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Abstract 20 

Osmotically assisted reverse osmosis (OARO) has shown a great potential for low-cost and 21 

energy-efficient brine management. However, its performance can be significantly limited by 22 

membrane fouling. Here, we performed for the first time a comprehensive study on OARO 23 

membrane fouling, explored the associated fouling mechanisms, and evaluated fouling 24 

reversibility via simple physical cleaning strategies. Firstly, internal membrane fouling at the 25 

draw (permeate) side was shown to be insignificant. Flux behaviour in short-term operation 26 

was correlated to both the evolution of fouling and the change of internal concentration 27 

polarization. In long-term operation, membrane fouling constrained the OARO water flux to a 28 

singular, common upper limit, in terms of limiting flux, which was demonstrated to be 29 

independent of operating pressures and membrane properties. Generally, once the limiting flux 30 

was exceeded, the OARO process performance could not be improved by higher pressure 31 

operation or by utilising more permeable and selective membranes. Instead, different cyclic 32 

cleaning strategies were shown to be more promising alternatives for improving performance. 33 

While both surface flushing and osmotic backwashing (OB) were found to be highly effective 34 

when using pure water, a full flux recovery could not be achieved when a non-pure solution 35 

was used during OB due to severe internal clogging during OB. All in all, the presented findings 36 

provided significant implications for OARO operation and fouling control. 37 

Keywords: osmotically assisted reverse osmosis, membrane fouling, limiting flux, internal 38 

concentration polarization (ICP), ICP self-compensation effect, fouling reversibility 39 

Synopsis: The performance of osmotically assisted reverse osmosis for brine disposal is 40 

demonstrated to be constrained by coupled effects of fouling and internal concentration 41 

polarization. 42 
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1. Introduction  49 

The potential of osmotically assisted reverse osmosis (OARO) to provide low-cost and energy 50 

efficient brine volume minimisation has been proven by several numerical studies 1–7. In 51 

comparison to other well-established high-recovery membrane processes, such as high-52 

pressure reverse osmosis (HPRO) and forward osmosis (FO), OARO gains its competitive 53 

advantage by having a saline sweep on the permeate side to reduce the transmembrane osmotic 54 

pressure difference, enabling high recovery desalination while operating at a hydraulic pressure 55 

that does not exceed the membrane burst pressure. Numerical estimates of the achievable 56 

OARO brine concentration are exemplary and can reach up to 205 g/kg 5 and 245 g/kg 6. In 57 

practice, however, the performance of OARO processes is expected to be inevitably affected 58 

by membrane fouling, which has not been systematically examined to date. 59 

OARO is susceptible to both severe membrane deformation 8 and fouling, as OARO 60 

membranes (1) are exposed to high hydraulic pressures, (2) ideally have a thin substrate to 61 

minimise internal concentration polarisation (ICP), and (3) are used to treat highly concentrated 62 

solutions with impurities. In comparison to other membrane desalination processes, OARO can 63 

utilise the same feed and draw solution which can contain a range of organic and inorganic 64 

fouling species and may vary from wastewater 9, seawater to concentrated brine 1–5. Hence, 65 

fouling on both sides of the OARO membrane is highly likely. Of special concern is internal 66 

membrane fouling on the draw side, where pore clogging can occur if foulants enter the 67 

membrane’s porous substrate 10. In this case, fouling enhanced ICP would substantially lower 68 

the OARO water flux. Depending on the chosen draw solution, internal membrane fouling in 69 

FO in AL-FS mode was found to be either significant 11 or not 12 and hence, deserves 70 

experimental investigation in OARO. Although the permeate water flow also opposes the 71 

accumulation of foulants within the membrane substrate, high pressure operation is expected 72 

to significantly change the hydrodynamic conditions within the OARO draw channel. 73 
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Compaction of the membrane and its spacer support narrow the flow channels, which can lead 74 

to enhanced foulant deposition and plugging of the spacer 13,14 and potentially of the membrane. 75 

Significant foulant accumulation on a pristine membrane and the associated flux reduction are 76 

predicted to occur, once the water flux exceeds the so-called critical flux 15,16. The critical flux 77 

is not fixed and depends on the foulant-membrane interactions, which are related to the 78 

feedwater properties, membrane characteristics and operational conditions.  However, under 79 

extreme fouling conditions, as often faced in OARO processes, the entire membrane surface 80 

can be potentially covered by foulants. Once this happens, the fouling development is 81 

independent of the pristine membrane properties, as shown by Tang et al. 17. Similar results 82 

were observed in other studies 18,19 and it was shown that the water flux after long-term fouling 83 

tended to achieve an identical pseudo-stable value, termed the limiting flux. While the limiting 84 

flux was shown to be independent of the membrane properties in RO 17,20 and FO 21 (AL-FS 85 

mode), this may not, however, be the case for OARO if internal membrane fouling is a concern. 86 

For example, in pressure retarded osmosis (PRO) the limiting flux was shown to be dependent 87 

on the membrane’s structural parameter S when scaling within the membrane substrate was 88 

substantial 22,23. It is necessary to examine how the operating pressure and membrane properties 89 

influence the limiting flux in OARO and further to gain an understanding of the technical 90 

implications for OARO operation.  91 

As OARO exhibits certain similarities to FO, dilutive ICP at the draw side will significantly 92 

reduce the effective driving force and thus result in a lower-than-expected flux 8. On the other 93 

hand,  several studies on FO fouling reported that flux remained relatively stable during 94 

membrane fouling in AL-FS mode due to the ICP self-compensation effect 24–26. Tang et. al 27 95 

related this observation to the fact that any minute reduction in the membrane’s water flux 96 

due to fouling will immediately be counterbalanced by a reduction in ICP, and hence, will 97 

result in a milder reduction of the membrane’s water flux. While the ICP self-compensation 98 
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effect is presumably applicable as well in OARO, it is important to investigate how it affects 99 

the OARO flux behaviour during fouling.  100 

As laid out in this paper, several complex and interdependent mechanisms of membrane fouling 101 

may occur during OARO operation. The objective of this study is to explore these mechanisms 102 

and to gain a better understanding of the technical limitations of OARO. This study covers a 103 

detailed investigation into the effects on the OARO process performance of the feed and draw 104 

compositions, the membrane properties and the hydraulic pressure. Additionally, possible 105 

membrane cleaning methods, such as osmotic backwashing and surface flushing, are evaluated 106 

for their efficacy in alleviating fouling and restoring the membrane’s initial water flux.  107 

