059327882E-2	7.0710678118655834E-2	0	24	48	72	96	120	144	7	7.3249999999999735	7.6499999999999995	7.95	8.0750000000000028	8.3750000000000266	8.75	Time (Hours)

O&G Removal (%)

pH


Sample (O	&	G)	0	0.62071649906780624	0.10510683216668208	2.8819915900830804	0.21669816303198092	0.25011525958626629	3.6303011735982799E-2	0	0.62071649906780624	0.10510683216668208	2.8819915900830804	0.21669816303198092	0.25011525958626629	3.6303011735982799E-2	0	24	48	72	96	120	144	0	23.074098306731042	58.438689398642019	73.747912971391727	88.257317959881419	93.614963365207132	99.579573451500849	 (Control)	0	0.20728018502205708	0.74780943880075423	0.4160990943327933	0.50697027255252525	0.49544808992610823	2.7790974297933961	0	0.20728018502205708	0.74780943880075423	0.4160990943327933	0.50697027255252525	0.49544808992610823	2.7790974297933961	0	24	48	72	96	120	144	0	2.627131978970084	5.7120465824493794	14.77034644682035	18.888656127208101	25.970475392746632	32.361268212416725	pH (control)	0	7.0710678118655432E-2	0.14142135623724544	7.0710678118655432E-2	7.0710678118654502E-2	0.10606601717793412	7.0710678118654502E-2	0	7.0710678118655432E-2	0.14142135623724544	7.0710678118655432E-2	7.0710678118654502E-2	0.10606601717793412	7.0710678118654502E-2	0	24	48	72	96	120	144	7	7.1249999999999707	7.3	7.45	7.6499999999999995	7.95	8.0500000000000007	pH (O	&	G)	0	0.14142135623724544	7.0710678118655432E-2	0.10606601717820235	3.5355339059327882E-2	0.21213203435593544	3.5355339059327882E-2	0	0.14142135623724544	7.0710678118655432E-2	0.10606601717820235	3.5355339059327882E-2	0.21213203435593544	3.5355339059327882E-2	0	24	48	72	96	120	144	7	7.3000000000000007	7.6499999999999995	8.0750000000000028	8.2249999999999996	8.65	9.0250000000000004	Time (Hours)

O&G Removal (%)

pH


Sample (O	&	G)	0	0.72053036303678919	3.3728959461629918E-2	2.3484921390732159	3.402308142829273	2.6052039748893736	0.64178638973432456	0	0.72053036303678919	3.3728959461629918E-2	2.3484921390732159	3.402308142829273	2.6052039748893736	0.64178638973432456	0	24	48	72	96	120	144	0	12.450508094245874	31.623849975957686	49.060634717102097	64.002204840519312	72.117842602980886	82.486188491745466	 (Control)	0	0.21623458451655794	0.31978170747486029	0.3071274937680864	9.519774283549319E-2	0.86702512213340643	0.64106904087350502	0	0.21623458451655794	0.31978170747486029	0.3071274937680864	9.519774283549319E-2	0.86702512213340643	0.64106904087350502	0	24	48	72	96	120	144	0	2.2843750446243853	4.6524146345720245	9.5797217343291123	17.988461922917629	21.728617191925071	23.959280361627929	pH (control)	0	3.5355339059327882E-2	7.0710678118654502E-2	7.0710678118654502E-2	7.0710678118655432E-2	7.0710678118654502E-2	7.0710678118654502E-2	0	3.5355339059327882E-2	7.0710678118654502E-2	7.0710678118654502E-2	7.0710678118655432E-2	7.0710678118654502E-2	7.0710678118654502E-2	0	24	48	72	96	120	144	7	7.1249999999999707	7.3	7.45	7.6499999999999995	7.95	8.0500000000000007	pH (O	&	G)	0	0.10606601717800122	7.0710678118654502E-2	7.0710678118655432E-2	3.5355339059327882E-2	0.10606601717780002	0.14142135623724544	0	0.10606601717800122	7.0710678118654502E-2	7.0710678118655432E-2	3.5355339059327882E-2	0.10606601717780002	0.14142135623724544	0	24	48	72	96	120	144	7	7.1749999999999945	7.45	7.85	8.0250000000000004	8.2250000000000014	8.5	Time (Hours)

