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14 Abstract

15 This study aims to assess the effects of periodic physical cleanings operations 

16 in Gravity-Driven Membrane Bioreactor (GD-MBR) treating primary 

17 wastewater. The impact of each cleaning strategy on the reactor performance 

18 (permeate flux and water quality), biomass morphology, and fouling 

19 composition were evaluated. The application of air scouring coupled with 
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20 intermittent filtration resulted in the highest permeate flux (4 LMH) compared 

21 to only intermittent filtration (i.e., relaxation) (1 LMH) and air scouring under 

22 continuous filtration (2.5 LMH). Air scouring coupled with relaxation led to a 

23 thin (~50 µm) but with more porous fouling layer and low hydraulic resistance, 

24 presenting the lowest concentration of extracellular polymeric substance (EPS) 

25 in the biomass.  Air scouring under continuous filtration led to a thin (~50 µm), 

26 dense, compact, and less porous fouling layer with the highest specific 

27 hydraulic resistance. The employment of only relaxation led to the highest 

28 fouling deposition (~280 µm) on the membrane surface. The highest TN 

29 removal (~62%) was achieved in the reactor with only relaxation (no aeration) 

30 due to the anoxic condition in the filtration tank, while the highest COD removal 

31 (~ 60%) was achieved with air scouring under continuous filtration due to the 

32 longer aeration time and the denser fouling layer. The presented results 

33 highlighted the versatility of the GD-MBR, where the choice of the appropriate 

34 operation relies on the eventual discharge or reuse of the treated effluent. 

35
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38 1. Introduction

39 In the last decades, developing reliable decentralized wastewater treatment 

40 systems in areas with very low human population densities has become a major 

41 challenge (Capodaglio et al., 2017; Gikas and Tchobanoglous, 2009). Several 

42 alternative wastewater treatments, have been proposed so far, including media 

43 filters, lagoons, and constructed wetlands. However, in some scenarios, the 

44 quality of the effluent produced cannot meet the wastewater standards for 

45 discharge or reuse (Lee et al., 2019a). Conventional membrane processes, such 

46 as membrane bioreactors (MBRs), are a reliable alternative due to the high 

47 quality of the treated effluent. However, MBRs require several equipment’s and 

48 skilled operation, which limit their application for decentralized water 

49 treatment (Ding et al., 2017). Gravity-Driven Membrane (GDM) filtration has 

50 recently received increasing attention as a decentralized system for the 

51 treatment of rainwater, greywater, and wastewater (Pronk et al., 2019; Tang et 

52 al., 2016; Wu et al., 2019). This system does not require any additional energy 

53 for the filtration since it is driven only by hydrostatic pressure, presenting 
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54 several advantages, (i) including low operating energy (ii) and the achievement 

55 of a stable permeate flux, allowing long-term reliable operation without any 

56 chemical cleaning (Pronk et al., 2019). The GDM has also been proposed as 

57 submerged GD-MBR; in this configuration, the high quality of water can be 

58 achieved due to the combination of the membrane separation efficiency and 

59 biological processes. Previous studies have shown that the GD-MBR can 

60 effectively remove part of dissolved organic carbon employing intermittent 

61 aeration and/or integrating the system with granular activated carbon (GAC) 

62 for further improve the water quality (Fortunato et al., 2020b; Lee et al., 2021a, 

63 2019b).

64 The bottleneck of GD-MBR is represented by the permeate flux, which is 

65 significantly lower than the typical MBR processes (Ding et al., 2017, 2016; 

66 Jabornig and Podmirseg, 2015; Wang et al., 2017). To this extent, it is crucial to 

67 enhance GD-MBR permeate flux by applying membrane physical cleanings 

68 where the fouling can be reduced by using shear stress and intermittent 

69 filtration (i.e. relaxation) (Fortunato et al., 2020b; Lee et al., 2019b; Shi et al., 
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70 2020a). The membrane relaxation allows the back-transport of foulants from 

71 the membrane surface to bulk solution with a temporary expansion in biomass 

72 thickness (Fortunato et al., 2020a; Pronk et al., 2019; Shi et al., 2020b; 

73 Valladares Linares et al., 2016). 

74 The use of shear stress in GD-MBR allows the detachments of the fouling from 

75 the membrane surface, and it could be performed with periodic air scouring or 

76 draining the water in the membrane bioreactor (Lee et al., 2021b, 2019b; Shi et 

77 al., 2020b). However, the employment of shear stress at a high intensity and 

78 frequency may result in a thin and dense fouling layer negatively impacting the 

79 GD-MBR performance (i.e. flux) (Ding et al., 2016). Recently (Fortunato et al., 

80 2020b; Shi et al., 2020b), a remarkable improvement in stable flux (up to 240%) 

81 was achieved coupling intermittent filtration and shear stress.

82 The cleaning strategy was observed to directly impact the amount and biomass 

83 structure accumulated on the membrane surface. Indeed, in GDM the process 

84 performance (permeate flux and water quality) is strongly linked to the fouling 

85 developed in the systems, where the amount and characteristic of the foulants 
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86 directly impact the permeate flux and quality (Pronk et al., 2019). In this context, 

87 it is worth understanding how each cleaning affects the biomass composition 

88 and its hydraulic resistance. For this reason, a wide range of techniques have 

89 been adopted for the characterization of fouling composition, including the 

90 analysis of the extracellular polymeric substances (EPS) considered the main 

91 contributors to the hydraulic resistance (Derlon et al., 2016). The biomass 

92 morphology has been mainly characterized by means of various destructive 

93 imaging techniques such as Confocal Laser Scanning Microscopy (CLSM) 

94 which enables investigating structure and composition of membrane fouling 

95 (Bar-Zeev et al., 2014). Recently, Optical Coherence Tomography (OCT) has 

96 been employed in filtration processes since it allows acquiring cross-sectional 

97 scan of the membrane under continuous operation. The OCT enables 

98 monitoring and quantifying the fouling evolution over time non-invasively in-

99 situ through images analysis of the acquired scans (Fortunato et al., 2021). The 

100 OCT was previously employed to investigate the biofilm behavior under 

101 different conditions of transmembrane pressure (TMP), shear stress and 
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102 permeate flux (Derlon et al., 2016; Jafari et al., 2019; Picioreanu et al., 2018). 

