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Treatment of High-Strength Synthetic Textile Wastewater through 1 

Anaerobic Osmotic Membrane Bioreactor and Effect of Sludge 2 

Characteristics on Flux  3 

Highlights 4 

❖ High-strength synthetic textile wastewater treated in anaerobic osmotic membrane 5 

bioreactor. 6 

❖ Forward osmosis membrane caused longer retention of dyes in anaerobic reactor.  7 

❖ Both chemical oxygen demand and color removal above 91% was achieved.  8 

❖ Mixing caused floc breakdown and release of extracellular polymeric substances. 9 

❖ Osmotic backwashing proved promising with 61-88% flux recovery.  10 

Graphical Abstract 11 

 12 

  13 
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Abstract 14 

Anaerobic osmotic membrane bioreactor (AnOMBR) system was evaluated for the treatment 15 

of high-strength synthetic textile wastewater. The chemical oxygen demand (COD) 16 

concentration was above 3000 mg/L and color above 1300 Pt-Co in the synthetic textile 17 

wastewater. The study was divided into 6 cycles of roughly 9 days each. Mono ammonium 18 

phosphate (MAP) with 1 M concentration was used as draw solution (DS). Average COD and 19 

color removal efficiencies from anaerobic bioreactor were 57 ± 5 and 43.7 ± 6% respectively, 20 

however, in OMBR permeate these parameters were improved to 91 ± 4 and 91 ± 2%, 21 

respectively. After each cycle, membrane cleaning was performed using osmotic backwashing 22 

for 3 hours, which produced flux recovery values between 88 to 61% from cycle 2 to 6, 23 

respectively. High mixing speed of the stirrer bar (600 rpm) in the bioreactor produced a greater 24 

shear force causing a reduction in average sludge particle size from 10 to 3.5 µm. It increased 25 

the release of soluble microbial products (SMP) and extra polymeric substances (EPS) to cause 26 

an initial flux decline from 3.3 to 2.2 LMH from cycle 1 to cycle 6. The study proved AnOMBR 27 

as a promising technology for high-strength synthetic textile wastewater treatment.  28 

Keywords 29 

Textile wastewater; Anaerobic osmotic membrane bioreactor; Fertilizers draw solute; Sludge 30 

characteristics 31 
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1. Introduction 32 

Textile industry is one of Pakistan's major industries and provides substantive contribution 33 

(about 65%) in overall country’s export (Siddique et al., 2017). The textile industry is 34 

characterized by the large quantity of water consumption and various toxic chemicals like 35 

detergents, caustic soda, dyes, heavy metals, fixing agents, sizing agents, oils, latex, glues, and 36 

many other in-organics. Wet processes generate plenty of wastewater, and in developing 37 

countries like Pakistan, the highly polluted textile wastewater directly discharges into 38 

freshwater bodies, which is adversely affecting human and aquatic life. There are some other 39 

critical environmental challenges associated with the textile effluents like, an increase in 40 

chemical oxygen demand (COD), high coloration and considerable suspended solids. The main 41 

constituent of textile wastewater is textile dyes, mostly synthetic in nature and highly soluble 42 

in water (Aydiner et al., 2019). Due to inefficiencies in the dyeing process, an immense 43 

concentration of these dyes (10-15%) flows in the effluent streams (Asgher et al., 2006). These 44 

dyes are classified on the basis of their i) color-producing parts (chromophore) like azo 45 

(−N=N−), carbonyl (−C=O), and ii) auxo-chrome groups like amino group (−NH2), carboxyl 46 

(−COOH), and hydroxyl (−OH) (Holkar et al., 2016). Treatment of dyes is of core concern, as 47 

they generate pollutants that may affect marine life because of oxygen consumption (Shoukat 48 

et al., 2019; Madhav et al., 2018). Some leading textile clients are pushing the industries to go 49 

towards zero discharge of hazardous chemicals. Also, they do not accept chemical treatment 50 

as a secondary treatment of dyeing water due to the production of environmentally harmful 51 

sludge residues (ZHDC, 2019). So, only those treatment technologies that can use biological 52 

and physical process could be a suitable option. In past studies, it was also revealed that some 53 

dyes are very stable against aerobic biological treatment and need long hydraulic retention 54 

times (HRT) to degrade in aerobic reactors, which results in high aeration cost and energy 55 

consumption (Nawaz & Ahsan, 2014). So, it is preferable to use anaerobic systems for textile 56 

wastewater treatment because an anaerobic environment helps in breaking strong bonds among 57 

dye molecules. Advantages of anaerobic processes involve less sludge production and less 58 

energy requirement due to the absence of aeration requirement (Lin et al., 2013). 59 

Osmotic membrane bioreactor (OMBR) is a process that combines biological treatment 60 

with membrane filtration. Water permeates from a low saline feed solution (FS) at the sludge 61 

side to a high saline draw solution (DS) across a semi-permeable submerged forward osmosis 62 

(FO) membrane (Cath et al., 2006; Shu et al., 2016). This process is considered energy efficient 63 
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because of natural osmotic pressure as a driving force through the membrane. Because of the 64 

non-porous nature of FO membranes, they can retain hydrolyzed organic contaminants 65 

(HOCs), which are generally smaller in size and cannot be retained by micro-filtration (MF) or 66 

ultra-filtration (UF) membranes (Moser et al., 2019). Retention of HOCs in a bioreactor 67 

ultimately enhances their biodegradability and permeate quality (Achilli et al., 2009). 68 