O&G Removal (%)

pH



Sample (O	&	G)	0	0.78635748302634656	0.51953879952603144	0.11006858918989385	0.79072446253763795	0.48263405801874526	0.16099472310237617	0	0.78635748302634656	0.51953879952603144	0.11006858918989385	0.79072446253763795	0.48263405801874526	0.16099472310237617	0	24	48	72	96	120	144	0	23.865555121649535	37.93597249407928	40.566262122418493	52.397171571003419	64.491631069062691	83.918467709798264	 (Control)	0	0.22134372319276191	3.0266977606620352E-2	3.344018508497224	0.92643270587218007	1.8300555155771061	0.1417722777168042	0	0.22134372319276191	3.0266977606620352E-2	3.344018508497224	0.92643270587218007	1.8300555155771061	0.1417722777168042	0	24	48	72	96	120	144	0	1.8934863523573198	5.7285980148883384	9.5854218362283561	15.344913151364763	20.29404466501251	26.500248138957812	pH (control)	0	3.5355339059327882E-2	0.10606601717800122	3.5355339059327251E-2	0.14142135623734642	3.5355339059327882E-2	7.0710678118654502E-2	0	3.5355339059327882E-2	0.10606601717800122	3.5355339059327251E-2	0.14142135623734642	3.5355339059327882E-2	7.0710678118654502E-2	0	24	48	72	96	120	144	7	7.1	7.3000000000000007	7.35	7.55	7.875	8.0500000000000007	pH (O	&	G)	0	7.0710678118654502E-2	0.14142135623734642	0.1767766952965967	0.17677669529663689	0.10606601717806789	0.28284271247469289	0	7.0710678118654502E-2	0.14142135623734642	0.1767766952965967	0.17677669529663689	0.10606601717806789	0.28284271247469289	0	24	48	72	96	120	144	7	7.25	7.5	7.9250000000000007	8.125	8.2750000000000004	8.7000000000000011	Time (Hours)

O&G Removal (%)

pH


Sample (O	&	G)	0	2.7594812307050156	5.6664124887814786	3.2180767911338179	4.6682807944078561	2.2072431310671297	1.1241828957397801	0	2.7594812307050156	5.6664124887814786	3.2180767911338179	4.6682807944078561	2.2072431310671297	1.1241828957397801	0	24	48	72	96	120	144	0	25.741708272568424	38.293728377992963	50.867038836197253	57.31161597842965	66.404773575403908	72.088184936627528	 (Control)	0	0.38548847934711866	0.88254024948076049	1.011417116463958	9.4075815917618724E-2	1.2079012995181997	0.57258662180643038	0	0.38548847934711866	0.88254024948076049	1.011417116463958	9.4075815917618724E-2	1.2079012995181997	0.57258662180643038	0	24	48	72	96	120	144	0	1.3681990476961132	6.6439705138030085	9.0817137662016183	14.005191500029374	21.487581335351489	27.098106974729355	pH (control)	0	3.5355339059327882E-2	0.14142135623724544	7.0710678118655432E-2	0.10606601717800122	7.0710678118655432E-2	0.21213203435593544	0	3.5355339059327882E-2	0.14142135623724544	7.0710678118655432E-2	0.10606601717800122	7.0710678118655432E-2	0.21213203435593544	0	24	48	72	96	120	144	7	7.1249999999999707	7.3000000000000007	7.4	7.5750000000000002	7.85	8	pH (O	&	G)	0	0.10606601717793412	0.14142135623734642	0.35355339059327384	0.10606601717793412	0.14142135623734642	7.0710678118654502E-2	0	0.10606601717793412	0.14142135623734642	0.35355339059327384	0.10606601717793412	0.14142135623734642	7.0710678118654502E-2	0	24	48	72	96	120	144	7	7.2750000000000004	7.5	7.55	7.9750000000000014	8.2000000000000011	8.4500000000000028	Time (Hours)

