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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Employing IMBAF generated high qual-
ity feed water for membrane systems. 

• IMBAF reduced sludge production, 
guaranteed water reuse with high 
quality. 

• After 75 days of continuous operation, 
TMP increased about 14% indicating 
low membrane clogging. 

• 99.88% of the influent was recycled, 
and only 0.12% was disposed as sludge.  
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A B S T R A C T   

The use of treated wastewater in addition to solving the problem of water shortage, can increase soil fertility and 
reduce the use of chemical fertilizers. We aim to provide a high-quality effluent to feed membrane system, reduce 
treatment costs and enhance the efficiency of wastewater recycling. All experiments were conducted on a novel 
integrated membrane biological aerated filter (IMBAF) consisting of a down flow cylindrical biological aerated 
filter (BAF) filled by silica and a novel sand-coated polystyrene granules (SCP), followed by ultrafiltration (UF) 
and reverse osmosis (RO) membranes. IMBAF reactor, with 73.6 L volume, was operated for 270 days (in three 
90-day stages) with different conditions of returning backwash water. Accordingly, BAF generated high quality 
water for feeding UF membrane with 94.2%, 68%, 54.4%, 91.2%, and 99.95% of turbidity, 5-day biochemical 
oxygen demand (BOD5), chemical oxygen demand (COD), oil and grease (O&G), fecal coliform (FC) removal, 
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respectively. At the end of stage 3, 99.88% of influent was recycled by UF and only 0.12% was disposed of as 
sludge. The BAF and UF module efficiently promote the quality of water entering RO system. After 75 days of 
continuous operation, the increase in trans-membrane pressure (TMP) and also decrease in RO membrane 
permeability were about 14% and 9.4%, respectively, indicating low clogging of the membrane. The use of BAF 
structure designed in this study increases the wastewater recycling rate, decreases membrane clogging and 
thereby reduces the costs of concentrate disposal and chemical cleaning.   

1. Introduction 

Climate change, population growth, pollution of water resources, 
and reduction of water resources have led people to use new advanced 
technologies for wastewater treatment and reuse (Yao et al., 2021). 
Conventional biological treatment methods cannot efficiently remove 
all contaminants, especially refractory impurities, pathogens, color, 
turbidity, and toxins (Sun et al., 2015; Zielińska et al., 2016; Salehi et al., 
2020), while the regulatory standards set for purifying and reusing 
wastewater have become more stringent (Sagle and Freeman, 2004; 
Mahvi et al., 2008). 

New technologies have also developed existing systems for water 
reclamation or wastewater reuse. Membrane-based systems, including 
reverse osmosis (RO), nanofiltration (NF), ultrafiltration (UF), and 
microfiltration (MF), often used in series, can meet our goals (Huang 
et al., 2020b; Yao et al., 2021). Based on earlier studies, UF can remove 
contaminants such as total suspended solids (TSS), bacteria, and algae, 
as well as some soluble macromolecules like proteins and oil and grease 
(O&G) (Falsanisi et al., 2010; Naghizadeh et al., 2011; Yabalak et al., 
2021). 

Although membrane-based systems have been rapidly developed in 
recent years for wastewater reclamation, they have shown some draw-
backs such as fouling, membrane damage, need for chemical cleaning, 
and RO concentrate disposal (Oron et al., 2008; He et al., 2013; Qu et al., 
2013). 

Membrane units, especially RO, produce a large amount of concen-
trated water, which is commonly discharged into adjacent water bodies, 
and pose a potential threat to aquatic environments (Chen et al., 2020; 
Leaper et al., 2021). Almost all concentrate purification techniques such 
as deep well injection, evaporation ponds, electrodialysis desalination, 
and zero liquid discharge systems are limited in application and very 
expensive in operation (He et al., 2013; Gholizadeh et al., 2018; Qin 
et al., 2022). 

Despite the increasing advances in the use of membrane technolo-
gies, research and experiences in water reclamation demonstrate that 
membrane fouling and damage are major challenges in the successful 
application of membrane-based processes (Xu et al., 2010). Suspended 
and dissolved solids, colloids, algae, and O&G are the major membrane 
fouling factors, reducing membrane lifetime, permeability, and flux 
(Sánchez et al., 2010; Barello et al., 2014; Gholizadeh et al., 2017). 
Moreover, fouling increases trans-membrane pressure (TMP) and finally, 
reduces the treatment process performance (Hasan et al., 2012; Hou 
et al., 2021). Wu et al. (2014) reported that among all fouling agents, 
colloids were of great importance (Wu et al., 2014). A review analysis 
conducted on fifty field studies revealed that the main parameters 
leading to different kinds of fouling mechanisms were related to 
turbidity and organic materials, especially O&G (ranged from 15 to 303 
mg L− 1) and total organic carbon (TOC, ranged from 6.9 to 540 mg L− 1) 
(Alzahrani and Mohammad, 2014). Appropriate pretreatment condi-
tions prolong membrane lifetime and reduce the backwash frequencies 
by improving the quality of membrane feed stream (Qi et al., 2011). 