OMBRs have been investigated for many applications like domestic wastewater 69 

treatment, oil refinery effluent treatment, pre-concentration of low concentration wastewater, 70 

and tannery wastewater treatment (Luján-Facundo et al., 2018; Moser et al., 2019). However, 71 

the advantages of anaerobic treatment and OMBR were coupled for the first time by Gu and 72 

co-workers for low-strength wastewater treatment at mesophilic conditions (Gu et al., 2015). 73 

AnOMBR has several advantages like less fouling propensity due to the absence of hydraulic 74 

pressure, methane generation, and non-porous FO membranes to increase carbon, nitrogen and 75 

phosphorous removal (Hou et al., 2017). Also, FO membranes have great potential for heavy 76 

metal ion removal in wastewater treatment. Cui and co-workers reported that water fluxes 77 

around 11 L/m2/h (LMH) were harvested with heavy metals rejections of more than 99.5% 78 

when employing 1 M Na–Co–CA as the DS to process 2000 ppm (1 ppm=1 mg/Lmg/L) heavy 79 

metal solutions at room temperature. The high rejection of heavy metal ions by the FO process 80 

ensures that the permeate of OMBR has no heavy metals concentration (Cui et al., 2014). 81 

Till now, there are only a few studies available in the literature on hybrid forward 82 

osmosis and anaerobic membrane bioreactor AnOMBR) such as Chen et al. (2014) studied the 83 

performance of submerged An-OMBR at 25 0C for the treatment of synthetic wastewater. This 84 

process exhibited greater than 96% organic carbon removal, nearly 100% of total phosphorus, 85 

and 62% of ammonia-nitrogen, respectively, and achieved at around 3.5 LMH in one cycle. 86 

Similarly, Gu et al. (2015) studied the development of An-OMBR for low-strength wastewater 87 

treatment at the mesophilic condition. This study showed good and stable removal of soluble 88 

COD and nearly complete removal of total phosphorous. Kim et al. (2016) studied the 89 

performance of fertilizer driven An-OMBR impact of different draw solutions on flux, micro 90 

pollutants removal, high strength anaerobic digestion effluent, and results showed that 91 

ammonium sulfate and MAP were the most appropriate for An-OMBR. Wang et al. (2017) 92 

studied the integration of MF with An-OMBR. The results indicated that the MF membrane 93 

effectively prevented salt accumulation in the bioreactor. The stable salinity level (within the 94 

range of 2.5–4.0 mS/cm) facilitated the An-MF-OMBR to achieve a long-term continuous 95 

operation and a higher methane production compared with a conventional AnOMBR. Only one 96 

study is available that evaluates the removal of a single acidic dye from medium strength 97 
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wastewater (Li et al., 2018). No study is available in the literature that evaluates the efficiency 98 

of AnOMBR for high-strength textile wastewater treatment due to its complex nature.  99 

Different types of draw solutes have been used for the FO process in previous studies 100 

(Ding et al., 2019; Long et al., 2018). Among those, fertilizers-based DS is preferred because 101 

they do not need regeneration and diluted DS can be directly used for crop fertigation or after 102 

suitable dilution with less freshwater (Li et al., 2017; Phuntsho et al., 2011, 2012). This can 103 

save a substantial amount of fresh water required for fertilizer dilution, especially in areas 104 

where the textile industry exists on the premises of agricultural lands. Although fertilizers 105 

generate less water flux than conventional inorganic DS, their reverse solute transport is 106 

significantly less due to their big size molecules (Adnan et al., 2019). Due to these reasons, 107 

fertilizers-based DS could be of vital importance in AnOMBR systems. Kim et al. (2016) and 108 

Adnan et al. (2019) examined the selection procedure for different fertilizer-based DS. They 109 

found that Mono ammonium phosphate (MAP) has the potency to be the most suitable DS for 110 

submerged FO process among those fertilizers DS. As MAP showed less reverse solute 111 

accumulation with better water flux production and highest biogas production. Properties of 112 

sludge inside the bioreactor are critical for the overall performance of the AnOMBR. It has 113 

been established that due to prolonged retention of contaminants, the concentration of proteins 114 

and carbohydrates increases inside anaerobic membrane systems, which may help increase in 115 

membrane biofouling (Jegatheesan et al., 2016). In addition, the hydrodynamic conditions in 116 

OMBR are key factors deciding the nature of sludge inside the tank (Nawaz et al., 2019). 117 

Hence, a proper understanding of sludge characteristics is vital in AnOMBRs.  118 

 In this research, both the application aspect of AnOMBR and operational parameters are 119 

studied and correlated. We investigated the effectiveness of an AnOMBR, for the first time, 120 

for treating high-strength synthetic textile wastewater (COD > 3000 mg/L and Color > 1300 121 

Pt-Co unit) simulating real textile wastewater. The submerged AnOMBR system was 122 

continuously operated for the draw solutions MAP until the minimum flux (around 1 LMH) 123 

was obtained, or the conductivity of the bioreactor reached about 25 mS/cm. Hypothesis of the 124 

study revolved around the fact that AnOMBRs have the distinct advantage necessary to degrade 125 

textile dyes i.e. longer retention time in bioreactor due to FO membrane rejection. Dyes and 126 

organics removal were measured inside the bioreactor and in final FO permeate to establish 127 

individual unit operations efficiency. Sludge characteristics were measured from various 128 

perspectives, and their trends were monitored over the whole study period. The link between 129 

different sludge properties and overall flux through AnOMBR was investigated. Chemical-free 130 
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osmotic backwashing based membrane cleaning methodology is also modified and 131 

implemented in the study. 132 

2. Materials and methods  133 

2.1. Experimental setup 134 

The schematic diagram of laboratory scale AnOMBR setup is shown in supplementary 135 

data Appendix 1, respectively. The actual picture of the AnOMBR setup is shown in Figure 1. 136 