103 Moreover, this technique has been proved to be a powerful tool to evaluate the 

104 effect of the fouling mitigation strategies on membrane fouling (Fortunato et 

105 al., 2020a; Scarascia et al., 2021; Shi et al., 2020b). 

106 The objective of this work was to assess the effects of periodic physical 

107 cleanings operations on the Gravity-Driven Membrane Bioreactor (GD-MBR) 

108 performances treating primary wastewater. Three scenarios were investigated 

109 employing (i) intermittent filtration, (ii) air scouring under continuous filtration 

110 and (iii) air scouring coupled with intermittent filtration respectively in three 

111 different GDM bioreactors for 39 days. During the entire investigation, 

112 membrane permeate flux and water quality were monitored to assess the 

113 impact on the process of the physical cleaning strategy periodically applied. 

114 Real-time fouling monitoring using OCT was performed to evaluate the impact 

115 of each cleaning strategy on the biomass morphology. Afterwards, a destructive 

116 fouling analytical characterization employing Liquid Chromatography Organic 

117 Carbon Detection (LC-OCD), Extracellular Polymeric Substance (EPS) 
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118 extraction and Confocal Laser Scanning Microscopy (CLSM) was conducted at 

119 the end of the experiment to investigate the influence of the before-mentioned 

120 physical cleanings on the fouling properties and the amount and composition 

121 of the biomass accumulated. 
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122

123
124
125 Fig 1. a) Schematic diagram of the submerged Gravity-Driven Membrane 
126 (GDM) reactors (1,2,3) employed in this study to treat primary wastewater. An 
127 Optical Coherence Tomography (OCT) probe was employed to evaluate the 
128 effect of long-term physical cleaning operations on the membrane fouling. 
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129 Reactor 1: Intermittent filtration (R1 - IF), Reactor 2: Air Scouring (R2 - AS), 
130 Reactor 3: Intermittent filtration + Air Scouring (R3 - IF+AS).  b) Schematic 
131 representation of the hourly cleaning cycle of each fouling mitigation strategy 
132 applied for the whole investigation period (39 days).
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133 2. Materials and methods

134 2.1 Gravity-Driven Membrane Bioreactors setup  

135 The experimental configuration adopted for the present study is shown in Fig. 

136 1. The wastewater (WW) collected from the equalization tank of the 

137 wastewater treatment plant (WWTP) at KAUST (King Abdullah University of 

138 Science and Technology, Thuwal, Saudi Arabia) was used as feed. The WW 

139 was placed in a aerated tank (Fig. 1) of 20 L and kept under aerobic condition 

140 (Dissolved Oxygen (DO) > 5.5 mg/L) with the use of an air diffuser. The feed 

141 was then pumped into a level regulator to keep a constant water column of 40 

142 cm above the membrane. Three Gravity Driven-Membrane (GDM) bioreactors 

143 with a working volume of 3.7 L were employed in parallel. A polysulfone (20 

144 kDa molecular weight cut-off, PHILOS, Korea) flat sheet ultrafiltration 

145 membrane module (MemSis, Turkey) with a surface area of 0.00693 m2 was 

146 placed into each reactor. Water samples were collected periodically from the 

147 feed tank and the permeate. The dissolved oxygen (DO) was monitored using 

148 a bench meter (WTW Multi 9430, Fisher Scientific, Sweden). The chemical 
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149 oxygen demand (COD) and total nitrogen (TN) were measured using 

150 commercial kits (TNT series, Hach Company, United States). The reactors were 

151 operated for 39 days under different physical cleaning strategies (Table 1 and 

152 Fig. 1): Reactor 1 - relaxation (intermittent filtration) with a cycle of 60 min (15 

153 min ON - no permeate flux, 45 min OFF - continuous filtration); Reactor 2 -  

154 intermittent air scouring during continuous filtration (15 min every 45 min with 

155 an airflow intensity of 8 L/min); Reactor 3 - intermittent filtration  coupled with 

156 air scouring (combined strategy) with a cycle of 60 min(15 min ON - no 

157 permeate flux, 45 min OFF - continuous filtration) and intermittent air scouring 

158 (applied during last 5 min of relaxation). The cleaning frequency was controlled 

159 through solenoid valves connected to a National Instruments (NI) data 

160 acquisition system and controlled by using LabVIEW software.

161 Table 1 Operating conditions of the GDM bioreactors: R1 (Reactor 1 - 
162 Intermittent Filtration), R2 (Reactor 2 – Air Scouring), R3 (Reactor 3 - 
163 Intermittent filtration + Air Scouring).