2. Materials and Methods 108 

2.1. Membranes and spacer backing 109 

Two commercially available membranes, namely an aquaporin (AQP) based TFC membrane 110 

from Aquaporin A/S (Copenhagen, Denmark) and a FilmTec flat-sheet brackish water RO 111 

membrane (BW30LE), were used in this study to investigate OARO fouling. Both membranes 112 

were considered to be  suitable OARO membranes and were already fully characterised at 113 

operating pressures of up to 60 bar 8. The membranes were stored at 4°C and extensively rinsed 114 

and soaked in Milli-Q water for over 24 hours before use. 115 

A 3D printed spacer and a tricot-type RO permeate carrier, which was obtained from a 116 

commercial RO spiral wound module 28, were also used in this study. To reduce the spacer 117 

openings, the RO permeate carrier was placed on top of the 3D printed spacer to further 118 

improve the membrane's support structure. This spacer backing used in the draw channel could 119 

fully support the membranes at operating pressures of up to 60 bar 8. More information on the 120 

3D printed spacer is given in Peters et al. 8. No feed spacer was used in the membrane fouling 121 

experiments to accelerate fouling. 122 
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2.2. Chemicals and solutions 123 

OARO membrane fouling was investigated using five different combinations of feed and draw 124 

solutions. Unless otherwise stated, all solutions were prepared with ACS grade 125 

chemicals/reagents and prepared using ultra-pure water. All draw and feed solutions were 126 

calculated to have a comparable osmotic pressure of approximately 35 bar using OLI Studio 127 

10.0 software (OLI Systems Inc., Morris Plains, NJ). The compositions of the synthetic 128 

solutions are stated in Table 1. The inorganic precipitates that were added in F2, F3 and F4 129 

were purchased from Sigma Aldrich and were calcium carbonate and calcium sulfate dihydrate 130 

with both having a mean size of approximately 325 mesh. 131 

As dosing the feed and draw solutions was deemed unnecessary and impractical, a reference 132 

case (RC), with pure NaCl feed and draw solutions, was used to record the water flux reduction 133 

that was solely caused by the changes of the concentrations of feed and draw solutions during 134 

OARO operation (i.e., due to feed concentration and draw dilution). Firstly, the effects of 135 

membrane scaling on the OARO process performance were investigated using test case F1. 136 

Inorganic fouling can be a serious concern for seawater and brackish water desalination. 137 

Typically, the most common scaling constituents in seawater are calcite (𝐶𝑎𝐶𝑂3) and gypsum 138 

(𝐶𝑎𝑆𝑂4 ∙ 2𝐻2𝑂) 29. Therefore, calcite 30–32 and gypsum 33–35 scaling have been widely studied 139 

for a variety of membrane processes.  As OARO is generally utilised to concentrate RO brines 140 

4, the concentrations of gypsum and calcite precursor ions were chosen to be representative of 141 

those present in seawater RO brines (at 50% recovery) 14,36. The saturation index (SI) of 142 

gypsum and calcite in F1 were calculated using OLI Studio 10.0 software and are -0.14 and 143 

0.73, respectively. For supersaturated solutions (SI>0), scale formation is a likely phenomenon 144 

37,38 which may inevitably cause a flux reduction in OARO. For test case F2, gypsum and calcite 145 

precipitates were directly added to the feed and draw solutions to investigate whether the 146 

presence of already formed precipitates in the bulk solutions would enhance membrane fouling. 147 
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Test cases F3 to F5 investigate organic fouling in the presence of calcium ions. Sodium alginate 148 

is chosen in this study as a model foulant due to its ubiquity in surface waters and its known 149 

strong interaction with calcium ions 14. In F3, sodium alginate is only added to the draw side 150 

to determine whether organic fouling on the OARO membrane’s draw side is significant or 151 

not. On the other hand, in test cases F4 and F5 sodium alginate is also added to the feed solution. 152 

The inorganic precipitates (calcite and gypsum crystals) are also added to both feed and draw 153 

in test case F4 to simulate the OARO process under the most extreme fouling conditions.   154 

  155 
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Table 1: Composition of the synthetic feed and draw solutions used for the OARO fouling 156 
experiments. 157 

Test Case a RC F1 F2 F3 F4 F5 

Feed composition (mmol/L) 

NaCl 750 600 600 600 600 600 

CaCO3(s) 0 0 0.25 0 0.25 0 

CaSO4 (s) 0 0 11 0 11 0 

CaCl2 
b 0 21.62 21.62 21.62 21.62 21.62 

Na2SO4 
b 0 57.75 57.75 57.75 57.75 57.75 

NaHCO3 
b 0 4.76 4.76 4.76 4.76 4.76 

Alginate c 0 0 0 0 0.46 0.46 

Draw composition (mmol/L) 

NaCl 750 600 600 600 600 600 

CaCO3 (s) 0 0 0.25 0.25 0.25 0 

CaSO4 (s) 0 0 11 11 11 0 

CaCl2 
b 0 21.62 21.62 21.62 21.62 21.62 

Na2SO4 
b 0 57.75 57.75 57.75 57.75 57.75 

NaHCO3 
b 0 4.76 4.76 4.76 4.76 4.76 

Alginate c 0 0 0 0.46 0.46 0.46 

a RC: Reference case, only NaCl present in the solutions; F1:  Scaling precursors dissolved 158 
in both feed solution (FS) and draw solution (DS), neither crystals nor alginate present in 159 

bulk solutions; F2: Crystals present in bulk solutions and scaling precursors dissolved in 160 
both FS and DS; F3: scaling precursors dissolved in both FS and DS, alginate dissolved in 161 
DS only and crystals present in DS only; F4: Crystals present in bulk solutions and scaling 162 

precursors and alginate dissolved in both FS and DS; F5: Scaling precursors and alginate 163 
dissolved in both FS and DS and no crystal present in bulk solutions. 164 
b Concentrations calculated based on a 50% recovery of a seawater RO plant 14,36. 165 
c Alginate concentration is 100 mg/L (MW: 216 g/mol).  166 
 167 
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2.3. OARO fouling experiments 168 