A bench-scale AnOMBR having a total volume of 4.90 L (H × W × L = 35 cm × 10 cm × 14 137 

cm) and an effective volume of 3.64 L (H × W × L = 26 cm × 10 cm × 14 cm) was used in this 138 

study. For maintaining anaerobic conditions, pure nitrogen gas was purged after every cycle at 139 

a gas flow rate of 1 L/min to maintain anaerobic conditions. A biogas collection bag with a 140 

capacity of 1 L was attached to the reactor to collect any biogas produced during the anaerobic 141 

treatment. The bag was made with a new devex multi-layer material (Dalian, China). A 142 

magnetic stirrer (PC-420D, Corning, USA) was set up at the base of the bio-tank at 600 rpm to 143 

create mixing in the sludge and maintain a shear force on the membrane surface to reduce 144 

membrane fouling. The stirrer rotational frequency was optimized to achieve maximum mixing 145 

inside the tank from bottom to top due to the reactor's taller rectangular shape. MAP was 146 

continuously circulated as a DS through a peristaltic pump (BT 300-2J, Longer, China) with a 147 

flow rate of 500 mL/min (29 cm/s). It has a chemical formula of NH6PO4 and a molecular 148 

weight of 115 g/mol. DS tank was set on a top-loading balance (UX6200H, Shimadzu, Japan), 149 

having a capacity of a maximum 6.2 kg, linked with a computer to ascertain the flux through 150 

the FO membrane every five minutes and flux was calculated in LMH. A peristaltic pump (BT 151 

300-2J, Longer, China) connected with the relay unit (LLC 101 X, Micro Max, Iran) was fitted 152 

to maintain the bioreactor's wastewater level. The DS and bioreactor's conductivity was 153 

measured daily using a conductivity meter (Con 110, Oakton, Australia). The osmotic pressure 154 

of FS and DS was calculated using OLI Stream Analyzer 3.2 (OLI System Inc., Morris Plains, 155 

NJ, US) (Kim et al., 2015). 156 

2.2. Membrane and membrane module 157 

FO module with an effective membrane area of 400 cm2 was submerged in an anaerobic 158 

bioreactor. The module was 25 cm in height and 10 cm in length. A membrane was attached 159 

on both sides of the module to make a closed channel for DS. The module was designed and 160 

fabricated indigenously. The module picture is shown in Appendix 2. To enhance the contact 161 

time of DS within the module, 5 baffles were provided, each having a thickness of 0.6 cm. The 162 



7 

 

cellulose triacetate (CTA) forward osmosis membrane (Hydration Technologies Inc., USA) 163 

with an orientation of active layer facing the feed side (AL-FS) was used, because this 164 

orientation is considered less susceptible to fouling (Tang et al., 2010). The pure water 165 

permeability coefficient (A) of the membrane was 1.17 LMH/bar, solute permeability 166 

coefficient (B) was 0.98 LMH, and structural parameter of support layer (S) was 473 µm. 167 

Permeability coefficient during the membrane bioreactor's operation was determined by using 168 

Equation (1) 169 

               A= 
Jw

(πD− πF)
                                                                                (01) 170 

Where Jw is flux in LMH, ℼD is osmotic pressure of DS, and ℼF is osmotic pressure of FS in 171 

bars. Flux values for each day has given in Figure 2 and osmotic pressure of DS can be 172 

considered constant for each day i.e., 45 bars, as new DS was replaced daily. Osmotic pressure 173 

for FS changed daily due to conductivity increase which was calculated using OLI software. 174 

Throughout the study, there was no damage or leakage observed on the membrane, and it shows 175 

the stability of the membrane and good stickiness over the module. Since the membrane was 176 

glued firmly over the module, it was not possible to do any imaging, and hence it was not 177 

performed. 178 

2.3. Experimental procedure 179 

During the operational period, the AnOMBR was operated at ambient laboratory 180 

temperature of 27 ± 4°C. HRT of the system was initially 16 hours, and then it increased later 181 

due to the flux drop in the system. However, in a semi-continuous FO system, HRT is not 182 

controllable. Anaerobic seed sludge was sourced from an anaerobic continuous stirred tank 183 

reactor (CSTR) at the water and wastewater laboratory of the Institute of Environmental 184 

Sciences & Engineering (IESE), NUST. Sludge was acclimatized with the same synthetic 185 

textile feed for about two months before starting the AnOMBR operation. During the operation 186 

of AnOMBR, the sludge retention time (SRT) of the system was 60 days. Same SRT is reported 187 

in other studies as well (Wang et al., 2018). Feed solution was pumped into the reactor with 188 

level sensor and relay arrangement, controlled by the bioreactor's liquid level as shown in 189 

Figure 1. All experiments were started with 1M MAP solution with a volume of 1L. After every 190 

23.5 hrs the DS pump was stopped, and the diluted DS was replaced with a fresh 1L of 191 

concentrated DS (1M). The process of replacement of DS was completed within 30 minutes.  192 