This study was designed to evaluate the effectiveness of a novel in-
tegrated technology (IMBAF), including an enhanced biological aerated 
filter (BAF) followed by UF and RO membranes. BAF, as a promising 
wastewater treatment technology due to limited land use and increased 
treatment efficiency, has a bed of filter medium providing a high surface 
to grow biomass on it, while the wastewater was pumped up or down 

through the filter (Neshat et al., 2019; Manikandan et al., 2022; Xu et al., 
2022). 

Here, a new media was used to improve the porosity, thereby 
increasing the biofilm formation, and reducing TMP of subsequent 
membranes. Also, for further treatment, BAF and UF effluents were 
returned to the beginning of the process. The objectives of this study 
were: 1) apply a BAF structure to increase the water reclamation effi-
ciency and enhance the removal of pollutants to provide a suitable 
pretreatment for membrane systems; 2) improve membrane systems 
efficiency with emphasis on maximum performance in the generation of 
purified water; 3) reduce chemical cleaning periods; 4) solve the prob-
lem of RO concentrate disposal, and 5) diminish sludge. 

2. Materials and methods 

2.1. Pilot plant configuration 

All experiments were conducted on a reactor consisting of a cylin-
drical down-flow BAF and two series-mounted membranes as illustrated 
in Fig. 1, based on the following descriptions: 

The BAF reactor was made of polyethylene whose volume was 73.6 L 
(25 cm in diameter). It was filled with 20 cm of silica particles with a 
uniformity coefficient of 1.5 and an effective size of 0.25 mm at the 
bottom. Later, 130 cm of novel media, sand-coated polystyrene granules 
(SCP), with a particle size of about 2.5 mm (described in section 2.2) was 
added at the top. A free space of about 30 cm was considered to deal 
with the increased volume of content caused by backwashing. 

The reactor diameter was selected to be about 100 times larger than 
media size to reduce the wall effect on BAF system performance (Moore 
et al., 2001; Nikoonahad et al., 2017). A stainless-steel net with a mesh 
diameter of 0.1 mm was placed between the silica and SCP layers to 
separate them. Micro-bubble air diffusers (Aqua AP-320, England) were 
embedded above the net. An air compressor and a water pump (Etatron, 
Italy) were also applied for the air and water backwashing processes, 
respectively. The air flow rate was controlled using a flow meter. 

During operation, the backwashing process was repeated every 
16–19 days based on the hydraulic head loss in the reactor (15% in-
crease in membrane TMP). Whole BAF and UF backwashing effluents 
were returned to the influent tank in stages 2 and 3 through two pipes 
(Fig. 1) in order to decrease disposal sludge, increase water reuse, and 
create further opportunities for decomposition of pollutants. Thus, the 
excess sludge of IMBAF was expelled only via a valve embedded in the 
influent reservoir tank. UF and RO membranes were installed in series 
after the BAF reactor. 

The hollow-fibre UF membrane used in this study (A726, FilmTec™, 
DuPont) is made of polypropylene with a pore size of about 0.02 μm, 
membrane area of 0.67 m2 and a filtration mode from outside to inside. 
Moreover, the spiral wound RO membrane made of a polyamide thin- 
film (TW30-1812-100HR, FilmTec™, DuPont) with an effective area 
of 0.445 m2 was employed in the reactor. Additional specifications of UF 
and RO membranes are summarized in Table 1. The permeate produc-
tion time for UF membranes was 5 h, followed by a 2-min backwashing 
period. Although the TMP variations were very slight, the mentioned 
production time of the clean permeated water was considered to prevent 
the deposition and damage of UF membrane. These times were chosen 
based on the results of similar studies (Falsanisi et al., 2010; Qi et al., 
2011). 
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Inlet and outlet pressures of RO and UF membranes were measured 
through pressure gauges mounted on the inlet and outlet of the mem-
brane module, respectively. TMP was calculated twice a week as (Sun 
et al., 2015):  

TMP = (inlet pressure + outlet pressure) / 2.                                             

In addition, clean water with a turbidity of about 0.2 nephelometric 
turbidity unit (NTU), supplied from UF permeate reservoir tank, was 
used to backwash UF membrane. 

2.2. Media preparation 

To produce SCP media, a cylindrical steel container was filled with 
dry washed sand with a diameter of about 0.3 mm. The cylinder was 
heated up to about 200 ◦C while it was spinning. Later, polystyrene 
crystal granules (HIPS7240, Tabriz Petrochemical, Iran) with a range 
size of 2–2.5 mm were added to the container. Heating was continued 

Fig. 1. A) Schematic diagram of IMBAF: (1) Influent reservoir tank; (2) BAF; (3) Air diffuser; (4) Air flow meter; (5) Air compressor; (6) Backwashing water pump; 
(7) reservoir of BAF effluent; (8) valve; (9) UF pressure pump; (10) Pressure gauge; (11) UF backwashing pump; (12) UF permeate reservoir; (13) RO pressure pump, 
and B) the actual picture. 

