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12 Abstract

13 Although reverse osmosis (RO) currently dominates the global desalination market, membrane 

14 fouling remains a major operational obstacle, which penalizes sustainable plant operation. This study 

15 explores a new membrane cleaning technique that uses a saturated CO2 solution to alleviate 

16 membrane fouling caused by organic matter, without any additional chemicals. When the CO2 

17 saturated solution is injected into the membrane module at a given pressure, CO2 bubbles start 

18 nucleating throughout the membrane surface. This phenomenon is intensified underneath the 

19 deposited foulants. The porous structure of the foulants presents cavities, which are considered as 

20 imperfection sites that act as a substrate for CO2 bubbles nucleation, leading to an effective 

21 membrane cleaning. In this study, sodium alginate, a model polysaccharide, was mixed with 

22 different concentrations of Ca2+ to evaluate the cleaning efficiency of the CO2 technique under 

23 severe operating conditions when formed Ca2+/alginate fouling layers significantly impend the RO 

24 process performance. Furthermore, the effect of hydrodymamic conditions and CO2 saturation 

25 pressure on efficiency of permeate flux recovery and membrane morphology is also evaluated and 

26 the results are compared to those achieved with Milli-Q water and acidic solution at pH 4 cleanings. 

27 Better permeate flux recoveries were observed at higher Ca2+ concentrations comparing to fouling 

28 expriments at lower concentrations. The observed effect was attributed to a transition from the gel 

29 layer to a looser cake layer which makes CO2 bubble nucleation and subsequent permeate flux 

30 recovery more effective due to the presence of a larger number of CO2 nucleation sites as a result of 
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31 a formation of more porous fouling structures. Permeate flux recovery increased with the increase 

32 in cleaning time, cross-flow velocity and CO2 saturation pressure. 

33

34 Keywords: membrane fouling and cleaning, carbon dioxide nucleation, organic fouling, alginate 

35 fouling, Ca2- induced fouling, RO desalination.

36

37 1. Introduction

38 At present, about 40% of the global population experiences severe freshwater shortages, and this 

39 number is expected to increase due to population growth [1]. Of the existing water sources on Earth, 

40 97.5% is saline and most of the remaining 2.5% is locked as ice in glaciers. Hence a limited amount 

41 of freshwater is available globally for potable water supply, industrial and irrigation needs [2]. In 

42 this regard, seawater desalination is considered as a viable and economic solution to boost freshwater 

43 supply, especially in arid and semi-arid areas such as the Middle East and North African (MENA) 

44 countries [3]. Among the various desalination technologies, reverse osmosis (RO) currently 

45 dominates in the world market, providing about 65% of the total desalination capacity [4, 5].

46 In the RO process, mechanical pressure applied to the feed side of a membrane should exceed 

47 the osmotic pressure of the feed water in order to drive the water molecules through the non-porous 

48 polymeric membrane while salts and other feed water constituents are rejected [6]. The efficiency 

49 of the RO process is limited by a number of factors which adversely affect membrane performance, 

50 and despite extensive feed water pretreatment, membrane fouling cannot be fully eliminated [7-10]. 

51 As a result, membrane cleaning is necessary to dislodge and remove foulants from the membrane 

52 surface in order to maintain sustainable plant performance. In general, membrane cleaning is based 

53 on physical cleaning - which may include forward flushing, backwashing or air sparging - and 

54 chemical cleaning (off-line cleaning-in-place (CIP)) [11-14]. Due to process limitations and practical 

55 reasons, chemical cleaning predominates at RO plants [15]. However, chemical cleaning can 

56 significantly impact membrane lifetime due to its contact with aggressive environments (e.g., 

57 extreme pH values or oxidizing solutions). Andes et al. [16] reported that while rejection of salts by 

58 RO membranes was not changed even after one month of operation, its mechanical strength was 

59 reduced by 40% due to periodic alkaline cleanings at pH 13. The observed effect was attributed to 

60 degradation of the polyester support layer, which is common for most RO membranes. Furthermore, 
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61 the required transportation, handling and storage of chemicals could contribute up to 20% of the 

62 total plant operating costs [17]. 