The study was divided into six cycles of approximately 9 days each. Each cycle was stopped 193 

when minimum flux (around 1 LMH) was obtained. Then, membrane physical cleaning and 194 
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osmotic backwashing was done to continue the next cycle. During the draw replacement 195 

process, the conductivity of bioreactor was checked, and if it reaches 25mS/cm or above, a 196 

controlled volume 1000 mL of supernatant was then decanted to maintain the conductivity 197 

between 13 to 17 mS/cm. At the end of each cycle, the module was taken out and flushed with 198 

clean water to remove the sludge layer and deposits. Then hydraulic flushing of the membrane 199 

was performed by changing both FS and DS with deionized (DI) water and circulating it for 200 

30 minutes. After the membrane module was removed for cleaning, an extra lid was placed on 201 

maintaining anaerobic conditions inside the bioreactor. Then osmotic backwashing was 202 

performed for 3 hours outside the anaerobic reactor in a separate acrylic tank. In osmotic 203 

backwash, the textile feed solution was switched with 1M sodium chloride and fertilizer DS 204 

with DI water to establish an opposite water flux. This methodology was modified to achieve 205 

a good flux recovery compared to previous literature methodologies (Kim et al., 2017). After 206 

cleaning the membrane, the module was placed into the bioreactor and the system was 207 

continued for further cycles as mentioned in the experimental procedure. Chemical cleaning 208 

was not performed during the whole period of study. 209 

2.4. Synthetic textile wastewater and draw solution 210 

The C: N: P ratio of 100:10:1 and recipe of synthetic feed is summarized in Table 1. 211 

The feed was synthesized to attain characteristics obtained from a real textile manufacturing 212 

facility in Rawalpindi, Pakistan (Shoukat et al., 2019). Glucose concentration was used to 213 

ensure the presence of minimum 3000 mg/L of COD in the feed water. The pH and conductivity 214 

of synthetic wastewater was 7 ± 0.2 and 3.4 ± 0.4 mS/cm respectively. The osmotic pressure 215 

of FS and DS was around 9 bars and 45 bars, respectively. Three reactive type textile dyes, 216 

which are commonly used in the industry, were applied in the study. These dyes contain azo, 217 

sulphonic acid and dimethyl amine groups. So, a mixture of these dyes represents real time 218 

complexity of the textile dyeing wastewater. The commercial-grade dyes were provided by the 219 

industry and were preferably used in study to mimic the real time scenario. The structural 220 

formula of dyes is provided in Appendix 3 and the chemical formulae in Table 1.  221 

From the names of dyes, it is clear that they are apparently blue and yellow, so it was 222 

expected that the combined color of synthetic wastewater would be mainly green. The value of 223 

color was 1300 Pt-Co units in feed water. During anaerobic treatment, four phases occur i) 224 

hydrolysis, ii) acidogenesis, iii) acetogenesis, and methanogenesis. The pH of the reactor was 225 

decreased due to acidogenesis and acetogenesis phases. Sodium bicarbonate (NaHCO3) was 226 
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already in the synthetic feed to act as pH buffer and keep pH between ideal ranges of 6.5-8.2. 227 

In the last phase, methane (CH4) formation occurred. 228 

2.5. Analytical methods 229 

During the study's whole operational period (53 days), samples of feed, bioreactor, and 230 

permeate from draw tank were collected daily for examination. Analysis were performed in 231 

accordance with standard methods. For treatment efficiency of AnOMBR system, COD 232 

(Closed Reflux, Titrimetric Method) (APHA et al., 2012) and color removal 233 

(Spectrophotometric) (Shoukat et al., 2019) were measured. For color removal, these samples 234 

were centrifuged at 5000 rpm for 20 min; the supernatant was separated and then placed into 235 

the UV spectrophotometer (T60-UV/VIS, PG Instrument, Britain) for further analysis. For 236 

studying the dilution of nutrients in DS, total phosphorus (TP) (Molybdovanadate Colorimetric 237 

Method, using Spectrophotometer and ammonium-nitrogen (NH4
+-N) (HACH Reagents) were 238 

performed (APHA et al., 2012). For investigating the effect of salinity buildup inside reactor 239 

sludge characteristic were like mixed liquor suspended solids (MLSS), mixed liquor volatile 240 

suspended solids (MLVSS), soluble microbial products (SMP), extracellular polymeric 241 

substances (EPS), particle size distribution (PSD) and capillary suction time (CST) were 242 

analyzed (APHA et al., 2012). Particle size analyzer (LA-300, HORIBA, Japan) was used to 243 

measure mean particle size of sludge samples. The CST test was performed using CST 244 

apparatus (304B-CST, Triton, Canada) to analyze the sludge's filterability and condition.  After 245 

placing a sample in a funnel on standard filter paper through suction, water was filtered from 246 

sludge, and sludge characteristics define the rate at which water permeates through the filter. 247 

Water-front takes time to travel between two electrodes, and this time taken is termed as 248 

capillary suction time. The permeate flux J (LMH) was determined by using Equation 02:  249 

J= 
ΔV

A×Δt
       (02) 250 

Where ΔV is change in water volume, A is an effective area of membrane and Δt is 251 

the time interval for permeate collection (Ferrari et al., 2019). 252 

2.6. Extra polymeric substance (EPS) extraction and quantification: 253 

For extraction of EPS from the sludge, the cation exchange resin (CER) method was 254 

used (Frølund et al., 1996). Carbohydrates and protein concentrations constituted SMP and 255 

EPS. The concentration of protein (PN) was measured by following Lowry method in which 256 