Table 1 
Specifications of UF and RO membranes.  

characteristic Unit RO UF 

Membrane type – Spiral Hollow fiber 
Model – TW30-1812- 

100HR 
PP A-726 

Material – polyamide thin 
film 

Polypropylene 

Total membrane area m2 0.445 0.67 
Nominal pore size μm 0.001–0.0001 0.02 
Wastewater designed flux L 

min− 1 
0.262 1 

Max-feed turbidity NTU 5 50 
Least molecular weight cut-off 

removable 
Dalton – 10000 

Max- TMP psi 150 30  
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until the polystyrene granules reached the annealing point, and sand 
penetrated the outer surface of them. Rotation of the cylinder was 
continued at the ambient temperature for 10 min until it was cool, and a 
uniformly rounded SCP media was formed. Therefore, the outlying 
surface of polystyrene granules was completely covered with sand par-
ticles. Based on the following formulas (Wu et al., 2015), SCP grain 
density, water absorption, and total porosity were about 730 mg L− 1, 
1.5%, and 53%, respectively: 

Grain  density  (kg  m− 3)=
mass  of  SCP  grains 

volume  of  SCP  grains 
(1)   

 Porosity  (%)=
 volume  of  Saturated  water  between  the  grains

 volume  of  SCP  grains 
×100 (3)  

2.3. Feed water characteristics 

The pilot plant was run on the effluent of municipal wastewater 
treatment plant (MWWTP) of Yazd, Iran. This MWWTP treats not only 
the municipal wastewater but also the effluents of some industrial 
plants. The feed flow rate of the pilot plant was 950 L d− 1 throughout the 
study, which was continuously entering the pilot. The quality charac-
teristics of influent entering the pilot have been described in Table 2, 
which is still not suitable for reuse. 

2.4. Experimental procedures 

During the BAF start-up period, approximately 10 g of milk powder, 
100 mL of aerated digestion sludge, and 100 g of the wall sludge of 
intermittent cycle extended aeration system (ICEAS) were used daily for 
developing biological growth for four weeks until it reached a steady- 
state condition. Subsequently, the main experiments started for 270 
days. The operation was divided into three different stages; Stage 1 
lasted from day 1–90 and included operation without recycling back-
wash water. At this point, clean water and the water from backwashing 
BAF were discharged. Stage 2 lasted from day 91–180, in which the 
water from the backwash was recycled. Besides, the effect of BAF 
backwashing effluent on reactor performance was evaluated by 

returning backwashing effluent to the influent tank. Stage 3 lasted from 
day 181–270, during which both backwash water from BAF and UF were 
purified and recycled. In this stage, membrane systems were installed 
next to the BAF reactor. 

Furthermore, the effect of simultaneous return of BAF and UF 
backwash effluents was investigated on BAF reactor efficiency and 
sludge reduction. Considering previous studies (Pramanik et al., 2012; 
Wang et al., 2015; Zielińska et al., 2016), the amounts of organic loading 
rate (OLR), hydraulic loading rate (HLR), hydraulic retention time 
(HRT), and water flowrate were considered at 0.74 kg m− 3 d− 1, 13 m3 

m− 3 d− 1, 60 min, and 0.224 L m− 2 s− 1, respectively. 
In some literature (WU SQ et al., 2011; Feng et al., 2013; Zhang et al., 

2014), air to water ratio (A/W) value was considered as 3–15 in sec-

ondary and advanced wastewater treatments. Given that the influent 
OLR rate was low in this study, the A/W value was considered as 4, 
thereby the average concentration of dissolved oxygen (DO) was about 
5 mg L− 1. The system was operated in the ambient air at a temperature 
range of about 15–35 ◦C. 

Citric acid (pH ≈ 2) and sodium hydroxide (NaOH) solutions (pH ≈
12) were utilized for the acid and alkaline backwashing of the mem-
branes (Tang et al., 2014). The interval between each chemical back-
wash was determined based on the 15% increase in membrane TMP, 
achieved by pressure gauges. 

2.5. Analytical methods 

Samples were regularly collected for BOD5, COD, SCOD, Color, O&G, 
TSS, and Fecal coliform (FC) tests twice a week, while the samples for 
TOC, TDS, Total Kjeldahl Nitrogen (TKN), and Nitrate-NO3 (N–NO3) 
tests were collected two times every month. Turbidity, DO, and tem-
perature parameters were measured daily. Additionally, the gauge 
pressure amounts, as well as volume of permeate and concentrate, were 
determined twice a week to calculate TMP, flux, and permeability. 

Samples were analyzed in terms of BOD5, COD, SCOD, Color, TOC, 
O&G, N–NO3, TKN, TSS, and FC and checked whether they are in 
accordance with the instructions provided by the APHA Standard 
Method or not. Other parameters such as DO, turbidity, conductivity, 
TDS, and pH were also measured using DO meter (WT/330, Yokogawa, 
Japan), turbidity meter (2100 N, Hach, USA), and conductivity/TDS/pH 
multimeter (HQ40d, Hach, USA), respectively. Membrane performances 
were evaluated based on TMP, flux, permeability, and scanning electron 
microscopy (SEM, Stereo Scan LEO, Model-400) analyses. 

In order to evaluate the fluctuations of influent and effluent data of 
the BAF, their standard deviation (SD) was used. A low SD indicates that 
the data points are close to the average, while a high SD shows that the 
data points are spread over a wider range of values. 