63 Air sparging is a fouling mitigation technique which is used in the course of filtration without 

64 the need to stop the filtration process [18, 19]. In this technique, air is introduced into the feed stream 

65 through diffusers to form a two-phase gas/liquid flow. A shear force which is created by the bubbles 

66 movement along the membrane surface, reduces concentration polarization and sweeps away 

67 contaminants which are accumulated in the membrane’s vicinity [20]. However, the presence of a 

68 net spacer inside the flow channel negatively impacts the efficiency of air sparging by trapping the 

69 air bubbles between the spacer and the membrane surface which reduces effective filtration area and 

70 increases hydraulic resistance and corresponding pressure drop inside the module [21]. An 

71 alternative approach which allows to avoid feed flow obstruction caused by the stagnant air bubbles 

72 near the membrane surface while still maintaining high shear force and corresponding high 

73 membrane cleaning efficiency is utilizing saturated CO2 solution as a two-phase cleaning flow [14, 

74 22-24]. CO2 gas is highly soluble in water, where saturated CO2 solutions can easily be formed at  

75 pressures exceeding atmospheric pressure [25]. When saturated CO2 solution enters the feed 

76 channel, the excessive pressure is released, and CO2 bubbles are formed due to a phase change. 

77 Ngene et al. [22] observed a complete biofouling removal (estimated as hydraulic resistance 

78 restoration) upon application of saturated CO2 solution as compared to only 40% and 85% removals 

79 by simple water rinse and water/N2 mixtures, respectively. In a follow-up study, Moreno et al. [23] 

80 applied CO2 solution saturated at 0.5 bar to control membrane fouling during reverse electrodialysis 

81 of a natural surface water. Al-Ghamdi et al. [24] demonstrated a significant improvement of 

82 membrane permeability when saturated CO2 solution was used in intermittent backwashing during 

83 the ultrafiltration of complex feed waters containing high concentrations of sodium alginate and 

84 SiO2 nanoparticles.

85 In seawater, the hydrophilic fraction of the total natural organic matter (NOM) could reach as 

86 high as 70% [26]. Among hydrophilic NOM constituents, the polysaccharides possesses higher 

87 adsorption affinity towards polymeric membrane surfaces [27, 28] thereby playing a significant role 

88 in membrane fouling as compared to other organic substances due to their wider molecular weight 

89 distribution and presence of acidic functional groups [29-31]. Sodium alginate is an acidic 

90 polysaccharide which is frequently used to model organic fouling in pressure-driven membrane 

91 processes [29, 32, 33]. During membrane filtration, sodium alginate deposits on the membrane 
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92 surface causing detrimental flux decline as compared to that of humic acids [34], exopolymer 

93 substances [35] or proteins [36]. The extent of the flux decline during sodium alginate filtration is 

94 correlated with the hydrodynamic conditions (transmembrane pressure (TMP) and cross-flow 

95 velocity (CFV)) and feed water matrix composition [34, 36, 37]. Severe flux decline upon addition 

96 of Ca2+ ions, a common seawater constituent, was also demonstrated in a number of studies [29, 32, 

97 33, 38, 39]. Permeate flux decline was attributed to the ability of alginate molecules to form a 

98 spatially distributed cross-linked network of Ca2+ called the “egg box”. In this model, Ca2+ ions fit 

99 in the cavities between two 21 helical chains of alginate molecules due to strong van der Waals 

100 attraction and hydrogen bonds, followed by the dimer aggregation by weak electrostatic forces [40, 

101 41]. The complexation of Ca2+ ions with alginate carboxyl groups depends on several factors 

102 including the presence of monovalent ions, pH, alginate concentration and membrane surface 

103 characteristics [37, 42-45]. When system complexity is elevated by increasing Ca2+ concentration, 

104 the fouling propensity of Ca2+-alginate aggregates would be altered due to the changes in their 

105 morphology. Analysis of the existing literature revealed contradictory data regarding effect of 

106 increasing Ca2+ concentration on physicochemical properties of alginate fouling layers and 

107 corresponding permeate flux declines [29, 38, 44, 46-51]. While some researchers observed less 

108 permeate flux decline in presence of high Ca2+ concentrations (e.g., [46, 47]), others reported adverse 

109 effect of Ca2+ addition on permeate flux and process efficiency (e.g., [51]). As such, this 

110 phenomenon requires further investigation to better understand membrane fouling mechanisms. 