R1 - IF R2 - AS R3 - IF+AS

Air frequency -
15 min 

ON
5 min ON
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-
45 min 

OFF
55 min OFF

Daily aeration - 6 h 2 h
Air intensity - 8 L/min 8 L/min
Relaxation frequency 15 min ON - 15 min ON

45 min OFF - 45 min OFF
Daily filtration 18 h 24 h 18 h
Daily average permeate(a) 0.25 L 0.95 L 1.35 L

Dissolved Oxygen (DO) <0.05 mg/L 
5.5-6 
mg/L

5.5-6 mg/L

Hydraulic Retention Time 
(HRT)

150 h 70 h 45 h

(a) Calculated after the achievement of the permeate stable flux   

164 2.2 Optical Coherence Tomography

165 A spectral-domain OCT system (GANYMEDE, Thorlabs), with a central 

166 wavelength of 930 nm and a 5X telecentric scan lens (LSM 03BB) was used to 

167 monitor the morphology of the fouling layer. In order to perform the monitoring 

168 in a system of coordinates, the OCT probe was mounted on a motorized frame 

169 (Fortunato et al., 2017b). The 2D OCT scans were acquired with a size of 1750 

170 × 652 pixel, corresponding to 4.0 mm (width) x 1.35 mm (depth). The fouling 

171 layer morphology was analyzed following the procedure reported in a previous 
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172 study (Fortunato et al., 2017a). The biomass thickness was computed by using 

173 a customized MATLAB code (Fortunato et al., 2019, 2018). 

174

175 2.3 Hydraulic Resistance model

176 2.3.1 Fouling layer resistance

177 In this investigation, the fouling layer hydraulic resistance was evaluated using 

178 the resistance-in-series model:

179 (1)𝑅𝑡𝑜𝑡 = 𝑅𝑚 +  𝑅𝑐𝑎𝑘𝑒 

180  is the membrane hydraulic resistance (m-1), determined from the clean 𝑅𝑚

181 water flux by filtration of Milli-Q water with a clean membrane. In this case, the 

182 resistance of the cake correspond to the biomass developed on the membrane 

183 surface, hence  =  (Derlon et al., 2016; Fortunato et al., 2020b).  is 𝑅𝑐𝑎𝑘𝑒 𝑅𝑏 𝑅𝑡𝑜𝑡

184 total hydraulic resistance (m-1) and it was calculated by using the following 

185 equation: 

186          (2)𝑅𝑡𝑜𝑡 =
ΔP

µT ∙  J
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187  is the viscosity of water (Pa s) at temperature T (°C) and ΔP is the µT

188 transmembrane pressure (TMP).  is the permeate flux (L.m-2h-1), given by:𝐽

189                       (3)𝐽 =
ΔV

A·Δt

190 A is the specific membrane filtration area (m2),  is the filtration time (h), and Δt

191  is the permeate volume (L) collected during . ΔV Δt

192

193 2.3.2 Specific hydraulic resistance

194 The biomass hydraulic resistance ( ) is expressed as the product of the 𝑅𝑏

195 biomass density ( )  , its and its specific resistance ( ) and its thickness ( ) 𝜌𝑏 𝛼b 𝐿𝑏

196 calculated through the OCT scans (Busch et al., 2007; Park et al., 2018):

197 (4)𝑅𝑏 = 𝛼b ∙ 𝐿𝑏 ∙ 𝜌𝑏

198 The biomass specific hydraulic resistance ( ) was introduced and defined as 𝑋𝑠

199 the ratio of the biomass hydraulic resistance ( ) and the biomass thickness (𝑅𝑏 𝐿𝑏

200 ).

201         (5)𝑋𝑠 =
𝑅𝑏

𝐿𝑏
= 𝛼b ∙ 𝜌𝑏

202
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203 2.4 Biomass analysis

204 A destructive membrane autopsy was carried out at the end of the GD-MBRs 

205 operations (day 39). The autopsy was conducted on a total of 27 membrane 

206 coupons of 2 cm x 2 cm (9 pieces collected from each membrane module). 18 

207 coupons (6 for each module) were placed in 18 capped tubes containing 40 mL 

208 of autoclaved 1X Phosphate-Buffered Saline (Fortunato et al., 2016; Jeong et 

209 al., 2016). For each tube, an ultrasonic bath was employed with three cycles of 

210 5 min of sonification followed by 10 s of vortex mixing to fully detach the biofilm 

211 layer from the membrane and distribute homogeneously in the solution. Then, 

212 the supernatants were analyzed using the techniques reported below.

213

214 2.4.1 Liquid chromatography with organic carbon detection (LC-OCD)

215 The supernatants organic matter was characterized using liquid 

216 chromatography with organic carbon detection (LC-OCD, DOC-Labor, 

217 Germany). The main fractions identified are biopolymers (BP), humic 

218 substances (HS), building blocks (BB), low molecular weight (LMW) acids and 
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219 neutrals. In the LC-OCD measurement, the samples were supplied by a mobile 

220 phase at a flow rate of 1.5 mL/min to dual chromatographic column with 2000 

221 μL injection volume and 180 min retention time (Jeong et al., 2013). 

222

223 2.4.2 EPS extraction

224 The EPS were extracted following the procedure reported in the literature (H 

225 and HH, 2002). 10 mL of supernatant and 0.06 mL of 36.5% formaldehyde were 

226 added in capped tube and incubated at 4°C for 1 h. Afterward this mixture 

227 was treated with 4 mL of NaOH (1 N) and incubated at 4°C for 3 h. 