2.6. SEM analysis 

After using the reactor for three consecutive months, uncleaned 
membranes were dislodged from the modules. Then, the dried UF and 
RO membrane samples were fractured carefully, fixed on a metal sup-
port, and coated with a thin layer of gold. Eventually, the membrane 
surface morphology was examined using the SEM method under vacuum 
conditions to observe possible damage and fouling of the membrane 
surface layer. 

Table 2 
Characteristics of wastewater entering BAF.  

Parameter Unit Average ± standard 
deviation (SD) 

pH – 7.2 ± 0.15 
Temperature ◦C 18 ± 2 
Turbidity NTU 19.7 ± 8 
TSS mg L¡1 40 ± 11 
chemical oxygen demand 

(COD) 
mg L¡1 57 ± 21 

soluble chemical oxygen 
demand (SCOD) 

mg L¡1 22.1 ± 5.3 

5-day biochemical oxygen 
demand (BOD5) 

mg L¡1 21.2 ± 4 

Nitrate-NO3 (N–NO3) mg L¡1 4.6 ± 1.8 
Total phosphorus (TP) mg L¡1 2.4 ± 0.3 
Color PT-Co 67 ± 26 
Fecal coliform (FC) most probable number 

(MPN)/100 mL 
84 × 105 ± 12 × 104  

Water  absorption  (%)=
1  h  saturated  mass  of  SCP  grains − mass  of  dry  SCP  grains 

mass  of  dry  SCP  bodies
× 100 (2)   
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3. Results and discussions 

3.1. Study of BAF performance 

The BAF reactor was installed before the UF membrane to provide 
high-quality feed flow to the membrane filtration units and solve the RO 
concentrate disposal problem. Based on the data in Table 3, the quality 
of influent is not suitable for entering the membrane systems, while the 
effluent quality of BAF system has been improved to a large extent. For 
example, the average concentrations of some parameters in the BAF 
influent such as turbidity, TSS, BOD5, COD, SCOD, and O&G were 19.3 
NTU, 40.4 mg L− 1, 24.4 mg L− 1, 55.9 mg L− 1, 40 mg L− 1, and 40 mg L− 1, 
respectively. However, these values were reduced to 1.3 NTU, 2.5 mg 
L− 1, 7.8 mg L− 1, 25.5 mg L− 1, 22.5 mg L− 1, and 0.33 mg L− 1 in the 
effluent, respectively. 

Fig. 2a illustrates that the influent turbidity passing through the first, 
second, and third stages varies in the range of 14–25, 13–38, and 14–40 
NTU, respectively. In the effluent, variation decreased greatly and the 
turbidity value was reduced to about 0.9–1.5 NTU for all stages. The 
results of Table 4 also indicate that the average values of influent 
turbidity of the first, second, and third stages were 18.5, 19.2, and 19.8 
NTU; while they were 1.36, 1.40, and 1.43 NTU in the effluent, 
respectively. High turbidity and TSS removal may be attributed to bio-
filtration through a medium that acts as a biological conversion of 
organic matter by the biomass attached to the media and by physical 
trapping of suspended particles (Abou-Elela et al., 2015). SD values of 
influent turbidity were 3.1, 5.2, and 5.9, respectively; but these were 
0.22, 0.20, and 0.23 in the effluent, respectively. Based on the findings, 
SD values were low and very close to each other in the three-stage 
effluent. Low SD values indicate that the data points are close to the 
average, while a high SD value shows that the data points are spread out 
over a wider range of values. 

The periodic peaks of influent turbidity in the second and third 
stages, which were repeated every 16–19 days, are related to the return 
of BAF backwashing effluent (Fig. 2a). It can be concluded from Table 4 
and Fig. 2a that the return of BAF and UF backwash effluent in second 
and third stages did not have a significant effect on the turbidity removal 
efficiency of BAF system. Thus, BAF was able to remove turbidity with a 
high efficiency even in shock conditions. In general, the average removal 
efficiency of BAF was about 94% (Table 3). In addition, the turbidity 
value of 1.3 ± 0.2 NTU provides high quality water in the BAF effluent 
for UF membrane feeding. Huang et al. (2011) investigated the 
biodegradation of natural organic matter (NOM) in a BAF but with a 
different structure compared to our study for treating river water. They 
reported that BAF system can be very effective in removing turbidity and 

TSS if operated properly (Huang et al., 2011). 
Fig. 2b illustrates the trend of BOD5 fluctuations and removal effi-

ciency in all three stages. As shown, the influent BOD5 concentrations 
varied in the ranges of 19–25 mg L− 1, 19–43 mg L− 1, and 18–47 mg L− 1 

in stages 1, 2, and 3, respectively. However, fluctuations were adjusted 
in the effluent, and the concentration decreased to about 8–12 mg L− 1 in 
all three stages. Generally, the average BOD5 removal efficiency was 
around 68% in three stages (Table 3). Comparison among different 
stages (Table 4) indicates that the average values of influent BOD5 
during stages 1, 2, and 3 were 21.2 mg L− 1, 24.9 mg L− 1, and 26.9 mg 
L− 1, respectively. However, these values decreased to 8.91 mg L− 1, 9.42 
mg L− 1, and 9.62 in the effluent, respectively. 