O&G Removal (%)

pH


Sample (O	&	G)	0	1.602967752983915	1.5874934265547502	0.70622408595347985	1.9469710601537866	0.51300209947098452	0.23455588825330492	0	1.602967752983915	1.5874934265547502	0.70622408595347985	1.9469710601537866	0.51300209947098452	0.23455588825330492	0	24	48	72	96	120	144	0	22.045664490109466	32.342039562127908	39.914009986556444	49.986472536969458	60.040796043787196	70.390246303053559	 (Control)	0	0.45103508166112871	0.43760006856274325	2.141642550221619	0.11869694124373212	3.2653921790179896	0.79875351311510723	0	0.45103508166112871	0.43760006856274325	2.141642550221619	0.11869694124373212	3.2653921790179896	0.79875351311510723	0	24	48	72	96	120	144	0	2.4173884431645827	5.7820667918488411	10.718350069641792	17.488207891422853	25.587587918191229	28.923012980844089	pH (control)	0	3.5355339059327882E-2	0.14142135623724544	7.0710678118655432E-2	7.0710678118654502E-2	0.14142135623729638	0.10606601717793412	0	3.5355339059327882E-2	0.14142135623724544	7.0710678118655432E-2	7.0710678118654502E-2	0.14142135623729638	0.10606601717793412	0	24	48	72	96	120	144	7	7.1249999999999707	7.3000000000000007	7.4	7.55	7.8000000000000007	8.0250000000000004	pH (O	&	G)	0	0.14142135623724544	7.0710678118655432E-2	7.0710678118654502E-2	0.17677669529663689	0.14142135623734642	7.0710678118654502E-2	0	0.14142135623724544	7.0710678118655432E-2	7.0710678118654502E-2	0.17677669529663689	0.14142135623734642	7.0710678118654502E-2	0	24	48	72	96	120	144	7	7.3000000000000007	7.6499999999999995	8.0500000000000007	8.3250000000000028	8.4	8.65	Time (Hours)

O&G Removal (%)

pH


Top	3535533.9059327357	3535533.9059327357	2121320.3435596293	7071067.8118654685	3535533.9059327357	3535533.9059327357	2121320.3435596293	7071067.8118654685	25% v/v	50% v/v	75% v/v	100% v/v	128500000	130500000	161500000	209000000	Middle	11313708.49898476	2121320.3435596293	2828427.1247461922	45961940.77712559	11313708.49898476	2121320.3435596293	2828427.1247461922	45961940.77712559	25% v/v	50% v/v	75% v/v	100% v/v	112000000	119500000	123000000	168500000	Bottom	3535533.9059327357	4949747.4683058364	4242640.6871192856	2121320.3435596293	3535533.9059327357	4949747.4683058364	4242640.6871192856	2121320.3435596293	25% v/v	50% v/v	75% v/v	100% v/v	34500000	34500000	45000000	50500000	Effluent	212132.03435596431	636396.10306789272	989949.49366116652	3040559.1591021544	212132.03435596431	636396.10306789272	989949.49366116652	3040559.1591021544	25% v/v	50% v/v	75% v/v	100% v/v	10350000	12550000	20700000	23150000	Concentration of wastewater (%v/v)

Bacterial Counts
(CFU/mL)


Top	1 mL/min	3mL/min	5mL/min	9mL/min	162000000	220500000	135500000	139500000	Middle	1 mL/min	3mL/min	5mL/min	9mL/min	104000000	124000000	108500000	111500000	Bottom	1 mL/min	3mL/min	5mL/min	9mL/min	35500000	40500000	32500000	32500000	Flow rate (mL/min)


Bacterial counts
(CFU/mL)
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