228 Subsequently, the mixture was centrifuged for 20 min at 4°C, and the 

229 supernatant was dialyzed against MilliQ for 24hrs at 4°C using membranes 

230 with molecular weight cut-off of 3.5 kDa (Spectra/por©, USA). Then, the 

231 solution was lyophilized at -55°C for 24 h. The dry EPS was solubilized in 10 

232 mL of MilliQ and the carbohydrates and proteins were quantified. The 

233 carbohydrate quantification has been performed using the protocol reported in 

234 the literature (Y et al., 2010). A standard curve was prepared with glucose 
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235 consisting of concentration 500 µg/mL, 250 µg/mL, 125 µg/mL, 62.5 µg/mL. 1 

236 mL of glucose standard was treated with 0.5 mL of 5% phenol and 2.5 mL of 

237 Sulfuric acid; then, the absorbance was measured at 485 nm. The 

238 concentration of protein was quantified using qubit protein (Invitrogen, USA).

239

240 2.4.3 Confocal laser scanning microscopy (CLSM)

241 Nine membrane coupons (3 for each module) were analyzed using Confocal 

242 Laser Scanning Microscopy (CLSM). CLSM was used to investigate the internal 

243 fouling structures and characterize the component distributions. The staining 

244 was conducted with fluorescein-isothiocyanate (FITC), and concanavalin A 

245 (conA) to characterize respectively proteins and polysaccharides. The samples 

246 were placed on a shaker table for 30 min with addition of SYTO63 (20 mM, 100 

247 mL). Then, 0.1 mol L−1 NaHCO3 buffer (100 mL) was added. The mixture was 

248 stirred for 1 h with a solution of FITC (10 g L−1, 10 mL), followed by the addition 

249 of con A (250 mg L−1, 100 mL) for 30 min. Afterwards, the stained sample was 

250 washed twice in phosphate buffer saline (PBS). For CLSM investigation, the 
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251 samples were fixed on the glass slides. An upright Zeiss LSM 710 confocal 

252 microscope (Germany) was used to acquire the images with a 10X objective. 

253 The scans were processed and analyzed by Imaris (Bit-plain, USA). A Region 

254 Of Interest (ROI) was delineated around the staining to allow the identification 

255 and quantification of polysaccharides and proteins (González-Machado et al., 

256 2018; Hershey et al., 2020). 
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257 3. Results and discussion

258 3.1 Permeate flux

259 In this study, the permeate fluxes of the three reactors operated with different 

260 cleaning strategies were monitored throughout the whole research period of 39 

261 days. For each reactor, the flux decreased sharply during the first 5 days, 

262 reaching 1 LMH, 2.5 LMH, 6 LMH, respectively, for reactors 1, 2 and 3 (Fig. 2a). 

263 The sharp decrease in membrane flux can be attributed to the pore blocking, 

264 which has been reported to be the predominant fouling mechanism during the 

265 early phase of GDM filtration (Fortunato et al., 2017b; Wu et al., 2016). From 

266 day 5 to day 39, the flux of reactors 1 and 2 remained stable, while reactor 3 

267 observed another slight decrease in flux, reaching a stable value of 4 LMH after 

268 20 days of operation. As shown in Fig. 2a, the performances of each membrane 

269 bioreactor seem to be directly affected by each physical cleaning employed. 

270 The higher value of stable flux (4 LMH) was achieved due to the combination 

271 of intermittent filtration and air scouring (reactor 3); while the only intermittent 

272 filtration (reactor 1) and air scouring (reactor 2) led to the lower stable fluxes 
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273 of 1 LMH and 2.5 LMH respectively. These findings are in agreement with 

274 previous studies on the improvement of GDM performance (i.e. permeate flux) 

275 by using intermittent filtration and shear stress (Fortunato et al., 2020b; Lee et 

276 al., 2019b; Shi et al., 2020b). It is worth noting that in a GDM reactor, the stable 

277 flux depends on several factors including, the pressure head, the feed water 

278 quality, the membrane pore size, and more importantly on the amount of 

279 biomass accumulated on the membrane surface.
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280

281 Fig. 2. a) Permeate flux, b) Fouling layer thickness and b) Biomass hydraulic 
282 resistance as a function of the time with different fouling mitigation strategies: 
283 R1 (Reactor 1 - Intermittent Filtration), R2 (Reactor 2 – Air Scouring), R3 
284 (Reactor 3 - Intermittent filtration + Air Scouring). In b) the dashed lines 
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285 indicate the fouling base layer thickness belonging to the fouling structure of 
286 R1 (Fig. 3 and S1).
287
288
289 In this study, the OCT enabled monitoring the biomass development, therefore, 

290 allowing to evaluate the impact of each cleaning strategy on (i) biomass 

291 developed on the membrane surface and (ii) the impact of fouling on the flux. 

292 The biomass descriptors, such as thickness (Fig. 2b), were calculated through 

293 image analysis of the OCT scans (Fig. 3 and S1) acquired during the research 

294 period. The biomass in reactors 2 and 3 increased from day 0 to day 10 (up to 

295 ~50 µm), remaining constant over time, while the biomass thickness in reactor 

296 1 steadily increased from day 0 to day 35 (up to 280 µm). It is worth to mention, 

297 that while the biomass thickness of reactor 2 and 3 remained constant with the 

298 achievement of a stable flux, the biomass for reactor 1 increased until the end 

299 of the operation (Fig. 2b). A similar observation was reported previously in 

300 literature where the application of only relaxation in the absence of scouring 

301 led to a significant increase in biomass thickness (Fortunato et al., 2020b). 