Folin-Ciocalteu’s phenol reagent was used (Lowry et al., 1951). Dubois method (Phenol-257 

Sulfuric Acid) was used to quantify the concentration of carbohydrates (PS) (Dubois et al., 258 
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1956). For a more detailed procedure for the quantification and extraction of SMP and EPS, 259 

please refer to Appendix 7. 260 

3. Results and discussion 261 

3.1. Flux and salinity buildup 262 

The AnOMBR system was operated using 1 M MAP as a DS, and results are shown in 263 

Figure 2. In all six test cycles, flux always declined with time as per expectation. After 264 

completing each cycle, a sticky gel layer was observed at the membrane surface feed side 265 

(active layer). The reason behind this fouling layer's formation was the enriched production of 266 

SMP associated with enhanced salts accumulation in the feed side. This phenomenon was also 267 

observed in other studies. (Zhang et al., 2014). 268 

The initial flux in the first cycle was 3.4 LMH, which was reduced to 1.4 LMH over 8 days of 269 

continuous operation. After that, simple membrane flushing and osmotic backwashing was 270 

performed on the membrane. It was noted that the initial flux in the second cycle was not 100% 271 

similar to the initial flux of the first cycle. Different types of membrane fouling occur in FO 272 

process, such as biofouling (attached microorganisms), colloidal fouling, inorganic fouling, 273 

and organic fouling (Goh et al., 2019; Yan et al., 2020). Kim et al. (2017) demonstrated that 274 

foulant layers were easily cleaned by flushing with tap water and 70 to 90 percent flux was 275 

recovered of initial flux using MAP DS, which illustrates that fouled layer was almost a 276 

reversible phenomenon. Water flux recovery by physical cleaning was significantly affected 277 

by fertilizer DS properties. (Wang et al., 2017) examined the membrane cleaning protocol in a 278 

controlled salinity environment and found that fouling behavior was more severe than simple 279 

An-OMBR. To get a better, stable and long-term CTA membrane operation, fouling of FO 280 

membrane should be control at the first two stages. Nevertheless, there might be irreversible 281 

fouling, which may need chemical cleaning, but the cost of chemicals may be applied, and 282 

chemical cleaning agents may bring destructive effect to FO membranes (Aftab et al., 2015; 283 

Chang et al., 2019; Goh et al., 2019). 284 

Overall, the initial flux reduced from 3.4 to 2.2 LMH (about 35%) from cycle 1 to cycle 285 

6 in a total tenure of 45 days. The daily average flux reduction was only 0.77 %, which is 286 

potentially due to irreversible fouling that cannot be recovered by hydraulic flushing and 287 

osmotic backwashing. Also, within the same cycle, the average daily flux reduction was around 288 

6-8%, potentially due to a combination of reversible and irreversible fouling a part of which 289 

can be removed later by osmotic backwashing. This reduction is slightly more than the average 290 
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daily reduction of 4.6% was observed by Gu and co-workers (2015). The reason for that was 291 

they used low-strength (COD = 460 mg/L) domestic wastewater at 35 0C and mixing by gas 292 

bubbles. Similarly, in another study, a 2.7% average daily flux reduction was observed while 293 

removing cytostatic drugs from wastewater. The reason for that was as the conductivity of their 294 

feed tank reached 20 mS/cm they changed the old FO module with a new one (Wang et al., 295 

2018). Also, a 6% daily flux reduction was observed while treating a low-strength synthetic 296 

domestic wastewater (500 mg/L) with nutrient recovery (Hou et al., 2017). The methodology 297 

adopted in our work is more practical in terms of operation and economy.  298 

The average flux declined in each cycle as shown in Appendix 4. However, it may be 299 

seen clearly that flux was related to the initial feed sludge conductivity in the bio tank Figure 300 

2. The rise of conductivity in the feed solution tank was probably due to the buildup of salts 301 

from the feed water as well as the reverse solute flux from DS tank. Results show that, 1 kg of 302 

fertilizer extracted approximately 10.5 L water with an average flux around 2.0 LMH using the 303 

same membrane module for the whole study without any chemical cleaning. As calculated from 304 

the volume of FS treated, the conductivity of synthetic wastewater and removal efficiencies; 305 

roughly 50% of the salinity buildup in the first cycle (about 9.36 mS/cm) was due to the 306 

accumulation of minerals and the remaining 50% was due to RSF. 307 

3.1.1. Effectiveness of osmotic backwashing 308 

The osmotic backwashing effectiveness is shown in Appendix 5 and Table 2. The calculated 309 

average value of “A” for each cycle was cycle 1 (0.059 LMH/bar), cycle 2 (0.049 LMH/bar), 310 

cycle 3 (0.048 LMH/bar), cycle 4 (0.039 LMH/bar), cycle 5 (0.037 LMH/bar), and cycle 6 311 

(0.036 LMH/bar). The continuous declining value of “A” with each cycle shows the potential 312 

ICP in the support layer. It may be seen that with reference to initial flux of cycle 1 (3.4 LMH) 313 

the osmotic flux recovery gradually reduced from 88 to 61%). This may be attributed to the 314 

fact that osmotic backwashing cannot reduce the effect of dilutive ICP. However, it seems 315 

promising for pore-blocking removal. The fouled membrane module photos are shown in 316 