SD values of influent BOD5 concentration were 1.2, 7.7, and 9.9 in 
stages 1, 2 and 3, respectively. These values were very close to each 
other in three stages (i.e., 1.2, 1.8, and 1.8, respectively). Comparison of 
the three stages shows that the average BOD5 concentration of influent 
and SD scores in the second and third stages was higher than the first 
one, but these values were very close in the three stages. The system 
could tolerate organic shocks caused by the return of BAF and UF 
backwashes. Therefore, the reactor performance was appropriate for the 
decomposition of biodegradable materials. 

Fig. 2c shows the concentration of SCOD in the influent, which were 
31–44 mg L− 1, 32–59 mg L− 1, and 31–66 mg L− 1 in stages 1, 2, and 3, 
respectively. However, the variability of effluent SCOD concentration 
decreased largely to about 19–26 mg L− 1, 18–29 mg L− 1, and 18–31 mg 
L− 1 for the three stages, respectively. According to Table 4, the average 
SCOD values in the influent for stages 1, 2, and 3 were 37.4, 40.8, and 
42.4 mg L− 1, respectively. These rates were 22.1, 22.8, and 23.17 mg 
L− 1 in the effluent, respectively. It can be observed that the SD values for 
the influent SCOD concentrations were 3.7, 8.2, and 11; while they were 
2.22, 2.9, and 3.8 in the effluent, respectively. Therefore, the SD value 
related to SCOD concentrations in the influent of stages 2 and 3 was 
much higher than that of stage 1. In the effluent, although there is a 
slight difference between the SD values of SCOD in stages 1, 2 and 3, the 
values are very close to each other. Lack of a significant difference 
among SD values in different stages of BAF indicates that the system can 
successfully remove recalcitrant materials returned to stages 2 and 3 
through BAF and UF backwashing process. In addition, the overall 
average removal efficiency of 44% during all stages (Table 3) shows that 
the BAF used in IMBAF system was able to eliminate nearly half of the 
recalcitrant materials, which were not removed in the secondary treat-
ment by ICEAS. 

The O&G removal efficiency during the three stages is shown in 
Fig. 2d. The recorded results indicate that influent O&G concentrations 
were 24–61, 17–60, and 22–65 mg L− 1 in stages 1, 2, and 3, respectively. 

Table 3 
Averagea concentration of parameters in influent and effluent and removal efficiency in each section of IMBAF system.  

Parameter BAF UF RO 

influent effluent efficiency (%) Permeate efficiency (%) permeate efficiency (%) concentrate 

Turbidity (NTU) 19.3 ± 4.9 1.3 ± 0.2 94.2 0.2 ± 0.05 81.8 0 100 1.8 ± 0.5 
TSS (mg L− 1) 40.4 ± 9.1 2.5 ± 0.4 94.2 0.35 ± 0.1 86 0 100 2.5 ± 0.1.1 
BOD5 (mg L− 1) 24.4 ± 7.4 7.8 ± 1.6 68 5.8 ± 1.2 29 NDb – 14 ± 3 
COD (mg L− 1) 55.9 ± 10 25.5 ± 3 54.4 19 ± 2 25 ND – 51 ± 8 
SCOD (mg L− 1) 40 ± 8.3 22.5 ± 3.2 44 18 ± 2 18 ND – 45 ± 8 
TOC mg L− 1) 10.8 ± 3.4 5.8 ± 1.2 46.3 4.6 ± 0.6 17 0.63 ± 0.12 95 9.8 ± 2.2 
O&G (mg L− 1) 40 ± 0.1 0.33 ± 0.1 91.2 0.15 ± 0.1 54 ND – 0.28 ± 0.1 
Fecal coliform (MPN/100 mL) 84 × 105± 32 × 105 4200 ± 1800 99.95 (6.9 Log) 0 100 0 – 0 
Conductivity (μs cm− 1) 1300 ± 140 1303 ± 153 NCc 1215 ± 137 6 108 ± 13 96 2950 ± 240 
TDS (mg L− 1) 955 ± 109 954 ± 102 NCc 911 ± 98 5 61 ± 4 97 2381 ± 173 
pH 7.2 ± 0.17 7.1 ± 0.12 NCc 7.3 ± 0.14 – 7.7 ± 0.2 – 7.6 ± 0.3 
Color (Pt⋅Co) 67 ± 10 43 ± 5.16 35.8 28 ± 3 34 0 100 63 ± 13 
TKN (mg L− 1) 9.3 ± 3.2 2.45 ± 0.56 73 2.1 ± 0.4 14 0.23 ± 0.15 94 5.1 ± 0.92 
N–NO3 (mg L− 1) 4.6 ± 1.4 5.6 ± 1.2 21 4.5 ± 1.1 19 0.5 ± 0.25 85 11.45 ± 1.12  