302 Indeed, as shown by the OCT scans (Fig. 3), a different biomass morphology 
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303 was observed for reactor 1 respect to reactors 2 and 3. This morphology 

304 appears to be linked to the absence of air scouring. A loose cloudy layer was 

305 observed on top of a thick fouling layer, which seems to be formed by two 

306 different layers (Fig. S1). While the upper layer grows until the 35th day, 

307 reaching an overall thickness of 280 µm, the fouling lower layer appears to 

308 remain constant (roughly 110 µm) throughout the experiment (Fig. 2b, Fig. 3 

309 and S1). On the contrary, the biomass structure for reactors 2 and 3 appeared 

310 more compact and thinner (Fig. 3) with an overall thickness around 50 µm (Fig. 

311 2b), reaching a stable morphology after 7 days of operation. 

312
313
314 Fig. 3. 2D cross-sectional OCT scans of the membrane fouling developed as a 
315 function of the time (day 1, day 15, and day 39) under long-term physical 
316 cleaning operations. A similar thin fouling structure was found in R 2 (air 
317 scouring) and R 3 (intermittent filtration + air scouring). While, in R 1 
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318 (intermittent filtration) a loose cloudy layer was observed on top of a thick 
319 double layer (Fortunato et al., 2020b), which presented a constant base layer 
320 thickness (S1).
321

322 As expected, at the end of the experiment, a high hydraulic biomass resistance 

323 (Fig. 2c) was observed for reactor 1 (1.69 × 1013 m-1) compared to reactor 2 

324 and 3 (5.06 × 1012 m-1 and 2.56 × 1012 m-1). It is worth noting that after 15 

325 days, the hydraulic biomass resistance in reactor 1 remains unchanged (Fig. 2c) 

326 along with the water flux of 1 LMH (Fig. 2a) and with the thickness of lower 

327 fouling layer (roughly 110 µm) (Fig. 2b and S1). To this extent, it seems that 

328 the hydraulic resistance was mainly provided by the lower layer as well as 

329 observed in other studies, where the contribution to the hydraulic resistance of 

330 the top fouling layer was negligible (Desmond et al., 2018a; Jafari et al., 2019).

331 Nevertheless, a different scenario was observed in terms of specific hydraulic 

332 resistance (Table 2), which was obtained by normalizing the hydraulic 

333 resistance for the biomass thickness measured with the OCT. The specific 

334 resistance biomass in reactor 1 at 39th day was 6.00 × 1010 m-1 µm-1, while the 

335 biomass 2 and 3 reached the values of 1.08 × 1011 m-1 µm-1 and 4.29 × 1010 
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336 m-1 µm-1 respectively. It is worth mentioning that the considerable difference 

337 in terms of specific hydraulic resistance between the biomass on membrane 

338 surface in reactor 2 and 3 seems to be linked to different biomass proprieties 

339 obtained with different cleaning strategies. Indeed, the application of only 

340 shear stress induced by aeration is effective on the upper cake layer surface 

341 resulting in a continuous detachment of the superficial biomass while the 

342 deeper and more compact biomass is compressed due to water permeation 

343 and remains adhered on the membrane surface (Ding et al., 2016; Shi et al., 

344 2020b). Thereby, the application of shear stress during continuous filtration 

345 leads to the formation of a thin, dense, and less porous biomass with a compact 

346 internal structure, providing more resistance to the filtration (Ding et al., 2016; 

347 Jabornig and Podmirseg, 2015; Lee et al., 2019b). In conclusion, the application 

348 of air scouring at the end of a relaxation cycle, when the biomass is expanded 

349 (Fortunato et al., 2020b), resulted in a positive effect on the biomass reducing 

350 its hydraulic resistance, leading to the highest permeate flux (4 LMH). 
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351 3.2 Linking the membrane autopsy to the biomass proprieties

352 As reported in the literature, the permeate flux stabilization is affected by the 

353 amount of fouling and by the proprieties of the biomass accumulated on the 

354 membrane surface (Peter-Varbanets et al., 2010) While the use of the OCT 

355 allowed assessing the difference in terms of morphology between the 

356 biomasses, the membrane autopsy allowed the quantification of specific 

357 analytical parameters in the fouling layer. At the end of the operation (day 39), 

358 a destructive membrane autopsy was carried out, aiming to link the biomass 

359 hydraulic proprieties to the fouling analytical characterization. The analysis 

360 was conducted on 27 membrane coupons collected from each module. Before 

361 the autopsy, the OCT was employed enabling to calculate the biomass volume 

362 deposited on each corresponding sample, allowing to report the results of the 

363 characterization (Table 2) for membrane area and biomass volume (Fortunato 

364 et al., 2016). As reported in previous studies, the membrane fouling degree is 

365 linked to the components of the biomass accumulated on the membrane 

366 surface, where the biopolymers (BP) are considered the organic fraction that 
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367 contributed mainly to the biomass resistance (Gao et al., 2012; Lee et al., 

368 2019c; Meng et al., 2009). The LC-OCD analysis highlighted the abundance of 

369 BP per unit membrane (116.47 µg/cm2) in biomass developed under relaxation, 

370 where the lower values were observed with the application of air scouring 

371 (37.66 µg/cm2) and relaxation coupled with aeration (28.87 µg/cm2). In addition, 

372 carbohydrates and proteins were quantified for each biomass through EPS 

373 analysis. It was observed that the carbohydrates (541.58 µg/cm2) and proteins 

374 (422.50 µg/cm2) of biomass in reactor 1 were much higher than biomass in 

375 reactor 2 and 3 (respectively, carbohydrates 248.13 µg/cm2- 193.88 µg/cm2 and 

376 proteins 172.50 µg/cm2 – 173.75 µg/cm2). In addition, CLSM images (Fig. S2) 