Appendix 6. Our findings are in accordance with previous research findings where up-to 90% 317 

flux recovery is observed when osmotic backwashing is used on CTA membrane with model 318 

foulants (Kim et al., 2012; Lay et al., 2012).  319 

3.2. Chemical oxygen demand (COD) and color removal with biogas production 320 

 In the supernatant of the anaerobic bioreactor, COD removal efficiency was 57 ± 5 % 321 

against feed solution (COD ≈ 3000 mg/L), as shown in Figure 3 (a). Though, in permeate, the 322 
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total COD removal was about 91 ± 4% as shown in Figure 3 (b). It is close to the COD removal 323 

efficiency of 99% achieved while treating a medium-strength single dye water (Li et al., 2018). 324 

It is also worth mentioning that the COD rejection by FO membrane was steadier compared to 325 

COD removal in the bioreactor. It may be attributed to the fact that FO rejection is mainly a 326 

physical process and can absorb salinity shocks better than bioreactor. This is the advantage of 327 

a hybrid biological and physical system like AnOMBR where one technology's limitations are 328 

covered by the other. It is also important to notice that the bioreactor's COD removal efficiency 329 

was moderately stable and remained above 50%. Our COD removal results in FO permeate (91 330 

± 4%) are comparable to TOC removal of 99% in a study where low-strength domestic 331 

wastewater was used (Wang et al., 2019). 332 

Samples from the bioreactor and draw tank were taken to check the color removal efficiency 333 

of the AnOMBR against synthetic textile wastewater (feed). Results revealed that, average 334 

color removal occurred during the biological process was 44 ± 6%, which is a clear indication 335 

that AnOMBR can degrade textile dyes. In Figure 4 (a) and (b), aromatic amines are produced 336 

due to cleaved of the azo bonds present in the dyes hence the removal of the color achieve in 337 

the effluent. In addition, it has also been reported that aromatic amines containing functional 338 

hydroxyl and carboxyl groups can be mineralized under anaerobic condition (Selvaraj et al., 339 

2021; Xu et al., 2016). But temperature is an essential aspect as it plays a vital role in the 340 

degradation of pollutant kinetics. At low temperatures, the degradation rate is slow  (Kamali et 341 

al., 2016), so less degradation of COD and dyes may be related to low operating temperature 342 

in our study. The decline in color removal efficiency trend depicts that due to reverse solute 343 

flux and feed salts accumulation inside the bioreactor; the dyes' degradation efficiency is 344 

reduced. Also, due to the potential production of toxic intermediates during dye degradation, 345 

the overall MLVSS is reduced and hence the efficiency of treatment was affected. However, 346 

the overall color removal efficiency from AnOMBR was less affected and remained 347 

moderately stable around 91 ± 2%. Which again proves the effectiveness of hybrid systems. 348 

The biogas collected in the gas bag was not measurable. Hence, it was not quantified and 349 

analyzed. Although the system was completely closed, loss of methane from FO membrane 350 

cannot be ignored (Hou et al., 2017). A low operational; temperature of 27 0C may also be the 351 

reason for no methane production. Such findings are stated in previous studies (Chen et al., 352 

2014; Li et al., 2018). 353 
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3.3.  Dilution of fertilizer draw solution 354 

 Dilution of nutrients occurred during each cycle. Greater the flux, more dilution of 355 

nutrients occurred and vice versa as shown in Figure 5. Average fertilizer nutrients 356 

concentration (NH4
+-N and total phosphorus) in the diluted draw were 4 g/L and 13 g/L, 357 

respectively, which required considerable dilution to meet the nutrients' criteria for fertigation 358 

( Phuntsho et al., 2013).  359 

The molecular weight of MAP is 115 g/mol, and in DS 1M of MAP (115 g) was dissolved. 360 

Hence the initial concentrations of NH4
+-N and total phosphorus in 1 M DS were 14 and 30 361 

g/L, respectively; their reduction to 4 (71%) and 13 g/L (56%) shows unequal dilution in ideal 362 

scenario of zero reverse solute transport across the membrane. These values clearly show that 363 

NH4
+-N reverse transport was 15% higher than phosphorous. It may be attributed to a bigger 364 

ionic radius (0.20 nm) of phosphorous ion than nitrogen ion (0.17).  365 

3.4.  MLSS and MLVSS behavior inside the bioreactor 366 

According to Figure 6, it may be revealed that both MLVSS and MLSS concentration 367 

declined with time inside the bioreactor. During the operational period, MLSS reduced from 368 

5.9 to 2.5 g/L, and MLVSS reduced from 4.9 to 1.3 g/L. However, MLVSS/MLSS always 369 

remained above 50%, which shows an active microbial community inside the bioreactor. Our 370 

results are opposite to the findings in another study where MLSS concentration increased with 371 

time from 5 to 6 g/L in 60 days (Li et al., 2018). But their overall salinity in the system remained 372 

maximum at only 6 mS/cm, unlike our study, where it stayed around 25 mS/cm. Secondly, 373 

their wastewater was diluter in the recipe compared to our wastewater. So our results are well 374 

justified. During the operation, a small leakage was observed in the bioreactor on day 19. 375 

Hence, some sludge was added to rectify the loss in MLVSS. The initial decline in MLVSS 376 

may be associated with the fact that a very high MLVSS/MLSS ratio (83%) was introduced 377 

inside the bioreactor, and due to the change in operational conditions, some of the bacteria were 378 

not able to acclimatize.  379 

The bacteria showed trouble in absorbing the shock load during the batch mode of 380 

acclimatization phase, where feeding was done once a day only, to a semi-continuous mode of 381 

operation. Also, salinity buildup inside the bioreactor was another reason for bacterial decay. 382 