All fouling experiments were carried out in a Sterlitech membrane test cell that can withstand 169 

operating pressures of up to 69 bar. The digital pressure gauges were only calibrated for 170 

operating pressures of up to 60 bar, which was therefore set as maximum pressure for all tests 171 

performed. The test-rig utilised in this study is described in detail in She et al. 14. As previously 172 

mentioned, no dosing pumps were utilised during the fouling experiments. The temperature of 173 

the pressurised feed solution was kept constant at 25±1 °C using a cooling coil.  174 

Prior to the addition of alginate in test cases F3-F5, the membrane was firstly compacted using 175 

the alginate-free feed and draw solutions at the required operating pressure for 30 min to ensure 176 

that any sudden flux reduction was solely caused by membrane fouling and not by membrane 177 

deformation. The duration of each fouling experiment was approximately 4 hours with the 178 

water flux 𝐽𝑊, operating pressure ∆𝑃 and the feed and draw conductivities recorded in 10-179 

second intervals. For all experiments, the cross-flow velocity (CFV) was set as 10 cm/s in both 180 

feed and draw channels 8. 181 

To ensure repeatability and an accurate analysis of the presented results, each AQP fouling 182 

scenario in Figure 2 was repeated twice, except for F2 due to limited AQP membrane coupons 183 

in the same batch available in stock. Two BW30LE experiments were also carried out for each 184 

different operating pressure investigated in Figure 4 to ensure repeatability of the results. 185 

2.4. OARO cleaning experiments 186 

As shown in Figure 1, three different cleaning strategies were investigated in this study. 187 

Flushing the fouled membrane using deionised (DI) water constituted the first. The other two 188 

cleaning strategies for OARO focussed on osmotic backwashing (OB) using different feed and 189 

draw solutions. The ideal OB strategy would use a deionised draw solution whereas the real 190 

OB utilised a synthetic seawater solution as draw. The three cleaning strategies modelled the 191 



11 
 

use of either product water or less expensive feedwater (i.e., seawater) as possible cleaning 192 

solutions to determine their efficacy. The organic fouling experiments (F5) were repeated three 193 

times, each lasting approximately 80 minutes to give a total fouling duration of 4 hours. In 194 

between the fouling cycles, cleaning cycles were carried out and lasted for approximately 10 195 

minutes. 196 

Flushing the fouled membrane using deionised (DI) water constitutes the first strategy. A cross-197 

flow velocity (CFV) of 20 cm/s was chosen in our flushing experiments, which is similar to 198 

the CFV used by Mi and Elimelech 39 and Vu et al. 40. The flow direction was not altered during 199 

membrane cleaning. The other two cleaning strategies for OARO focus on osmotic 200 

backwashing using different feed and draw solutions. In comparison to flushing, a reverse 201 

water flux is induced during OB that can theoretically enhance the dissociation and dislodging 202 

of the fouling layer from the membrane’s active layer 41. To enhance the reverse water flux, 203 

the operating pressure is reduced in both OB cleaning scenarios to approximately zero. In 204 

practice, however, osmotic backwashing can be used on-line, without stopping the high-205 

pressure pumps 42,43. In addition, OB is a rapid cleaning method that is also membrane and 206 

environmentally friendly, as no additional cleaning chemicals are used. 207 

In the ideal OB scenario, deionised water is used as draw solution, whereas a pure 2.4 M NaCl 208 

solution is used as feed solution. This case is deemed ideal, as no foulants are present in either 209 

draw or feed solution, and the transmembrane hydraulic pressure is at a minimum, meaning 210 

that the maximum reverse water flux can be achieved. The 2.4 M NaCl solution reflects the 211 

salinity achievable by OARO membrane processes 4,5. Hence, the OARO brine could be ideally 212 

used for the OB procedure without incurring any additional cost. However, using deionised 213 

water during the OB or flushing process is costly, as the OARO/RO product water must be 214 

utilised for this. To circumvent using DI water for the OB process, a more realistic OB scenario 215 

is also investigated in this study. Instead of using DI water, the original draw solution from test 216 
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case F5 is utilised in the real OB scenario to simulate on-line OB. Furthermore, the feed 217 

solution is chosen to resemble OARO brine with organics (100 mg/L alginate) and ion 218 

concentrations 3.2 times higher than the concentrations specified for the F5 feed solution.   219 

 220 

Figure 1: The three different cleaning scenarios investigated. 221 

2.5. Effective driving force and foulant resistance 222 

The effective driving force (𝐷𝐹𝐸𝑓𝑓) of OARO can be described using the osmotic resistance 223 

filtration model as follows 8,10: 224 

𝐷𝐹𝐸𝑓𝑓 = (∆𝑃 − ∆𝜋) − 𝑓𝐶𝐶𝑃 (𝜋𝐹 −
𝐽𝑆

𝐽𝑊
𝛽𝑅𝐺𝑇) − 𝑓𝐷𝐶𝑃 (𝜋𝐷 −

𝐽𝑆

𝐽𝑊
𝛽𝑅𝐺𝑇) 

(1) 

where ∆𝑃, ∆𝜋, 𝜋𝐹 and 𝜋𝐷are the transmembrane hydraulic pressure difference, the apparent 225 

osmotic pressure difference between draw and feed solutions, the feed osmotic pressure and 226 

draw osmotic pressure, respectively. 𝐽𝑊, 𝐽𝑆, 𝛽, 𝑅𝐺  and 𝑇 are the water flux, solute flux, van’t 227 

Hoff factor, the universal gas constant and the solution temperature, respectively𝑓𝐶𝐶𝑃 and 𝑓𝐷𝐶𝑃 228 

are the concentrative and dilutive concentration polarisation factors, respectively, and are given 229 

below: 230 

{
𝑓𝐶𝐶𝑃 = 𝑒

𝐽𝑊
𝑘𝐹 − 1

𝑓𝐷𝐶𝑃 = 1 − 𝑒
−

𝐽𝑊𝑆

𝐷

 