377 show the distribution of proteins and polysaccharides in the biomass. It is worth 

378 to noting the different amount and distributions of EPS developed without air 

379 scouring (reactor 1). This could be attributed to the higher accumulation of 

380 biomass in absence of shear stress and to the anoxic condition (Chua et al., 

381 2002). 
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382 The scenario changed when the values were normalized for the biomass 

383 volume (X/mm3). By expressing the values for unit of biomass volume it is 

384 possible to assess the each foulants density in the biomass layer. To this extent, 

385 lower values were observed in reactor 1 compared to reactors 2 and 3, 

386 suggesting that a less dense structure was observed when no shear stress was 

387 applied in the system (Table 2). In reactor 1, when normalized for biomass 

388 volume the biomass showed the lowest DOC/mm3, with a value of 6.28 µg/mm3, 

389 with a concentration of BP, BB, LMW-N and LMW-A respectively of 4.10 

390 µg/mm3, 1.12 µg/mm3, 1.01 µg/mm3, 0.05 µg/mm3. These results suggest that 

391 the cleaning strategies (i.e. shear stress) strongly impacted the biomass 

392 structure and composition. In fact, as reported in Table 3, biomass in the 

393 reactors 2 and 3 presented higher foulants components for volume of biomass 

394 (X/mm3), suggesting a remarkable difference in biomass density related to the 

395 application of shear stress conditions. 

396

397 Table 2 Autopsy summary table. The autopsy was carried out after 39 days of 
398 operation on 18 membrane coupons (n=18). The biomass morphology was 
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399 characterized non-invasively with OCT right before the destructive membrane 
400 autopsy. Values were normalized for membrane area and volume of biomass. 

R1 – IF R2 – AS R3 - IF+AS
  Unit (Biomass 

1)
(Biomass 

2)
(Biomass 

3)
Thickness (m) 284±4 51±2 55±4
Abs. 
Roughness

(m) 3.75±2.00 4.30±0.99 5.55±1.01
OCT

Rel. 
Roughness

(-) 0.02±0.01 0.12±0.02 0.22±0.01

Biomass (m-1) 1.69 x 1013 5.06 x 1012 2.56 x 1012Hydraulic 
resistanc

e(a)
Specific (m-1 m-

1)
6.00 x 1010 1.08 x 1011 4.29 x 1010

DOC (b) (g/cm2)
178.09±3.

08
57.79±7.2

9
43.62±5.1

1

 (g/mm3

)
6.28±1.78

10.32±2.0
8

8.56±1.17

BP (g/cm2)
116.47±0.

98
37.66±3.0

1
28.87±2.9

8

 (g/mm3

)
4.10±0.48 6.73±0.99 5.66±0.52

BB (g/cm2)
31.72±2.0

1
10.99±1.9

7
7.62±0.49

 (g/mm3

)
1.12±0.12 1.96±0.07 1.49±0.05

LMW-N (g/cm2)
28.53±0.9

9
8.66±1.51 6.66±1.90

 (g/mm3

)
1.01±0.03 1.55±0.12 1.31±0.09

LMW-A (g/cm2) 1.36±0.31 0.48±0.12 0.47±0.04

LC-OCD

 
(g/mm3

)
0.05±0.01 0.09±0.02 0.09±0.01
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Carbohydrate
s

(g/cm2)
541.58±6.

61
248.13±3.

91
193.88±4.

14
(g/mm3

)
76.28±2.2

7
194.61±0.

92
141.00±1.

22

Proteins (g/cm2)
422.50±2.

11
172.50±3.

23
173.75±1.

91

EPS

 

(g/mm3

)
59.51±1.2

2
135.29±2.

1
126.36±0.

99
(a) Hydraulic resistance calculated at the end of experiment
(b) Hydrophilic Dissolved Organic Carbon (DOC)

401

402 Biomass accumulated under air scouring (reactor 2 and 3) showed an increase 

403 of foulants respect to biomass in reactor 1, when the value was normalized for 

404 the biomass volume, with +50% BP, +50% BB, +41% LMW-N, +85% LMW-A, 

405 proteins +19% and carbohydrates +19%. Indeed, as reported in previous 

406 studies (Ding et al., 2016; Mathieu et al., 2014; Picioreanu et al., 2018), while 

407 part of biomass is continuously removed from the membrane surface, the 

408 application of air scouring (i.e. shear stress) leads to the formation of tightly 

409 bound material on the membrane, developing a compact and dense EPS matrix 

410 due to significant compression of biomass. These results are in agreement with 

411 the specific hydraulic resistance values (m-1/µm), where the high value of 
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412 specific biomass resistance can be linked to the higher density of foulants and 

413 EPS in the biomass. To this extent, the specific hydraulic resistance can be 

414 considered a useful and representative biomass descriptor to assess a change 

415 in biomass proprieties. 

416 To summarize, the membrane autopsy results revealed significant differences 

417 among the biomasses obtained employing only relaxation (biomass 1) and 

418 shear stress (biomass 2 and 3). The use of shear stress induced by aeration 

419 leads to a more dense and compact structure, compared to one obtained by 

420 only intermittent filtration (i.e. relaxation).  