Similar findings of decay in MLVSS with increasing salinity in MBR are reported in another 383 

study (Johir et al., 2013). A vigorous mixing and hydrodynamic conditions may also be 384 

attributed to a decline in MLVSS.  385 
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3.5.  Particle size distribution and sludge filterability relation with hydrodynamics 386 

Samples were taken at the start, mid, and end of AnOMBR operating period for analyzing the 387 

particle size distribution (PSD) inside the bioreactor to investigate the effect of salinity buildup 388 

on flocs size. During the whole operation period, average particle size values decreased from 389 

10.37 to 3.30 µm, as shown in Figure 7. Mutlu et al. (2019) in a recent study, described that 390 

due to salinity increase in MBR, disruption of floc structure was started, and fouling of 391 

membrane was accelerated. Siddique et al. (2018) also described that buildup of salinity has an 392 

adverse effect on flocs stability and sludge flocculation. An increase in saline stress increases 393 

SMP and EPS production, which may depreciate the settle-ability and flocculation properties 394 

of mixed liquor suspended solids (Zhang et al., 2014).  395 

Inside the bioreactor, an increase in CST was observed, which exhibits a drop in sludge 396 

filterability. The rise in CST is due to the rise of fine size particles (Siddique et al., 2018). In 397 

this context, Coackley and Allos (1962) divided sludge into various size ranges and found that 398 

the filterability of the sludge reduced with decreasing particle size.  399 

Moreover, in the current study, we made a vigorous mixing using a magnetic stirrer 400 

bar, placed at the bottom of the bioreactor at 600 rpm, which introduced high mechanical shear 401 

force on flocs to break them to a smaller size. Similar results are obtained in our group’s recent 402 

study (Nawaz et al., 2019) where it was found that greater cross-flow velocity of sludge in 403 

OMBR produces less average particle size and releases higher EPS contents, which ultimately 404 

reduces the flux. Our study used high rpm due to the shape of the bio tank, which was taller 405 

(35 cm) and rectangular from the bottom. Also, there was no internal sludge/gas recirculation 406 

in the bio tank through pumping like in other studies (Hou et al., 2017; Wang et al., 2018). So, 407 

it may be concluded that either less rpm should be used, or some other mixing method like 408 

recirculation of gas produced in the reactor may be used in the bio tank which has less shear 409 

stress on the flocs. Due to these limitations, we found reducing MLSS and MLVSS 410 

concentrations and flux over the reactor operation period.  411 

The decrease in particle size distribution and MLVSS inside the bioreactor depicts that 412 

floc size and removal efficiencies for color and COD are not directly linked in AnOMBR. The 413 

reason is that the smaller flocs are difficult to settle in conventional anaerobic systems. Still, 414 

since we are using a hybrid system, the floc size does not directly affect the removal efficiency. 415 

However, floc size affects the fouling formation phenomenon in FO filtration. Also, it may be 416 

noticed that with a decrease in particle size, the SMP increased in the system. So, it is 417 
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recommended to have a bigger floc size, above 10 microns, to take complete advantage of the 418 

AnOMBR. This may be achieved through less vigorous agitation in the system. 419 

3.6. SMP and EPS role in membrane fouling 420 

During the constant operation of AnOMBR, samples of sludge were taken from the bio 421 

tank approximately after every 13 days to analyze the SMP and EPS constituents, as shown in 422 

Figure 8 (a) and Figure 8 (b). Usually, AnMBR has a greater propensity to foul than aerobic 423 

membrane bioreactor. AnMBR demands a prolonged sludge retention time, possibly leading 424 

to severer internal pore blocking due to elevated concentrations of responsible foulants such as 425 

protein and carbohydrate molecules in soluble microbial products (Jegatheesan et al., 2016). In 426 

anaerobic MBR, SMPs was reported to be as high as 500% more than aerobic MBR under 427 

similar conditions (Martin-Garcia et al., 2011).  428 

In pressure-driven membrane processes, SMP and EPS are the main reasons for 429 

membrane fouling (Wang and Li, 2008). These compounds are composed mostly of 430 

carbohydrates and proteins. In this study, SMP was the sum of proteins and carbohydrates in 431 

the supernatant of bioreactor and EPS was the sum of these two in the sludge. Meanwhile, the 432 

EPS and SMP contents show a similar ascending trend in the first 26 days; both go up with 433 

time. For example, EPS content increased from 48 mg/g VSS to 89 mg/g VSS in the first 26 434 

days, and SMP also raised from 34 mg/L to 128 mg/L, respectively. But EPS concentration did 435 

not increase in the remaining 26 days of the experiment. Though, the SMP concentration tended 436 

to increase, although with a slight intensity. The same SMP and EPS trend was observed in 437 

another study (Li et al., 2018). 438 

EPS results are consistent with previous studies that at longer SRTs, concentrations of 439 

bound EPS became considerably lower, primarily due to a decline in protein content (PS) of 440 

EPS. This decline is probably due to protein biodegradation, which became more significant 441 

during longer SRTs. Lower EPS concentrations were found after 26 days of operation which 442 

may be due to lower production and biodegradation of proteins (Faust, 2014). Prolonged SRT 443 

enhances the concentrations of proteins and carbohydrates in SMP, which ultimately speeds up 444 

the membrane fouling (Huang et al., 2011). Laspidou & Rittmann (2002) found that SMPs are 445 

biomass-associated products (BAPs) and substrate utilization-associated products (UAPs). 446 