a Average of three stages. 
b Not detected. 
c Not calculated: variations are certainly related to seasonal changes. 
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Fig. 2. The BAF time course of influent, effluent, and removal efficiency of turbidity (a), BOD5 (b), SCOD (c), O&G (d), and color (e) during the study stages.  
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However, with a great removal efficiency of 91.2% (Tables 3 and 4), the 
effluent concentration reached about 0.3 mg L− 1 after three stages. 
Similar investigations reported that the O&G removal rate in the BAF 
reactor during tertiary treatment was about 70% (Ordóñez et al., 2011; 
Abou-Elela et al., 2015), which is much less than the efficiency obtained 
in our study. Also, a similar study showed oil removal efficiencies of 
54.6–80% during the treatment of synthetic oily wastewater in an aer-
obic batch reactor (Sanghamitra et al., 2020). In the second and third 
stages, some shocks were observed (Fig. 2d). However, most of them do 
not match with the BAF backwash time. So, these generated peaks 
cannot be attributed to the regular backwash process, which was per-
formed once every 16–19 days. These fluctuations may be due to some 
industrial activities discharging their sewage periodically into the 
sewage network, or due to the cross-sectional problems in the ICEAS. 
The effluent O&G concentrations in tertiary treatment of similar studies 
were much higher than those obtained in this study. As mentioned 
earlier, the BAF used in this system withstood O&G shocks well. Thus, it 
can be concluded that the SCP rock surface layer temporarily absorbs 
O&G to be further degraded by biomass. 

Fig. 2e and Table 4 represent that the influent color concentration in 
stages 1, 2, and 3 was 49–80 (average 65.7), 58–107 (average 66.9), and 
61–109 (average 68.1) Pt–Co, respectively. However, these were 35–48 
(average 42.3), 33–61 (average 42.1), and 34–66 (average 43.3) Pt–Co 
in the effluent. All peaks of color concentration that happened in the 
second and third stages were matched with those related to backwashing 
time. 

SD values for influent color concentrations were 7.92, 9.73, and 
11.52; while, they were 4.6, 5.4, and 5.6 for the effluent, respectively. 
The fact that SD values in the effluent are lower than influent in all three 
stages shows that BAF system can control some color shocks caused by 
backwashing process in stages 2 and 3. Despite the high concentration of 
influent color, the removal efficiency of about 43% in BAF system is 
considerable (Table 3). Field research indicated that such wastewater 
usually enters ICEAS plant from the textile industries (Al-Tohamy et al., 
2022). Since the colors used in the textile industry are durable materials, 
the relatively low efficiency of BAF in color removal may be due to the 
presence of textile color (He et al., 2013; Howlader et al., 2022). It was 
also emphasized that biological decomposition of textile colors is diffi-
cult, because of the presence of double bond AZO groups –N––N- or 
double bonds of C = C, which are connected to aromatic rings in the 
color structure (He et al., 2013). 

Table 3 shows that the removal efficiency of Fecal coliform (FC) was 
about 99.95% (approximately 6.9 log). Furthermore, the number of 

influent FC was 32 × 105 ± 4 × 105 MPN, which reached to about 4200 
± 1800 MPN in the effluent. The amount of TKN, which was about 9.3 ±
3.2 mg L− 1 in the influent, decreased to 2.45 ± 0.56 mg L− 1 in the 
effluent (approximately 73% removal). 

Results of an investigation about the role of DO concentration on 
pollutant removal in BAF system represented that the highest decrease 
of TKN and NH4–N was in a DO concentration of about 4.2 (Liu et al., 
2008). The relatively appropriate removal of TKN by BAF reactor in the 
present study can be attributed to the suitable concentration of DO (5 
mg L− 1). Therefore, multiple sequential shocks caused by BAF and UF 
backwashing did not affect the efficiency of BAF reactor. Shock toler-
ance and its high efficiency, especially in removing turbidity, BOD5, 
SCOD, and O&G can be related to high porosity, rough surface, abun-
dant irregular holes, relatively small size and very extensive specific 
surface area of the SCP media (171623 m2 m− 3). Since high porosity 
increases HRT (Pramanik et al., 2012), rough surface reduces the ve-
locity of pollutants and increases the contact probability of pollutant 
with biological agents for biodegradation as well as biofilm develop-
ment (Abou-Elela et al., 2015). In addition, the smaller media size leads 
to better filtration to remove turbidity and TSS (Moore et al., 2001) and 
its unique specific surface area per volume provides large surface area 
for biological growth (Huang et al., 2011; Zhao et al., 2014; Abou-Elela 
et al., 2015). 

3.2. Study of membrane performance 

In stage 3, the flux, permeability, and TMP were regularly controlled 
to investigate the effect of BAF pretreatment on fouling phenomenon 
and membrane efficiency. Turbidity, O&G, and such pollutants that clog 
membranes and impede water passage increase TMP (Ordóñez et al., 
2011). To maintain membrane safety, when the TMP of each membrane 
increased to about 15%, their operation was stopped, and they were 
chemically cleaned. Fig. 3a shows the flux, permeability, and TMP trend 
of UF membrane during stage 3. This figure indicates that TMP values 
before and after each backwash were similar from day 180–187, 
meaning that the membrane fouling was very low; so, the TMP value did 
not increase and remained approximately constant. From day 187–237, 
TMP levels had an increasing trend before and after each backwash. 
However, the amount of TMP decreased significantly after each back-
wash due to the removal of some blocking agents. 