(2) 

where 𝑘𝐹, 𝑆 and 𝐷 are the mass transfer coefficient near the membrane active layer surface at 231 

the feed side, the membrane’s structural parameter S and the solute diffusivity. 232 
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The foulant resistance 𝑅𝐹 can be calculated using 26: 233 

𝐽𝑊 =
𝐷𝐹𝐸𝑓𝑓

𝜇(𝑅𝑀 + 𝑅𝐹)
 

(3) 

where 𝜇 is the fluid viscosity and 1/𝜇𝑅𝑀 is the same as the water permeability A of the 234 

pristine membrane. 235 

3. Results and discussion  236 

3.1. Effect of feed and draw solution composition on OARO fouling 237 

 238 
Figure 2: Effect of feed and draw solution composition on OARO permeate flux evolution. All 239 

fouling experiments were carried out using the AQP membrane at 50 bar with cross-flow 240 
velocity of 10 cm/s. RC: Reference case, and solution compositions for F1-F5 are listed in 241 
Table 1.  242 

Figure 2 shows the water flux results obtained for the reference case (RC) and the five fouling 243 

scenarios with different FS and DS compositions. All experiments were performed with the 244 

AQP membrane at a constant operating pressure of 50 bar. This resulted in an initial flux of 245 
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approximately 22-24 LMH for all tests. The water flux of the RC reduced from an initial water 246 

flux 𝐽0 of 23 LMH down to 18 LMH after a 4-hour OARO operation. This flux reduction is 247 

caused by the increasing transmembrane osmotic pressure difference, as the feed solution was 248 

concentrated, and the draw solution was diluted. 249 

The reference case is simulated for both the AQP and BW30LE membrane and compared to 250 

the experimental findings in section S1 of the supporting information. The simulation results 251 

show that the flux reduction is caused by the increasing transmembrane osmotic pressure 252 

difference as the feed and draw concentrations were changed by more than 5% over the 4-hour 253 

experimental duration. In addition, the simulation of the AQP reference case shows that the 254 

OARO sweep solution contributes towards the overall water flux. This shows that at the given 255 

feed/draw concentrations and operating fluxes, the AQP membrane is truly operated in OARO 256 

mode. 257 

Surface crystallization plays an insignificant role in OARO flux decline. It was observed that 258 

the flux for test scenario F1 is similar to that of RC. The inclusion of scale precursor ions in 259 

both the feed and draw solutions (test case F1) did not lead to a more severe flux reduction 260 

within the 4-hour operational window. Hence, it can be concluded that membrane scaling was 261 

not significant under the given operational conditions. Solute precipitation is mainly expected 262 

on the membrane’s feed side, as the feed solution is continuously concentrated while the draw 263 

is diluted. In addition, concentrative external concentration polarisation (ECP) causes higher 264 

solute concentrations near the membrane surface and hence, may lead to surface crystallization 265 

if the saturation limit is exceeded 44. In scenario F1, the main scaling precipitates are gypsum 266 

(calcium sulphate), which has a relatively high solubility. It is expected that the small amount 267 

of gypsum precipitates formed on the membrane surface would be removed at the high 268 

crossflow velocity on the feed side. Furthermore, no feed spacer was employed in this study to 269 
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prevent any stagnant regions between the feed spacer filaments and the membrane surface, 270 

where potential precipitates would form 45.  271 

Under the given feed conditions, the feed concentration at the membrane surface is increased 272 

by approximately 13% at 20 LMH due to ECP, which leads to an increase of the calcite and 273 

gypsum saturation index above 1. In longer operational periods scaling of the membrane 274 

surface is therefore possible.  275 

The current study, however, found that within the given testing time, surface crystallisation is 276 

of no significance or may not even occur, which suggests long induction times for the given 277 

feed and draw scalants. This issue deserves further investigation in long term operation in 278 

future studies. 279 

Bulk crystallization plays a significant role in OARO flux decline. Besides the scale precursor 280 

ions, inorganic precipitates were added to the feed and draw solutions in test case F2, which 281 

simulates a scenario for which bulk crystallization has already occurred. While the water flux 282 

of F1 did not deviate from that of the reference case, the water flux of F2 was substantially 283 

lower than that of the reference case after 4 hours. The F2 water flux dropped to 13 LMH. The 284 

difference in the 𝐽𝑊 trends between F1 and F2 suggests that the additional flux reduction in F2 285 

must be caused by the deposition and agglomeration of the inorganic precipitates on the 286 

membrane surface. In general, there are two distinct precipitation pathways in membrane 287 

modules, namely surface crystallisation, and bulk crystallisation. Both pathways of 288 

crystallisation can occur simultaneously and initiate/aggravate each other 46. For example, 289 

homogeneous crystal formation in the bulk can lead to scale deposition and cake layer 290 

formation on the membrane due to their continuous transport towards the membrane surface, 291 

which is the dominant scaling mechanism for F2 scenario. Moreover, this cake layer may offer 292 

a secondary nucleation site for further scale formation under supersaturated conditions, which 293 

further increases the resistance to water transport through the membrane.  294 
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Fouling/scaling is insignificant on the draw (permeate) side in OARO. As shown in Figure 295 

2, test case F3 also shows no deviation from the reference case. The objective of test case F3 296 

was to investigate whether organic fouling, scaling and/or inorganic precipitates on the 297 

membrane’s draw side cause any significant flux decline. As no deviation from the reference 298 

case was observed, it can be concluded that fouling on the membrane’s draw side is negligible 299 

and causes no significant loss in OARO performance. A similar finding was made by Boo et. 300 

al 12, who found that internal fouling on the draw side is negligible for forward osmosis 301 

processes operated in the AL-FS mode. This is due to the fact that the permeate water flow 302 

opposes the accumulation of foulants within the membrane substrate in the AL-FS mode. This 303 

is an important finding for OARO operation, as it suggests that membrane fouling is only likely 304 

to be a concern on the membrane’s feed side. This suggests that untreated solutions can 305 

potentially be used directly as OARO draw solution without any concern for membrane 306 

fouling. It should be noted that although no OARO internal fouling was observed in AL-FS 307 

mode, even when using a draw solution highly concentrated with organic and inorganic 308 

foulants, this might not be the case when using other draw solutions (e.g., surfactants 11) or 309 