BAPs are produced from biomass during decay, but UAPs are generated directly from substrate 447 

utilization. In our study, an increase in SMPs could possibly be due to degradation of MLVSS 448 

because of salinity buildup, which causes excessive production of BAPs. 449 
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For many developing countries, the new dimension that is proposed is to integrate the 450 

anaerobic process with the FO system (AnOMBR) by keeping in view that many areas of the 451 

developing countries have high-temperature regions. The temperature of these semi-arid 452 

regions is favorable for (AnOMBR). Furthermore, these countries are also comprising the 453 

textile and agriculture/horticulture sectors. Wastewater from these textile sectors has high 454 

temperature, which is more favorable for anaerobic treatment to produce biogas. While diluted 455 

fertilizer can be used for irrigation or fertigation for the growth of plants as nutrients. The 456 

outcome would be an integrated wastewater resource recovery plant for water reclamation, 457 

energy production as biogas and recycling of biosolids as fertilizer or fuel while keeping 458 

pollution out of the rivers and waterways. 459 

4. Conclusions and recommendation 460 

COD and color removal efficiency of 91± 4% and 91± 2% were observed against a high feed 461 

solution COD of 3000 mg/L and influent color of 1300 Pt-co units. A flux of about 2 LMH 462 

was observed with 1M MAP DS having an osmotic pressure of 45 bars. Osmotic backwashing 463 

proved convincing with initial flux recoveries from 88 to 53% from cycle 2-6. Higher magnetic 464 

stirrer bar speed inside the bioreactor (600 rpm) created shear stress to break the average floc 465 

size from 10 to 3.5 µm, which increased SMP and EPS release in the system. It caused fouling 466 

layer development over the membrane surface, which reduced the initial flux from 3.3 to 2.2 467 

LMH from cycles 1 to 6. Without any chemical cleaning, an initial flux reduction of 33% in 45 468 

days is remarkable and proves the An-OMBR system's stability.  469 

Among the factors, inlet temperature, pH, COD, TSS, and TDS are the most critical. Future 470 

work at a higher temperature near 40 oC is recommended to evaluate gas generation potential 471 

and monitor dyes biodegradation.   472 
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Figure Captions: 482 

Figure 1:Pictorial view of lab scale AnOMBR setup                                                                                                                                   483 

Figure 2: Flux and conductivity trend inside bioreactor throughout the study period when 1M 484 

MAP is used as DS  485 

Figure 3: Variation of COD in (a) bioreactor and (b) AnOMBR permeate with corresponding 486 

COD removal efficiencies 487 

Figure 4: Degradation of azo dyes in anaerobic processes (a) cleavage of Azo dyes (b) fate of 488 

azo dyes and aromatic amines  489 

Figure 5: Concentration of total phosphorus and ammonium nitrogen in diluted fertilizer draw 490 

solution during whole study period 491 

Figure 6: Variations of MLSS and MLVSS concentration during the whole study period  492 

Figure 7: Particle size distribution and sludge filterability inside bioreactor during the whole 493 

study period 494 

Figure 8: (a) Variation in trend of SMP during the whole study period (b): Variation in trend 495 

of EPS during the whole study period   496 
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Figure 2: Flux and conductivity trend inside bioreactor throughout the study period when 1M MAP is 755 
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Figure 3: Variation of COD concentration in (a) bioreactor and (b) AnOMBR permeate with 758 

corresponding COD removal efficiencies 759 
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Figure 4: Degradation of azo dyes in anaerobic processes (a) cleavage of azo dyes (b) fate of 768 

azo dyes and aromatic amines (Selvaraj et al., 2021; Xu et al., 2016) 769 
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Figure 5: Concentration of total phosphorus and ammonium nitrogen in diluted fertilizer 777 

draw solution during whole study period 778 
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Figure 6: Variations of MLSS and MLVSS concentration during the whole study period 781 
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Figure 7: Particle size distribution and sludge filterability inside bioreactor during the whole 785 

study period 786 
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Figure 8 (a) Variation in trend of SMP during the whole study period (b): Variation in 790 

trend of EPS during the whole study period 791 

 792 

 793 

Table 1: Synthetic textile wastewater feed composition  794 

Chemicals Chemical formula Concentration (mg/L) 

Glucose C6 H12 O6 3000.0 

Sodium Bicarbonate NaHCO3 500.0 
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Ammonium Chloride NH4Cl 1146 

Potassium Dihydrogen 

Phosphate 
KH2PO4 143.1 

Calcium Chloride CaCl2 29.2 

Magnesium Sulphate MgSO4·7H2O 9.7 

Iron Chloride FeCl3 1.0 

Cobalt Chloride CoCl2 0.1 

Zinc Chloride ZnCl2 0.1 

Methylene Blue C16H18N3SCl·3H2O 5.0 

Cibacron Blue P-3RGR C32H23ClN7Na3O11S3 5.0 

Cibacron Yellow C-R-01 C25H15Cl3N9Na3O10S3 5.0 

 795 

Table 2:Flux Recovery after Osmotic backwashing 796 

Cycle 

Flux achieved after Osmotic 

Backwash (LMH) Flux Recovery (%) 

Cycle 1 3.4 (Initial)  

Cycle 2 3 88 

Cycle 3 2.6 76 

Cycle 4 2.3 67 

Cycle 5 2.3 67 

Cycle 6 2.1 61 
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