111 The objectives of this study are to (1) systematically examine the effect of sodium alginate on 

112 RO membrane fouling and permeate flux decline in the presence of different Ca2+ concentrations, 

113 (2) evaluate efficiency of saturated CO2 solutions in removing complex alginate fouling layers 

114 containing Ca2+ ions from the RO membrane surface, and (3) elucidate mechanisms and key factors 

115 affecting CO2 bubble nucleation. 

116 This is the first study to systematically investigate the effect of various system indicators 

117 including CO2 saturation pressure, CFV and cleaning duration, and to link these indicators to the 

118 removal of hydrophilic organic fraction of NOM represented by sodium alginate; known for its 

119 ability to aggravate membrane fouling in the presence of Ca2+, a common seawater constituent which 

120 causes severe scaling of RO membranes [52]. Furthermore, the cleaning conditions were optimized 

121 to achieve maximum permeate flux recovery. We suggested a complex approach to investigate 

122 interactions between Ca2+ and alginate molecules and its effect on membrane fouling and subsequent 
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123 permeate flux decline by introducing two fouling schemes to differentiate effect of bulk 

124 complexation between Ca2+ and alginate molecules (Scheme 1) from the surface complexation 

125 which is caused by Ca2+ accumulation on a membrane surface (Scheme 2). The observed results 

126 were linked to morphology of fouled and cleaned membranes and physicochemical properties of the 

127 Ca2+-alginate aggregates, which were also investigated. The RO operating parameters were varied 

128 with respect to different CFV, cleaning times and CO2 saturation pressures. The cleaning efficiency 

129 of the saturated CO2 solution was compared to that of Milli-Q water and acidified cleaning solutions 

130 at pH 4 to elucidate the effect of solution pH on this process. 

131

132 2. Materials and methods

133 2.1. Materials

134 Sodium chloride (NaCl), calcium chloride dihydrate (CaCl2
.2H2O), sodium alginate and sodium 

135 hypochlorite (NaOCl) were supplied by Sigma-Aldrich. CO2 gas was supplied by the Abdullah 

136 Hashim Industrial Gases and Equipment Co. The ultrapure water was generated by the Milli-Q 

137 Ultrapure Water System (Millipore Corp.).

138

139 2.2. Experimental setup

140 A schematic presentation of the RO bench-scale setup is given in Figure 1. A cross-flow SEPARO 

141 membrane cell was provided by Sterlitech Corp. The temperature of the feed solution was 

142 maintained at 23±1˚C using a circulating chiller (Model 89202-992, VWR). The high-pressure 

143 Hydra Cell pump (Sterlitech Corp.) was employed to deliver the feed water to the SEPA cell. 

144 Both permeate and concentrate were recirculated into the feed water tank to keep the feed 

145 concentration constant. Pressure and flow rate readings were taken by digital pressure gauges 

146 (Model F16B1000PSIG-NG, Ceocomp Electronics) and high-pressure flowmeter (Model 2221-

147 S1022, Orange Research Inc.), respectively. The desired operation pressures and CFVs were 

148 adjusted by varying the high-pressure release valve (R-type series, Swagelok) and pump speed. 

149 The mass of accumulated permeate was logged at pre-determined time intervals by employing a 

150 digital balance (Model EBX22KH, CAS Corporation) connected to a data acquisition system 

151 (LabView, National Instruments). The RO system was periodically flushed with 1,000 mg/L of 

152 NaOCl for two hours followed by rinsing with excessive Milli-Q water to remove the fouling 

153 material from the tubing and fitting.
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154

155 Figure 1. Schematic diagram of the bench-scale RO setup.

156

157 SW30-4040 polyamide thin-film composite RO membranes (Dow DuPont) were used in the 

158 entire series of experiments. The channel size of SEPA cell is 14.7 cm x 9.7 cm that corresponds 

159 to an active membrane surface area of 142.59 cm2. The membrane coupons were soaked in Milli-

160 Q water at 4 oC for 24 h to remove any residual organics prior to testing. 

161

162 2.3. Membrane fouling experiments

163 Membrane compaction and conditioning were conducted before each fouling experiment. 

164 Membrane compaction was conducted for 24 h at a TMP of 20 bars and CFV of 0.12 m/s by using 

165 Milli-Q water as feed and permeate flux was recorded. We found that 24 h compaction was 

166 sufficient to achieve stable permeate flux. After this, Milli-Q water was replaced with 50 mM 