when operating at lower water fluxes. Zohrabian et al. 11 found that when the foulant’s 310 

adsorptive and diffusive forces exceeded the counteracting convective forces (i.e., the permeate 311 

water flux), internal membrane fouling in FO in AL-FS mode was possible and hence, internal 312 

membrane fouling may also be possible in OARO. In addition, while no flux reduction was 313 

observed during F3, some organic matter was still observed to be trapped within the tight and 314 

compacted draw spacer. Pictures of the plugged draw spacers are shown in the supporting 315 

information (refer to S2 in SI). She et al. 14,22 made a similar finding for PRO and found that 316 

the compacted feed spacer was plugged by organic material during operation. This means that 317 

any precipitates should still be filtered from the draw solution to prevent any pressure loss 318 

caused by the plugging of the compacted OARO draw spacer.  319 
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Combined organic fouling and inorganic scaling synergistically enhance OARO flux 320 

decline.  The most severe flux decline was observed for test cases F4 and F5 in which alginate 321 

was added in the feed solution and combined organic fouling and inorganic scaling occurred. 322 

While the flux decline was similar for both scenarios in the first 2 hours, the final “steady-323 

state” water flux differed. After 4 hours of operation, F4 and F5 reached a water flux of 6 LMH 324 

and 9 LMH, respectively. In comparison to test case F3 where only inorganic scaling occurred, 325 

the combined organic fouling and inorganic scaling for F4 and F5 led to a more significant flux 326 

decline. In F4, inorganic precipitates were also present in both the bulk feed solution and the 327 

draw solution. As suggested in other studies, the calcium alginate (Ca-Alg) agglomerates in 328 

combination with the inorganic precipitates can form a denser and thicker fouling layer in F4 329 

than the Ca-Alg agglomerates alone in F5 47,48. This would explain why the final water flux is 330 

lower for F4 than F5. Both test cases suggested that the formation of Ca-Alg agglomerates and 331 

their interaction and deposition on the membrane surface cause a severe flux decline. As for 332 

any membrane process, organic fouling remains a major challenge and has been widely 333 

investigated 10,14,47,49. The severity of organic fouling in OARO is dependent on a multitude of 334 

factors and is mainly related to the feed side properties. 335 

3.2. Pressure-independent limiting flux in OARO 336 

The effects of the operating pressure (i.e., the initial water flux) on the OARO fouling 337 

propensity are shown in Figure 3. All presented results were obtained using the AQP membrane 338 

and the solution compositions specified for test case F5 (Table 1).  339 
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 340 
Figure 3: (a) Effect of the applied hydraulic pressure on OARO permeate flux evolution. All 341 

fouling experiments were carried out using the AQP membrane using the solutions specified 342 
for test case F5 in Table 1. (b) Relationship between the initial and final, pseudo-stable water 343 
flux. 344 
 345 

As shown in Figure 3 (a), the initial water flux 𝐽0 increased from 10 LMH to 30 LMH when 346 

the operating pressure was increased from 30 bar to 60 bar. A higher initial water flux is 347 
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associated with a higher fouling rate 15 and hence, a steeper flux reduction was observed at 348 

higher operating pressures. A limiting flux can be observed at approximately 9 LMH for the 349 

OARO process, above which the membrane flux cannot be sustained. This limiting flux is 350 

reached in both of the 50 bar and 60 bar fouling experiments. For a more detailed introduction 351 

and derivation of the limiting flux, please refer to S3 in the supporting information. 352 

While the initial water flux at 40 bar (15 LMH) supersedes the limiting flux, the final water 353 

flux (5 LMH) is below the limiting flux. This is contrary to the findings of Tang and Leckie 50 354 

who observed a well-defined limiting flux behaviour where (1) almost no flux decline was 355 

recorded when the initial flux was less than the limiting flux and (2) the final flux was 356 

equivalent to the limiting flux if the initial flux exceeded the limiting flux. In this case, an 357 

intermediate state is reached at 40 bar in which the obtained pseudo-stable water flux 𝐽𝑊
40 𝑏𝑎𝑟 358 

ranges between the critical flux (𝐽𝐶) and limiting flux (𝐽𝐿), i.e., 𝐽𝐶 < 𝐽𝑊
40 𝑏𝑎𝑟 < 𝐽𝐿. While the 359 

critical flux was not directly determined in this study, Bacchin 16 showed that the critical flux 360 

is lower than the limiting flux for colloidal systems and hence, the barrier force (repulsive 361 

force) between the foulant in the solution and the clean AQP membrane (FBarrier
𝑓−𝑚

) is expected 362 

to be lower than that between the foulant and the formed foulant layer on the membrane 363 

(FBarrier
𝑓−𝑓

). This intermediary state is also observed for the 30 bar fouling experiment. The initial 364 

water flux at 30 bar (9 LMH) is equivalent to the observed limiting flux, but the final pseudo-365 

stable water flux (4 LMH) is lower than the limiting flux. For these two scenarios, the barrier 366 

forces at the pseudo-stable flux for 30 bar and 40 bar (i.e., 𝐹𝐵𝑎𝑟𝑟𝑖𝑒𝑟
30 𝑏𝑎𝑟  and 𝐹𝐵𝑎𝑟𝑟𝑖𝑒𝑟

40 𝑏𝑎𝑟 , respectively) 367 

are expected to be:  368 

 𝐹𝐵𝑎𝑟𝑟𝑖𝑒𝑟
𝑓−𝑚

< 𝐹𝐵𝑎𝑟𝑟𝑖𝑒𝑟
40 𝑏𝑎𝑟 < 𝐹𝐵𝑎𝑟𝑟𝑖𝑒𝑟,𝐿

𝑓−𝑓
 (4) 

and: 369 
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𝐹𝐵𝑎𝑟𝑟𝑖𝑒𝑟
𝑓−𝑚

< 𝐹𝐵𝑎𝑟𝑟𝑖𝑒𝑟
30 𝑏𝑎𝑟 < 𝐹𝐵𝑎𝑟𝑟𝑖𝑒𝑟,𝐿

𝑓−𝑓
 (5) 