Although the amount of TMP decreased from day 237–255 after each 
backwash, the slope of TMP increment diagram after the backwash was 
higher than previous days (days 187–237). In other words, despite the 
backwash process, parts of the fouling agents, such as sticky materials, 
have not yet been removed from the UF membrane. The phenomenon of 
irreversible fouling occurs due to the presence of some organic matter 
such as fat, oil, gel agents due to biological growth and penetration of 
some turbidity factors into the depth of membrane. In such conditions, 
this phenomenon should be resolved by chemical washing (Sun et al., 
2015). Eventually, on the 255th day, chemical washing of UF membrane 
caused a sharp decrease in TMP, so its value turned down again to 0.52 
bar. 

When TMP returned to normal, the UF permeability increased and 
reached the first conditions, i.e., 0.56 L m− 2 h− 1 bar− 1. From day 255 
until day 270, TMP values before and after the backwashes were almost 
the same, and their increase was negligible. Fig. 3a shows that the in-
crease in UF membrane TMP was only about 0.07 bar without chemical 
cleaning after 75 days of operation. However, in previous similar studies 
using UF membranes for water treatment, the TMP increased to 0.7 bar 
after 5 working days (Ordóñez et al., 2011), 1 bar after 14 days (Falsanisi 
et al., 2010), and 0.7 bar after 30 days (Wang et al., 2011). A comparison 
between our findings and those reported in the literature showed that 
the current research had better results in the backwash interval, TMP, 
and dependence on chemical cleaning. 

These results were expected since the novel BAF system was applied 
as a pretreatment in this study, removing 94.2% of turbidity, 68% of 

Table 4 
Average and SD of influent and effluent pollutant concentration in different 
stages of BAF.  

Parameters Stages Influent Effluent 

Average ± SD Average ± SD 

Turbidity (NTU) Stage 1 18.5 ± 3.1 1.36 ± 0.22 
Stage 2 19.2 ± 5.2 1.40 ± 0.20 
Stage 3 19.8 ± 5.9 1.43 ± 0.23 

BOD5 (mg L− 1) Stage 1 21.2 ± 2.1 8.91 ± 1.2 
Stage 2 24.9 ± 7.7 9.42 ± 1.8 
Stage 3 26.9 ± 9.5 9.62 ± 1.8 

COD (mg L− 1) Stage 1 52.5 ± 5.3 25.44 ± 2.3 
Stage 2 56.9 ± 10.1 26.52 ± 3.0 
Stage 3 58.2 ± 13.7 26.68 ± 3.6 

SCOD (mg L− 1) Stage 1 37.4 ± 3.7 22.1 ± 2.22 
Stage 2 40.8 ± 8.2 22.8 ± 2.9 
Stage 3 42.4 ± 11.0 23.17 ± 3.8 

O&G (mg L− 1) Stage 1 38 ± 0.93 0.35 ± 0.07 
Stage 2 34 ± 0.11 0.31 ± 0.10 
Stage 3 40 ± 0.99 0.31 ± 0.06 

Color (Pt⋅Co) Stage 1 65.7 ± 7.92 42.3 ± 4.6 
Stage 2 66.9 ± 9.73 42.1 ± 5.4 
Stage 3 68.1 ± 11.52 43.3 ± 5.6  
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BOD5, 54.4% of COD, 91.2% of O&G, and 99.95% of FC (Table 3), and 
providing very high quality water in UF membrane for feeding RO. 
Table 3 also indicates that the UF permeate is quite clear and the 
amounts of important contaminants such as turbidity, TSS, O&G, and 
FC, which may cause fouling in RO membrane were reduced to 81.8%, 
86%, 54%, and 100%, respectively. In addition, their concentrate in UF 
effluent reached 0.2 ± 0.05 NTU, 0.35 ± 0.1 mg L− 1, 0.15 ± 0.1 mg L− 1, 
and 0 MPN, in terms of turbidity, TSS, O&G, and FC, respectively. 

Fig. 3b represents the trend of flux, permeability, and TMP of RO 
membrane during the experiment. TMP has gradually but continuously 
increased at each interval between each chemical cleaning. Over a 
period of about a month, its value increased from 6 bar to 6.8 bar, i.e. 
about 15%. Similar studies reported about a 60% increase in TMP (Wang 
et al., 2011), which is much more than the amount obtained in our 
study. Therefore, the increase in TMP of only about 15% over a 
one-month period can be attributed to the high quality of RO feed water 
in the study. Comparing the quality of feed water (Table 3) with the 
instructions for operation and maintenance of polyamide thin-film 
composite used in this study (Wang et al., 2011) shows that feed 
water quality is much better than the instructions. Fig. 3b reveals that an 
increase in TMP is always associated with a relative decrease in flux and 
permeability. In other words, the amount of flux declines by about 24%, 
from 15.9 L m− 2 h− 1 to 12.1 L m− 2 h− 1 and the value of permeability by 
about 13.3%, from 2.65 L m− 2 h− 1 bar− 1 to 2.30 L m− 2 h− 1 bar− 1 in each 
period. However, after each chemical cleaning, the flux, permeability, 
and TMP returned to their original states instantly. 