167 NaCl solution and RO process was resumed with the same operating conditions. During 

168 conditioning stage, permeate conductivity was monitored and NaCl rejection was above 99% in 

169 all conducted experiments. Two fouling schemes (Table 1) were applied, depending on how Ca2+ 

170 ions were introduced to the membrane surface. In scheme 1, the feed water comprised 20 mg/L 

171 of sodium alginate, 50 mM of NaCl and 0 mM - 10 mM of Ca2+ (as CaCl2
.2H2O)). All components 

172 were first pre-mixed for 45 min to ensure maximum interaction between the alginate molecules 

173 and Ca2+ ions and then fed to the RO system for 24 hr. In scheme 2, which aimed at investigating 

174 how the interaction between Ca2+ ions and the membrane surface would affect the alginate fouling 
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175 layer, filtration experiments were first conducted with feed water containing different 

176 concentrations of Ca2+ ions for 24 h followed by another 24 h of the RO process with the feed 

177 water containing 20 mg/L of sodium alginate and 50 mM of NaCl. A 10 mM solution of Ca2+ was 

178 used in fouling experiments aimed at investigating the effect of operating conditions (time of 

179 cleaning, CFV and CO2 saturation pressure) on removal efficiency of alginate fouling in order to 

180 mimic actual marine salinity conditions [53]. 

181 All fouling experiments were conducted at a TMP of 20 bars to overcome osmotic pressure of 

182 the feed solution (9.1 bars) containing 50 mM of NaCl and 10 mM of Ca2+ (as CaCl2
.2H2O) - the 

183 highest tested Ca2+ concentration. CFV was set at 0.12 m/s and was selected based on previous 

184 experiments using the SEPA cell (0.1 m/s [54]; 0.1 m/s [55]; 0.067 m/s – 0.256 m/s [56]).

185

186 Table 1. Membrane fouling schemes.

187

188

189 The permeate flux ( ) was calculated as follows:𝐽

190 𝐽 =  
𝑚𝑊

𝐴𝑡                                                                                                                                                         (1)

191 where  is the volume of permeate (L),  is the membrane surface area ( ), and  is the 𝑚𝑊 𝐴 𝑚2 𝑡

192 filtration time (h).

193 The percentage (%) of permeate flux decline after membrane fouling was calculated as follows:

𝐹𝐷 = (1 ―  
𝐽𝑓

𝐽𝑖)100       (2)

Time (h) Scheme 1

0-24 Membrane compaction with Milli-Q water. 

25-28 Membrane conditioning with 50 mM of NaCl solution.

28-54
Membrane fouling with feed water containing 20 mg/L of sodium alginate, 50 mM of 

NaCl and 0 - 10 mM of Ca2+ (as CaCl2
.2H2O).

                             Scheme 2

0-24 Membrane compaction with Milli-Q water.

24-28 Membrane conditioning with 50 mM of NaCl solution.

28-52 Membrane fouling with 0-10 mM of Ca2+ solution (as CaCl2
.2H2O).

52-106
Membrane fouling with feed water containing 20 mg/L of sodium alginate, 50 mM of 

NaCl and 0 - 10 mM of Ca2+ (as CaCl2
.2H2O).
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194 where  is the permeate flux after fouling (kg/m2h) and  is the permeate flux of clean membrane 𝐽𝑓 𝐽𝑖

195 (L/m2h).

196 The percentage (%) of permeate flux recovery after membrane cleaning experiments was 

197 calculated as follows:

𝐹𝑅 =  
𝐽𝑐 ―  𝐽𝑓

𝐽𝑖 ―  𝐽𝑓
        (3)

198 where  is the water flux after membrane cleaning (kg/m2h).𝐽𝑐

199 The NaCl rejection (R, %) was calculated as follows:

200                                                                                                                         (4)𝑅 = (1 ―
𝐶𝑝

𝐶𝑓)100%

201 where  and  are conductivity of feed and permeate (S/cm), respectively.𝑐𝑝 𝑐𝑓

202

203 2.4. Preparation of saturated CO2 solution and cleaning procedure

204 The dissolved CO2 solutions were prepared by filling a pressure vessel with 20 L of Milli-Q water 

205 and continuously bubbling CO2 gas through gas diffusers while keeping the vessel open for 10 

206 minutes to strip off any gases present in the liquid. Thereafter, the vessel was sealed and 

207 pressurized with CO2 gas at a predetermined saturation pressure for at least one day to reach full 

208 saturation.