  370 

where 𝐹𝐵𝑎𝑟𝑟𝑖𝑒𝑟,𝐿
𝑓−𝑓

 is the barrier force offered by the fouled membrane when the limiting flux is 371 

reached. 372 

Another phenomenon which could contribute here to the greater flux decline and augment the 373 

degree of foulant deposition at higher operating pressures is the diffusiophoresis (DP) effect  374 

26,51. This effect is expected to be stronger at higher initial water fluxes due to the increase in 375 

external concentration polarisation, which may lead to a greater diffusiophoretic gradient 376 

within the cake layer. This could lead to greater cake compaction at higher operating pressures 377 

and hence, to a greater flux reduction. 378 

The relationship between the initial water flux 𝐽0  and the final pseudo-stable water flux is 379 

shown in Figure 3 (b). The intermediary state at 30 bar (𝐽𝐶 < 𝐽𝑊
30 𝑏𝑎𝑟 < 𝐽𝐿) and 40 bar (𝐽𝐶 <380 

𝐽𝑊
40 𝑏𝑎𝑟 < 𝐽𝐿) is clearly visible from this figure, as in both scenarios the final pseudo stable 381 

water flux is below 𝐽𝐿 although 𝐽0 ≥ 𝐽𝐿. It is noted that a similar relationship between the initial 382 

water flux and the final pseudo-stable flux was observed by She et al. 52 in the study of 383 

ultrafiltration (UF) membrane fouling. She et al. 52 reasoned that this non-ideal, intermediary 384 

state occurs due to the non-homogeneity of UF membranes such that localised microscale 385 

fluxes can exceed or fall below the apparent macroscale average flux. In regions where local 386 

fluxes are higher than the limiting flux, those local fluxes will decline and eventually stabilized 387 

at the limiting flux level. Noting that in other regions local fluxes are lower than limiting flux 388 

the apparent macroscale average flux in all regions will decline to below the limiting flux. 389 

The non-homogeneity of AQP membranes due to localized variations in the surface roughness 390 

and active layer thickness  has already been demonstrated by a variety of other studies 53–55.  391 

Thus, it can be hypothesised that membrane fouling is more severe in regions with high local 392 

water fluxes, whereas fouling is less severe in regions with lower local water fluxes,  causing 393 
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the formation of a fouling layer so that  394 

𝐹𝐵𝑎𝑟𝑟𝑖𝑒𝑟
𝑓−𝑚

< FBarrier < 𝐹𝐵𝑎𝑟𝑟𝑖𝑒𝑟,𝐿
𝑓−𝑓

. This explains the greater than expected flux reductions at 30 395 

bar and 40 bar, as the actual barrier force is less than that induced by a fully, homogeneously 396 

fouled membrane. On the other hand, it is expected that the AQP membrane is completely 397 

covered by a homogeneous foulant layer at operating pressures exceeding 50 bar with a 398 

relatively high initial water flux, as the final pseudo stable water fluxes at 50 bar and 60 bar 399 

are equivalent to the limiting flux. A foulant resistance analysis was conducted in the 400 

supporting information S5 using the results presented in Figure 3. The results indicate that the 401 

effective driving force increased with increasing the applied pressures from 30 bar to 60 bar, 402 

but foulant resistance at 30 bar exceeded that at 50 and 60 bar due to an increased ICP self-403 

compensation effect at lower water fluxes. This finding on 𝑅𝐹  is interesting and will be 404 

investigated more systematically in future OARO studies.  405 

This means that for long-term OARO operation, without continuous membrane cleaning, it is 406 

not advised to operate the AQP membrane at pressures exceeding 50 bar, as the same limiting 407 

flux will be reached under the given feed conditions. In essence, an energy saving of 16.7% 408 

can be achieved by operating the OARO process at 50 bar instead of 60 bar while operating at 409 

the same long-term water flux.  410 

3.3. Effect of the membrane properties on OARO fouling 411 

Membrane-independent limiting flux in OARO. In this subsection, two different membranes 412 

were tested to determine the effect of membrane properties on OARO fouling and flux 413 

behaviour (operated in AL-FS mode).  In Figure 4, the water flux trends of the AQP and 414 

BW30LE membrane are presented for test case F5 (Table 1). The AQP and BW30LE 415 

membranes were operated at respective pressures of 50 bar and 40 bar to ensure that the initial 416 

water fluxes are comparable and exceed 20 LMH. At this high initial water flux, the BW30LE 417 

membrane experienced extremely severe ICP due to the large S value of its substrate. Thus, 418 



22 
 

the draw solution could not significantly enhance the driving force and therefore, the BW30LE 419 

membrane was operated almost in RO process (Refer to Figure S1 in the SI). As shown in the 420 

figure, the water fluxes of both membranes converged to the same pseudo-stable water flux of 421 

approximately 9 LMH, which was previously determined to be the limiting flux. Hence, the 422 

presented results in Figure 4 align with the hypothesis that the OARO limiting flux may be 423 

independent of the membrane properties when operated in AL-FS mode. This hypothesis of an 424 

OARO membrane-independent limiting flux would be consistent with the observations from 425 

conventional RO/NF 17,56 processes and FO processes operated in AL-FS orientation 21. 426 

  427 

Figure 4: Effect of the membrane properties on OARO permeate flux evolution. All fouling 428 

experiments were carried out using the solutions specified for test case F5 in Table 1. The 429 
AQP and BW30LE membrane were operated at 50 bar and 40 bar, respectively. 430 

 431 

Membrane-dependent ICP self-compensation effect. Although both membranes achieved the 432 

same limiting flux, the flux reduction rate differed between the two. While the flux stabilised 433 
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for the BW30LE membrane after 1 hour of alginate addition to the feed and draw solutions, 434 

the flux of the AQP membrane only stabilised after approximately 1.5 hours. Hence, it seems 435 

that the BW30LE membrane is more prone to fouling but in fact, the slower flux reduction of 436 

the AQP membrane can be attributed to a stronger ICP-self compensation effect – any minute 437 

reduction in the membrane’s water flux due to fouling will immediately be counterbalanced by 438 

a reduction in ICP 27.  439 

The dilutive concentration polarisation factor 𝑓𝐷𝐶𝑃 is modelled in Figure 5 (a) and the effective 440 

driving force 𝐷𝐹𝐸𝑓𝑓  is plotted in Figure 5 (b) for the given test case. All terms included in 441 