421 3.2.1 Impact of air scouring on biomass under continuous or intermittent 

422 filtration 

423 As reported in this study, a significant enhancement of permeate flux was 

424 obtained coupling relaxation and air scouring. The difference in permeate flux 

425 between reactors 2 and 3 was observed despite the achievement a similar 

426 biomass thickness (~50 µm) at the end of the experiment (39th day). The 

427 application of only air scouring presented a lower flux compared to the 
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428 relaxation combined with air scouring (-38% than reactor 3). However, the 

429 biomass in reactor 3 showed higher roughness (Fig. 3 and Table 2). The higher 

430 roughness was previously reported to slightly improve the flux in GDM and it 

431 can be attributed to the combined use of shear stress and membrane relaxation 

432 (Fortunato et al., 2016). The results collected through membrane autopsy 

433 allowed comparing the two biomasses (Table S2); in terms of contents per 

434 biomass volume the biomass on membrane surface in reactor 2 showed an 

435 increase of 17% in DOC. The soluble organic substances fractions investigated 

436 were found to be higher in biomass developed under only air scouring (+16% 

437 BP, +24% BB, +16% LMW-N, +8% LMW-A) as well as the EPS extraction 

438 showed an increase in carbohydrates (+28%). A similar distribution of the EPS 

439 constituents was observed through the CLSM imaging (Fig. S2), where the 

440 application of only air scouring led to an increase of carbohydrates 

441 concentration in the fouling layer. Previous studies identified the 

442 polysaccharides as the main fouling components responsible for limiting 
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443 electrostatic interactions and forming a compact homogeneous structure 

444 (Desmond et al., 2018a, 2018b). 

445 To sum up, the application of air scouring with intermittent filtration decreased 

446 the concentration of EPS in the fouling layer leading to the formation of a 

447 heterogeneous, more porous and less dense fouling layer providing the lowest 

448 specific hydraulic resistance (Fig. 4, Table 2). 

449
450 Fig. 4. Schematic drawing of the impact of fouling layer density on permeate 
451 flux. Despite the same fouling thickness (Fig. 3), the intermittent filtration 
452 coupled with air scouring (right) led to a less dense fouling layer with a lower 
453 concentration of Extra Polymeric Substances (EPS) compared to only air 
454 scouring (left). The lower fouling density positively affected permeate flux, 
455 providing the lowest specific hydraulic resistance to the filtration. The zoom-in 
456 of the internal structure shows the distribution of EPS: Carbohydrates (in blue) 
457 and Proteins (in orange). 
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458 3.4 Permeate quality

459 The Gravity-Driven Membrane filtration system has been proposed 

460 decentralized water treatment process thanks to its ability to combine 

461 membrane filtration with the biological process (Wu et al., 2019). In this study, 

462 the GDM was employed to treat primary wastewater collected from the 

463 wastewater treatment plant (section 2.1). The water quality of the permeate 

464 and the feed tank were monitored throughout the investigation time to evaluate 

465 the removal performances (TN and COD) of the GD-MBR filtration system with 

466 periodic physical cleanings operations. A considerable difference in TN removal 

467 was observed among the reactors (Fig. 5), where the highest removal (62%) 

468 was achieved in the GDM operated without intermittent aeration (only 

469 relaxation).
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470
471 Fig. 5 a) Total nitrogen and b) COD concentrations measured during the 
472 research period (Day 12 to 39) in the feed and permeate of R1 (Reactor 1 - 
473 Intermittent Filtration), R2 (Reactor 2 – Air Scouring) and R3 (Reactor 3 - 
474 Intermittent filtration + Air Scouring). The central dot of each box is the median 
475 value of the concentration, while the vertical line indicates the minimum and 
476 the maximum values. Right side: In a) and b) the black line indicates the 
477 removal efficiency as percentage.
478
479 The higher nitrogen removal achieved in reactor 1 can be attributed to the 

480 sequential nitrification and denitrification process due to the aerobic condition 

481 of the feed tank (high DO, 5-6 mg/L) and the anoxic condition of the membrane 
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482 reactor 1 (DO, 0-0.1 mg/L) (Table 1). Another contributes to TN removal 

483 achieved in reactor 1, was given by the highest HRT value (Table 1) due to the 

484 lower stable flux, which allowed a longer contact time between biomass and 

485 feed. This effect was previously observed by Lee et al (Lee et al., 2021a), where 

486 the highest TN removal of the GDM process was linked to the longer HRT.  

487 In reactors 2 and 3, the use of intermittent aeration led to the coexistence of 

488 anoxic and aerobic zones into the membrane reactor tank due to the air 

489 scouring cycles (Lee et al., 2019c). Hence, the difference in terms of TN 

490 removal between reactor 2 and 3 (41% vs 57%) can be attributed to the 

491 difference in aeration frequency in the reactors (Reactor 2: 15 min ON and 45 

492 min OFF, Reactor 3: 5 min ON and 55 min OFF), where a lower air frequency 

493 promotes the denitrification during the anoxic phase (no air scouring).   

494 The highest COD removal (58.79%) was observed in reactor 2 compared to 

495 reactor 1 (47.41%) and reactor 3 (49.97 %) (Fig. 5). The high COD removal in 

496 reactor 2 could be attributed to the longer aeration time and cake layer filtration 

497 efficiency. In this study, a higher daily aeration time of 6 hours was supplied in 
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498 reactor 2 (Table 1) compared to 2 hours in reactor 3 (Table 1); the longer 

499 aeration time promoted the aerobic biological, leading to a better carbon 

500 removal efficiency (Lee et al., 2019a). 