209 The cleaning was initiated by injecting saturated CO2 solution into the RO feed line at a 

210 corresponding saturation pressure. Once the cleaning solution reached the RO cell, an 

211 instantaneous pressure drop  to ambient pressure and corresponding change in the CO2 gas-liquid 

212 equilibrium state promoted release of CO2 gas from the CO2 solution. As a result, intensive CO2 

213 gas bubble formation near the membrane surface occurred until a new equilibrium was reached 

214 under the operating pressure conditions. The cleaning efficiency of saturated CO2 solutions was 

215 compared to that of Milli-Q water in forward flush mode for different operating conditions.

216 Effect of cleaning duration. In order to test the impact of cleaning time in restoring permeate 

217 flux, the feed side of the membrane was flushed with the saturated CO2 solution (at 2 bar) for 3 

218 min, 6 min, 15 min and 25 min at a CFV of 0.11 m/s.

219 Effect of CFV. Three different CFVs of 0.06 m/s, 0.11 m/s, and 0.17 m/s corresponding to 

220 low, medium and high CFVs were applied to determine the role of hydrodynamic conditions in 
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221 membrane cleaning. Membrane cleaning was conducted with saturated CO2 solutions (at 2 bar) 

222 for 6 min.

223 Effect of saturation pressure. Dissolved CO2 solutions were prepared under different 

224 saturation pressures (2 bar- 6 bar) in order to investigate the effect of saturation pressure on 

225 cleaning efficiency. Cleaning experiments were conducted at a CFV of 0.17 m/s for 6 min.

226 Forward flush at pH 4. To separate the impact of solution pH from bubble nucleation on the 

227 removal of alginate fouling from RO membranes, the efficiency of the saturated CO2 cleaning 

228 solution was compared with Milli-Q water acidified to pH 4 in the same hydrodynamic conditions 

229 (CFV of 0.17 m/s and 6 min cleaning time). The acidic cleaning solution was prepared by 

230 adjusting a solution of 2 mM NaHCO3 with HCl until pH 4 was reached. 

231

232 2.5. Analytical methods

233 Feed and permeate conductivities were measured by 3310 WTW portable conductivity meter. 

234 The particle size of sodium alginate aggregates was measured by Malvern Zetasizer Nano ZS-

235 series (Malvern Panalytical). To evaluate the amount of alginate remaining in the feed water after 

236 formation of Ca2+-alginate aggregates, an aliquot of the feed water (100 mL) was filtered through 

237 a 0.2 mm Polycap nylon filter (Whatman Corporation) and subjected to dissolved organic carbon 

238 analysis (DOC) (Shimadzu TOC analyzer, TOC-V CSH Model, Shimadzu Corporation).

239 The morphologies of virgin, fouled and cleaned RO membranes were evaluated by field 

240 emission scanning electron microscopy (FE-SEM, Quanta 200 FEG System, FEI) at an 

241 accelerated voltage of 5 eV and coating layer thickness of 5 nm. 

242 To assess the amount of sodium alginate which remained on the membrane surface after 

243 different cleaning experiments, rectangular membrane coupons (2 mm x 2 mm) were cut out from 

244 three different locations along the feed water path (channel inlet, in the middle and channel 

245 outlet). The membrane coupons were sonicated in 30 mL of Milli-Q water for 30 min to extract 

246 sodium alginate. Sodium alginate concentrations were expressed as mg/L of total organic carbon 

247 (TOC). 

248

249 3. Results and discussion

250 3.1. Effect of Ca2+ - alginate interactions on cleaning efficacy: bulk complexation versus surface 

251 interaction
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252 Organic fouling comprises a significant part of the total membrane fouling and this process is 

253 further aggravated in the presence of Ca2+ ions due to development of vigorous fouling layers on 

254 the membrane surface. Given that some seawaters contain high Ca2+ concentrations (e.g., 457 

255 mg/L [53] or 470 mg/L [57] in the Red Sea water or 470 mg/L in the Arabic Gulf water [53]), it 

256 is important for the existing cleaning practices to account for this effect. The first part of our study 

257 is therefore focused on elucidating the effect of the feed water matrix composition on membrane 

258 fouling caused by Ca2+-alginate interactions in the presence of different Ca2+ concentrations. In 

259 Scheme 1, sodium alginate and Ca2+ ions were added to the feed solution simultaneously to 

260 achieve complexation prior to membrane filtration, while in Scheme 2 RO membrane was first 

261 fouled by using a feedwater which contained different Ca2+ concentrations followed by sodium 

262 alginate fouling to investigate how the accumulation of Ca2+ ions at the membrane surface would 

263 affect development of Ca2+-alginate fouling layer and its effect on subsequent cleaning by 

264 saturated CO2 solution.