Equation (1) and Equation Error! Reference source not found. were calculated using the time 442 

varying results with 𝜋𝐹 and 𝜋𝐷 also changing due to respective concentration of feed solution 443 

and dilution of draw solution as the experiment progressed. If 𝑓𝐷𝐶𝑃 equals 1, the contribution 444 

of the draw solution towards the overall driving force is basically nullified and the process is 445 

conventional RO. On the other hand, if 𝑓𝐷𝐶𝑃 equals 0 then the draw solution fully contributes 446 

towards the overall driving force, which is ideal for osmotically driven membrane processes. 447 

The membrane properties (water permeability 𝐴 , solute permeability 𝐵  and structural 448 

parameter 𝑆) stated in Peters et al. 8 for the AQP membrane at 50 bar (𝐴 = 2.13 𝐿𝑀𝐻 𝑏𝑎𝑟−1, 449 

𝐵 = 1.56 𝐿𝑀𝐻 , 𝑆 = 809𝜇𝑚  ) and for the BW30LE membrane at 40 bar ( 𝐴 =450 

6.41 𝐿𝑀𝐻 𝑏𝑎𝑟−1, 𝐵 = 2.24 𝐿𝑀𝐻, 𝑆 = 2100𝜇𝑚) were used to calculate the change in 𝑓𝐷𝐶𝑃 451 

for both membranes under the given fouling conditions. As shown in Figure 5 (a), 𝑓𝐷𝐶𝑃 of the 452 

AQP membrane reduces more significantly than that of the BW30LE membrane with the 453 

progress of the fouling test. Furthermore, Figure 5 (b) shows that the effective driving force of 454 

the AQP membrane increases by approximately 15 bar, whereas that of the BW30LE 455 

membrane only increases by roughly 9 bar. This showcases the stronger ICP self-compensation 456 

effect of the AQP membrane at higher operational water fluxes (𝐽𝑊 > 4 𝐿𝑀𝐻) due to its 457 

smaller structural parameter. It should be noted that the AQP membrane may also experience 458 
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a weaker ICP self-compensation effect in the relatively low flux regime (𝐽𝑊 ≤ 4 𝐿𝑀𝐻), but 459 

this is not the case in our study (refer to S4 in SI). 460 

 461 

Figure 5: (a) Visualisation of the ICP self-compensation effect for the AQP and BW30LE 462 

membrane using the change of 𝑓𝐷𝐶𝑃 as indicator, (b) the change of the effective driving force 463 

with fouling progression, and (c) the calculated foulant resistance of both membranes during 464 
the F5 fouling scenario. 465 

This difference in the 𝑓𝐷𝐶𝑃 trends shows that the membrane properties play a vital role during 466 

the transient flux decline period (Approximately the first 1.5 hours of operation). Differences 467 

in the AQP membrane morphology (surface roughness: 96 nm 57, surface charge: -45 mV 468 

(pH=7) 57, -41 mV (pH=5.3)58, contact angle:  53° 57, 58.6° 58, 68.2° 59) and that of the BW30LE 469 

membrane (surface roughness: 53 nm, surface charge: -30 mV (pH=6.5), contact angle:  42°)60 470 

are another cause for the different fouling propensities especially at the early stage of fouling 471 
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where foulant-membrane interaction plays an important role, as they directly affect the foulant 472 

deposition rate due to differences in membrane-foulant interactions.  473 

Using the membrane properties given in Peters et al. 8 and the given operating conditions in 474 

this study, Equation (1) and Equation (3) can be used to calculate the change in the foulant 475 

resistance during the experiment.  As shown in Figure 5 (c), the foulant resistance of the AQP 476 

membrane increased more drastically during the initial stage of the flux decline period than for 477 

the BW30LE membrane. The higher fouling resistance of the AQP membrane can be attributed 478 

to its higher 𝐷𝐹𝐸𝑓𝑓  during the experiment 26. Once the limiting flux is reached for either 479 

membrane, 𝑅𝐹 remains constant, which shows that a pseudo-stable state is reached in which its 480 

foulant resistance remains relatively constant, suggesting additional foulant accumulation on 481 

the membrane would not occur. 482 

As observed above,  the membrane properties are not important when operating at the limiting 483 

flux,  but they are still important during the initial stages of the fouling period or when the final 484 

pseudo-stable flux is lower than the limiting flux 15,21. Therefore, the OARO membrane 485 

properties are an important consideration when (1) continuous membrane cleaning is 486 

considered, or when (2) operating at pressures and feed conditions where the final pseudo-487 

stable flux is below the limiting flux. Depending on the membrane properties, the operating 488 

conditions and the feed composition, the critical flux and hence the onset of membrane fouling 489 

will differ between the AQP and BW30LE membrane. Thus, the conceptual flux behaviour 490 

will differ between the two membranes. Under the given feed and operating conditions, the 491 

AQP membrane has a higher fouling propensity than the BW30LE membrane, as shown in 492 

Figure 5 (b).  493 
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3.4. OARO membrane fouling reversibility 494 

Three cleaning scenarios (i.e., surface flushing, osmotic backwashing using DI water (ideal 495 

OB), and osmotic backwashing using non-pure solution (real OB)) were tested on the AQP 496 

membrane to investigate the fouling reversibility. The results presented in Figure 6 show that 497 

the ideal OB is the best cleaning strategy, which is capable of fully restoring the initial water 498 

flux in OARO. Similarly, the ideal OB approach also exhibited high cleaning efficiency for the 499 

BW30LE membrane (Refer to S6 in SI), despite its lower back washing flux and different 500 

membrane properties from that of the AQP membrane. This high flux recovery can be related 501 

to the relatively weak interaction between alginate and the membrane surface, as alginate is of 502 

a hydrophilic nature. In addition, larger aggregates were formed when calcium ions bound the 503 

carboxylic functional groups of adjacent alginate macromolecules. Hence, the larger alginate 504 

aggregates were easily loosened from the membrane surface due to the lifting force created by 505 

the backwash permeation. The loosened cake/gel layer was then fully removed from the 506 

membrane surface by the shear-induced erosion caused by the cross-flow velocity on the 507 

membrane’s feed side 61. This finding is consistent with those made in prior studies on the 508 

reversibility of alginate fouling in FO 61,62. In another study, Blandin et al. 41 found that 509 

although osmotic backwashing effectively removed alginate and humic acid aggregates from 510 

the membrane surface, the dislodged foulants would not be effectively removed from the feed 511 

channel at low CFV (10 cm/s). Instead Blandin et al. 41 found they had  to use a higher CFV of 512 