501 Furthermore, the biomass in reactor 2 presented the highest foulants density 

502 for unit of biomass volume (Table 2), suggesting an overall improvement of the 

503 membrane separation efficiency due to the formation of a more dense and 

504 compact fouling layer which acted as a secondary filtration layer. Indeed, it is 

505 worth noting that the UF membrane in the absence of fouling layer is not 

506 capable of removing the MW fraction of organic foulants with a smaller size 

507 than 20 kDa (UF). As observed in previous studies (Ding et al., 2017; Peter-

508 varbanets et al., 2011) the presence of biomass on membrane surface can 

509 effectively lead to better removal of medium-MW and low-MW compounds (i.e., 

510 HS, BB, and LMW-A and LMW-N), achieving a higher permeate quality. In fact, 

511 as reported in Fig. 6, the permeate of reactor 2 show the lowest values of MW 

512 fraction of organic foulants compared to permeate of reactors 1 and 3.
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513
514 Fig. 6. Soluble dissolved organic fractions in the feed and permeate 1 (R1 – 
515 Intermittent Filtration), permeate 2 (R2 – Air Scouring), permeate 3 (R3 – 
516 Intermittent filtration + Air Scouring). Columns indicate the concentrations, 
517 while the vertical line indicates the minimum and the maximum values. 
518
519 In summary, the physical cleaning employed in this study affected the DO 

520 concentration which played a fundamental role in TN and COD removal. In the 

521 absence of air scouring (reactor 1), the anoxic condition was favorable for 

522 biological removal of TN, while a slight increase of carbon removal was 

523 obtained with scouring (aerobic condition). Moreover, the compact and dense 

524 fouling structure improved the permeate quality acting as a secondary filtration 

525 layer (reactor 2).
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526 4. Comparing the performances of the GD-MBRs

527 In this study, the three different cleaning strategies tested have been shown to 

528 impact the water production (permeate flux) and the treated effluent water 

529 quality of the GD-MBRs. The employment of air scouring led to higher water 

530 productivity due to the shear stress action (i) and impacted the water quality 

531 due to aerobic conditions achieved in the reactor (ii). On the other hand, the 

532 absence of aeration promoted anaerobic conditions in reactor 1, further 

533 enhancing the TN removal in the permeate. These results highlighted the 

534 flexibility of the GD-MBR in achieving different performances depending on the 

535 operating conditions and cleaning strategies employed. Based on the 

536 assessment above, a qualitative comparison is reported in table S3 aiming to 

537 simplify the evaluation of the performances concerning water production 

538 (permeate flux) and water quality (TN and COD removal). To this extent, the 

539 choice of the appropriate operation relies on the eventual discharge or reuse 

540 of the treated effluent. 
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541 For example, when the water resources are limited, the wastewater effluent 

542 can be used for irrigation or land application (Guðjónsdóttir et al., 2022; Quist-

543 Jensen et al., 2015). As reported in the literature, high levels of nitrate in the 

544 effluent have been found to contaminate groundwater aquifers, and 

545 decentralized wastewater treatments (i.e. constructed wetland) showed only 

546 20% of total nitrogen removal (Gersberg et al., 1983). Although the best TN 

547 removal (up to 62%) achieved in the GD-MBR in the absence of aeration can 

548 be considered an advantage, the limited water production (1 LMH) could 

549 represent a major drawback requiring higher membrane area and CAPEX. In 

550 case of strict wastewater discharge regulation or non-potable reuse standards, 

551 a lower aeration frequency could be adopted to enhance denitrification, 

552 improving water quality. 

553 Therefore, the strategy adopted by applying air scouring with intermittent 

554 filtration can be considered as the best compromise between water quality and 

555 productivity. 
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556 In summary, the GD-MBRs can be considered a flexible and versatile treatment 

557 process, where the selection of the appropriate cleaning strategy can be based 

558 on the wastewater characteristics and the targeted treatment performance and 

559 the use of the treated effluent. 
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560 5. Conclusions

561 The performances of three lab-scale Gravity-Driven Membrane bioreactors 

562 treating primary wastewater effluent with long-term physical cleanings 

563 operations were investigated: (i) intermittent filtration, (ii) air scouring under 

564 continuous filtration and (iii) air scouring coupled with intermittent filtration. 

565 The impact of each cleaning strategy on the fouling was assessed by evaluating 

566 the biomass morphology (using OCT), fouling composition (destructive 

567 membrane autopsy), and reactor performance (permeate flux and water 

568 quality). The key findings of this study are summarized below.

569  Water Flux. Intermittent filtration coupled with air scouring enhanced the 

570 GDM performance in long-term operations achieving the highest stable 

571 flux (4 LMH). The intermittent filtration (i.e. relaxation) and the air 

572 scouring resulted in lower stable fluxes of 1 LMH and 2.5 LMH, 

573 respectively. 

574  Fouling. Relaxation coupled with air scouring led to a more porous cake 

575 layer with a lower concentration of EPS. This resulted in a positive effect 
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576 on permeate flux, providing the lowest specific hydraulic resistance to 

577 the filtration. Better separation efficiency was achieved employing only 

578 air scouring under continuous filtration, with the formation of compact 

579 and dense cake layer structure (secondary filtration layer). 

580  Removal efficiency. The highest COD removal (about 60%) was achieved 

581 in the reactor with a longer aeration time due to the aerobic biological 

582 activity (i) and denser cake layer (ii). The anoxic condition (i) and longer 

583 HRT (ii) of bioreactor conducted in the absence of aeration (i.e. 

584 intermittent filtration) allowed to achieve the highest TN removal (up to 

585 62%).

586 GD-MBR is a versatile treatment process capable of achieving different 

587 treatment performances, where the choice of the appropriate operation relies 

588 on the eventual discharge or reuse of the treated effluent.  In this study, the 

589 reactor employed with intermittent filtration and air scouring presented the 

590 best performances, showing the better compromise between water quality and 

591 productivity. 
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