265 Figures 2 and 3 present normalized permeate fluxes and percentage (%) of permeate flux 

266 decline and flux recovery observed in fouling Schemes 1 (a) and 2 (b), respectively. As seen in 

267 Figures 2a and 3a, permeate flux decline and associated membrane fouling were lowest during 

268 sodium alginate filtration in the absence of Ca2+ ions (permeate flux decline of 10%±2). However, 

269 when the feed water was spiked with Ca2+ ions, permeate flux declined more profoundly and its 

270 extent depended not only on Ca2+ concentration but also on how Ca2+ ions were introduced into 

271 the system. As shown in Figure 2a, when Ca2+ concentration was below or equal 4 mM, permeate 

272 flux gradually decreased until it reached steady state. In contrast, at Ca2+ concentrations equal or 

273 above 4 mM, permeate flux dramatically declined within the first five hours of filtration followed 

274 by a gradual decrease until it also reached steady state. Moreover, permeate flux decline did not 

275 vary considerably with increasing Ca2+ concentration from 4 mM to 10 mM (i.e., 34%±4, 34%±5 

276 and 36%±1 for 6 mM, 8 mM and 10 mM of Ca2+, respectively). In other words, when Ca2+ ions 

277 were present in the feed water in a range of 4 mM - 10 mM, the initial alginate fouling was more 

278 severe than that observed at lower Ca2+concentrations, and further increase above 4 mM did not 

279 cause additional permeate flux decline. One possible explanation may be due to differences 

280 between surface and bulk complexations which occur between the alginate molecules and Ca2+ 

281 ions near the membrane surface and in the bulk feed, respectively [51]. While surface 

282 complexation resulted in a gel layer development due to concentration polarization caused by 
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283 alginate accumulation at or near the membrane surface, Ca2+-alginate aggregates which are 

284 formed in the bulk feed at higher Ca2+ concentrations, would accumulate at the membrane surface 

285 causing sharp decline of the permeate flux during the initial RO stage followed by its slow 

286 decrease after the first few hours of filtration. It has been reported that feed waters with higher 

287 alginate concentration tend to form more consolidated non-compressible gels which are 

288 characterized by high hydraulic resistance which, in turn, decreases with increasing 

289 Ca2+concentrations [46, 58]. In our study, at low Ca2+concentrations, the [alginate]/[Ca2+] ratio 

290 would also be low leading to a permeate flux decrease. However, as concentration of Ca2+ 

291 increases, the rate of permeate flux decline gradually slows down due to formation of more 

292 permeable alginate layers so that the steady state permeate fluxes would become similar 

293 regardless of the added Ca2+ concentration. The effect of different Ca2+ concentrations on cleaning 

294 efficiency of saturated CO2 solutions is further discussed in Section 3.2.

295
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296

(b)

297 Figure 2. Normalized permeate flux as a function of Ca2+ concentration during filtration of 

298 sodium alginate solutions according to Schemes 1 (a) and 2 (b). Filtration conditions: 

299 transmembrane pressure: 20 bar; CFV: 0.12 m/s.

300

301
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302

303 Figure 3. Percentage permeate flux decline and permeate flux recovery after cleaning with 

304 saturated CO2 solutions. The membranes were initially fouled according to Schemes 1 (a) and 2 

305 (b). Filtration conditions: transmembrane pressure: 20 bar; CFV: 0.12 m/s. Cleaning conditions: 

306 saturation pressure: 6 bar; CFV: 0.17 m/s; cleaning duration: 6 min.

307

308 The observed results are in a good correlation with the DOC and average aggregate size 

309 measurements of the feed waters containing different concentrations of Ca2+ ions. As seen in 

310 Figure 4a, DOC values slightly decreased with the addition of 2 mM and 3 mM of Ca2+ and more 

311 substantial DOC decrease was observed when Ca2+ concentration was further increased to 10 mM. 