The effects of chemical cleaning on membrane life are not quite 
clear. The use of chemicals and disinfectants leads to the generation of 
disinfection byproducts with various health and environmental effects 
(Barello et al., 2014). Therefore, the use of appropriate technology in 
pretreatment stage decreases chemicals, energy consumption, and 
product disinfection, and on the other hand, increases membrane life, 
and finally prevents the disposal of obsolete membranes to environment 
as waste (Aguiar et al., 2018; Huang et al., 2020a). 

3.3. Study of RO concentrate disposal 

As mentioned earlier, the BAF reactor was applied in the novel 
IMBAF system as the pretreatment of membranes and solved the prob-
lem of RO concentrate disposal. Results of Table 4 show that the con-
centrations of important environmental pollutants, such as TSS, BOD5, 
COD, N–NO3, FC, and color in RO concentrate were 2.5 ± 1.1 mg L− 1, 14 
± 3 mg L− 1, 51 ± 8 mg L− 1, 11.42 ± 1.12 mg L− 1, 0 MPN/100 mL, and 
63 ± 13 Pt–Co, respectively, while the standard limits of the local 
effluent discharge are COD ≤60 mg L− 1, BOD5 ≤ 30 mg L− 1, TSS ≤50 
mg L− 1, color ≤75, O&G ≤ 10 mg L− 1, FC ≤ 400 MPN/100 mL, N–NO3 ≤

50 mg L− 1 (Metcalf et al., 2014). Therefore, the BAF reactor used in this 
study not only provides a stable feed flow for high quality membrane 
filtration but also allows direct emission of RO concentrate in accor-
dance with the local discharge limits of water pollutants. 

The RO concentrate quality was as follows: TSS ≤5 mg L− 1, 
turbidity≤10 NTU, FC ≤ 14 MPN/100 mL for irrigation of processed 
crops and BOD5≤ 30 mg L− 1, TSS≤ 30 mg L− 1, FC ≤ 200 MPN/100 mL 
for irrigation of the restricted landscapes. Comparison of RO concentrate 
quality with recommendations of environmental protection agency 
(EPA) shows that the RO concentration is suitable for irrigation of the 
processed agricultural crops and restricted landscapes. Meanwhile, the 
relatively high electrical conductivity (EC, 2950 ± 240 μs cm− 1) clas-
sifies RO concentrate as brackish water, which requires the planting of 
salinity-resistant plants and trees, such as pistachios and alfalfa. 

3.4. SEM studies of the UF and RO membranes 

To investigate the membrane morphology, the UF and RO membrane 
surface and pore structure were observed by SEM in Fig. 4A-D. 
Accordingly, the UF hollow-fibre configuration is still thoroughly intact 
and its surface is smooth. Furthermore, at greater magnification ratios, 
its pore structure is clearly visible in Fig. 4B. Due to the membrane 
fouling types and mechanisms developed by earlier researchers 

Fig. 3. Trends of TMP, flux, and permeability of UF (a) and RO (b) during operation time.  
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(Konsowa et al., 2013; Zuo et al., 2014), blocking pores is the primary 
and most important phase of fouling. However, we did not observe any 
UF membrane pore blockage despite three months of continuous oper-
ation (Fig. 4B). Fig. 4B also illustrates no change or damage in the pore 
size. Fig. 4C and D represent the fouled and porous structure of RO 
membrane, respectively. It can be observed clearly from Fig. 4C that the 
cake layer of RO membrane is cracked due to reversible deposition (Sun 
et al., 2015). So, it is easily removable from the membrane surface. Also, 
the oily contaminants are not presented in cake compositions, because 
they play in the deposition of oily and inorganic ions in the formation of 
sticky scales on the membrane surface (Zuo et al., 2014). These obser-
vations are consistent with low O&G levels in BAF effluent (Table 4). By 
considering Fig. 4D, the pore structure of RO membrane remains intact. 
It can be concluded that since the BAF system can provide a proper 
influent for membrane system, no membrane damage was observed and 
fouling was slight in the IMBAF system application. 

4. Conclusions 

The results of our study demonstrated that the suggested design 
provided high-quality physical, chemical, and biological BAF effluent to 
feed the membrane system. The return of BAF effluent and UF reverse 
membrane backwash water to the BAF reactor increased the efficiency 
of clean water production and removed more contaminants while 
causing an OLR shock. However, it had no significant effect on BAF 
reactor efficiency. About 99.87% of the BAF influent was recycled in the 
UF membrane effluent; only 0.12% of sludge was produced and 
excreted. After 75 days of continuous operation, the TMP of RO mem-
brane increased by only about 14% and membrane permeability rate 
declined only 9.4%, indicating high efficiency of the pretreatment pro-
cess. Chemical cleaning in UF membrane decreased significantly due to 
high removal of fouling agents by BAF reactor as a pretreatment. 

Accordingly, the application of IMBAF system generated feed water of 
high quality for membrane systems, reduced sludge production, guar-
anteed water reuse with high quality, and solved the problem of RO 
concentrate disposal. 
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