0.35 m/s to fully remove the foulants from the feed channel. This issue was not observed during 513 

our OB experiments, which were carried out at a CFV of 10 cm/s, as no feed spacer was 514 

employed. 515 
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 516 

Figure 6: The effectiveness of the three cleaning scenarios. Ideal OB: Osmotic backwash using 517 

2.4M NaCl feed and DI water as draw. Real OB: Osmotic backwash using OARO brine as feed 518 

and draw according to test case F5 (Table 1). Flush: surface flushing using DI water as feed 519 
and draw solution. The different cleaning conditions are specified in Section 0 and Section S1 520 
in the SI. All fouling experiments were carried out using the solutions specified for test case F5 521 

in Table 1. The AQP membrane was operated at 50 bar with a CFV of 10 cm/s during the 522 
fouling cycles. Each of the three fouling cycles lasted 80 min, to give a total fouling duration 523 

of 4 hours whereas each cleaning cycle lasted 10 minutes. The negative flux in the figure 524 
indicates that the direction of flux is reversed during cleaning. 525 

 526 

In comparison to the ideal OB, the initial water flux could not be fully restored using the real 527 

OB. The initial water flux decreased for each subsequent fouling cycle, indicating that the 528 

foulant resistance 𝑅𝐹 increased cumulatively after each fouling and cleaning cycle. As would 529 

be expected, using saline draw solutions lowered the reverse water flux, as shown in Figure 6. 530 

This in turn meant that the hydrodynamic drag force used to detach the foulants from the 531 

membrane surface was lowered. Moreover, as the permeating flux was momentarily reversed 532 

during OB, foulants from the draw solution could have be drawn into the membrane substrate, 533 

which can cause pore blockage. In this case, removing the deposited foulants within the 534 

membrane substrate could be difficult even after the direction of the OARO operational water 535 
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flux is restored after cleaning. Pore blockage was observed by several researchers and is 536 

generally regarded as irreversible 61–64. Therefore, cleaning of the OARO membrane is not 537 

advised using impure draw solutions. On-line osmotic backwashing of the OARO membrane 538 

is therefore not recommended if impure draw solutions are to be utilised. 539 

While the efficiency between the different flushing cycles seems to differ, membrane flushing 540 

is still deemed more effective than real OB. As previously mentioned, the calcium alginate 541 

aggregates cause a severe flux decline during OARO operation, but these are easily removed 542 

from the membrane surface due to their large size. It is also important to mention that although 543 

the membrane was flushed with deionised feed and draw solutions, a reverse water flux was 544 

still generated (as shown in Figure 6), which may have improved the flushing efficiency. 545 

Similarly, Kim et al. also observed a reverse water flux during surface flushing 62. This 546 

backwashing water flux can be attributed to the cake enhanced concentration polarisation 547 

(CECP) phenomenon. Generally, ions are trapped between the membrane’s active layer and 548 

the adjacent foulant layer due to CECP. Once the draw and feed solutions are swapped from 549 

the fouling solutions to the deionised solutions, these ions are still trapped in the foulant layer 550 

and cause a transmembrane osmotic pressure difference from feed to draw side. Hence, reverse 551 

water permeation is induced during membrane flushing. This is beneficial in the sense that 552 

simple membrane flushing induces a reverse water flux that helps to dislodge the cake/gel layer 553 

from the membrane surface. However, the magnitude of the backwash water flux is not 554 

constant between cleaning cycles and its duration is relatively short. This may explain the 555 

varying efficiency of membrane flushing. 556 

4. Implications 557 

This study is the first published to our knowledge to systematically investigate fouling in the 558 

OARO membrane process. The presented findings offer insights into (1) the fouling 559 

mechanisms occurring during OARO operation, and (2) the impacts of membrane fouling on 560 
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the process performance. Furthermore, the presented results offer guidance for OARO 561 

operation under extreme operating conditions with harsh feed and draw solutions. The 562 

following conclusions highlight the findings of the study: 563 

• The presented results suggest that the limiting flux may be independent of the OARO 564 

membrane properties. However, the membrane properties play a vital role (1) when 565 

operating at pseudo-stable fluxes below the limiting flux, (2) during the initial stages 566 

of fouling when the limiting flux has not yet been reached, and (3) during membrane 567 

cleaning. 568 

o The AQP membrane with a thinner substrate experiences a higher fouling 569 

resistance due to its stronger ICP self-compensation effect in the high operating 570 

flux region.  571 

o Membranes with a thinner substrate are preferred for osmotic backwashing or 572 

flushing, as a higher backwash flux can be achieved during membrane cleaning. 573 

• Long-term OARO operation at 50 bar is more energy efficient than at 60 bar for the 574 

given feed composition, as the same pseudo-stable flux (limiting flux) is achieved at 575 

both pressures. 576 

• For an AL-FS orientation, fouling on the membrane’s draw side was found to be 577 

negligible during OARO operation. Fouling mainly occurred due to the formation of a 578 

cake/gel layer on the membrane’s active layer on the feed side. 579 

o Hence, impure draw solutions could be potentially used for OARO operation at 580 

low risk of membrane fouling. However, fouling and plugging of the draw 581 

channel can increase the draw side pressure loss.  582 

o Conversely, using impure draw solutions prohibits the use of on-line osmotic 583 

backwashing, as foulants may enter the membrane’s substrate during cleaning 584 

and cause irreversible membrane fouling. In addition, using saline draw 585 
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solutions during backwashing lowers the reverse water flux and hence, lowers 586 

the OB cleaning efficacy. 587 

• Fouling by alginate in the presence of calcium ions is severe during OARO operation. 588 

This fouling layer is, however, easily detachable from the membrane. To prevent severe 589 

membrane fouling in OARO, continuous membrane cleaning is required, or the feed 590 

solution must be softened and/or alginate removed. 591 

  592 
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