312 In contrast, the average size of the alginate-Ca2+ aggregates gradually increased from 234±40 nm 

313 to 745±52 nm with the increase in Ca2+ concentration from 2 mM to 4 mM followed by its 

314 substantial increase to 5713±261 nm at 10 mM of Ca2+. The observed trend can be explained by 

315 a depletion of the feed water DOC due to development of the large alginate-Ca2+ aggregates at 

316 higher Ca2+ concentrations which hampered alginate transport to the membrane surface. As a 

317 result, alginate concentration near the membrane surface which is available for Ca2+ complexation 

318 would also be reduced and rate of permeate flux decline would be slowed down. Moreover, it has 

319 been reported that specific membrane resistance became lower with an increase in the size of 

320 alginate aggregates [59, 60] so they will cause less resistance to flow. 

321 As filtration continues, more Ca2+ ions would accumulate in the membrane’s vicinity affecting 

322 both alginate-membrane and alginate-alginate interactions. To simulate accumulation of Ca2+ ions 
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323 near the membrane surface, a fouling Scheme 2 was applied. As seen in Figure 2b, the steady 

324 state permeate fluxes achieved at lower Ca2+ concentrations, were higher as compared to those 

325 obtained with the fouling Scheme 1 (14±1.5% and 20±1.5% at 2 mM of Ca2+ and 27±1.5% and 

326 33±2% at 4 mM of Ca2+, respectively). The observed results suggest that cake formation rather 

327 than alginate-Ca2+ gelation near the membrane surface is likely a predominant fouling mechanism 

328 responsible for the flux decline in fouling Scheme 2. In a recent study, Xin et al. [49] showed that 

329 properties of the alginate fouling layer are determined by the Ca2+ ability to bind different alginate 

330 clusters within an alginate molecule, which, in turn, is regulated by Ca2+ concentration. At low 

331 and intermediate Ca2+ concentrations, Ca2+ ions are predominantly attached to G-blocks of 

332 alginate molecules resulting in formation of gel water-impermeable structures. When Ca2+ ions 

333 are present in excess, they start binding to M and MG sites which aggravates charge shielding 

334 and cross-linking and destroys the gel-like structure. As a result, more porous alginate cake 

335 structures are formed. In fouling Scheme 2, when alginate was exposed to RO membrane which 

336 was previously fouled with Ca2+ ions, a rapid alginate aggregation upon its exposure to Ca2+ ions 

337 near the membrane surface would lead to a formation of more permeable fouling layer and less 

338 permeate flux decline. However, when Ca2+concentration was further increased to 10 mM, this 

339 effect diminished possibly due to a more excessive alginate aggregation at higher Ca2+ 

340 concentrations. As a result, no significant difference in steady state permeate fluxes was observed 

341 between both fouling schemes (36±1% and 35±4% for fouling Schemes 1 and 2, respectively) at 

342 10 mM of Ca2+. The observed results imply development of less challenging and more reversible 

343 fouling layers during the RO process because of the high Ca2+ concentrations present in seawater 

344 [53, 61, 62].

345

346 3.2. Effect of increasing Ca2+ concentrations on the cleaning efficiency of saturated CO2 solutions

347 We investigated the performance of saturated CO2 cleaning solution in recovering permeate flux 

348 of RO membranes which were initially fouled with feed waters containing sodium alginate and 

349 different concentrations of Ca2+ ions according to fouling Schemes 1 and 2. As seen in Figure 3, 

350 CO2 nucleation technique was extremely efficient in removing alginate fouling from the 

351 membrane surface for any tested feed water matrix condition. Thus, a 100%±2 flux recovery was 

352 achieved in the experiment without Ca2+ addition. Such high degree of permeate flux recovery 

353 can be attributed to CO2 bubble nucleation which efficiently dislodge and remove fouling 



15

354 deposits. When Ca2+ ions were added to the feed water, the efficiency of CO2 nucleation technique 

355 was also high and permeate flux recoveries increased with increasing Ca2+ concentration despite 

356 the decrease in steady state permeate fluxes. The efficiency of permeate flux recovery increased 

357 from 68%±3 to 84%±4 and from 77%±3 to 84%±3 with increasing Ca2+ concentration from 2 

358 mM to 10 mM for fouling Schemes 1 and 2, respectively. Moreover, when comparing permeate 

359 flux recoveries observed at low Ca2+ concentrations, it can be noticed that higher CO2 cleaning 

360 efficiency was achieved in fouling Scheme 2 as compared to that of Scheme 1. These results are 

361 in good agreement with a transition of Ca2+-alginate aggregates from a highly packed gel structure 

362 to a more porous cake layer with the increase in Ca2+ concentration. While studying the effect of 

363 free Ca2+ ions on alginate fouling, van den Brink et al. [29] reported that bulk aggregation induced 

364 reversibility of the alginate fouling layer. As a result, loose cake layers formed at high Ca2+ 

365 concentrations would be dislodged more easily as compared to dense gel layers. Furthermore, it 

366 was suggested that cavities which are present on the membrane surface due to its roughness could 

367 be considered as CO2 nucleation sites thereby reducing free interfacial energy required for a CO2 

368 bubble to nucleate [22, 63]. Similarly, alginate layers formed on the membrane surface, could 

369 also serve as a substrate for CO2 bubble nucleation. In other words, CO2 molecules which are 

370 dissolved in water, would preferably diffuse to the cavities inside the alginate fouling layer 

371 causing nucleation, growth and detachment of CO2 bubbles [64]. Moreover, a higher occurrence 

372 of such cavities would be expected in a porous cake layer as compared to a denser gel layer 

373 thereby making CO2 bubble nucleation and subsequent permeate flux recovery more effective at 

374 higher Ca2+ concentrations.

375
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376  

377 Figure 4. (a) DOC, and (b) average aggregate size of feed water consisting of 20 mg/L of 

378 sodium alginate, 50 mM of NaCl and 0 - 10 mM of Ca2+ (as CaCl2
 .2H2O).

379

380 To validate our findings, we quantified the amount of alginate fouling which remained on the 

381 membrane surface after cleaning with a saturated CO2 solution. The membranes were preliminary 

382 fouled according to Scheme 1 at different Ca2+ concentrations and alginate fouling was extracted 

383 from the middle part of the module channel. As seen in Figure 5, the lowest accumulative TOC 

384 (i.e., the least amount of alginate present on membrane surface after fouling experiment) was 

385 detected on the membrane surface which was fouled with sodium alginate without Ca2+ addition 

386 (0.5±0.30 mg/L). When the feed water was spiked with different concentrations of Ca2+, the 

387 highest accumulative TOC values were observed at 2 mM and 3 mM of Ca2+ (5.0±0.35 mg/L and 

388 6.2±0.40 mg/L, respectively) followed by the rapid accumulative TOC decrease with the addition 

389 of 4 mM of Ca2+ (3.0±0.25 mg/L). The lowest accumulative TOC values were observed when 

390 Ca2+ was further increased from 4 mM to 10 mM (1.5±0.30 mg/L, 1.4±0.35 mg/L and 1.0±0.25 

391 mg/L for 6 mM, 8 mM and 10 mM, respectively). The observed results correlated well with 

392 permeate flux recovery trend (Figure 3a) in which more efficient alginate removal was achieved 

393 at higher Ca2+ concentrations. 
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394

395

396 Figure 5. Accumulative sodium alginate (expressed as mg/L of TOC) extracted from the 

397 membrane surface (in the middle of channel) after cleaning with saturated CO2 solution. The 

398 membranes were initially fouled with sodium alginate containing different Ca2+ concentrations 

399 according to Scheme 1. Filtration conditions: TMP: 20 bar, CFV: 0.12 m/s. Cleaning 

400 conditions: saturation pressure: 6 bar; CFV: 0.17 m/s; cleaning duration: 6 min.

401

402 3.3. Effect of operating conditions on permeate flux recovery during membrane cleaning with 

403 saturated CO2 solution

404 We then evaluated the effect of different operating conditions including cleaning duration, CFV 

405 and CO2 saturation pressure on the efficiency of alginate removal and permeate flux recovery and 

406 compared the observed trends with Milli-Q water flush. 

407

408 3.3.1. Effect of cleaning time 

409 Figure 6 shows effect of cleaning time (3 min, 6 min, 15 min or 25 min) on permeate flux recovery 

410 using saturated CO2 solution and Milli-Q water for RO membranes which were initially fouled 

411 according to Scheme 1. As seen in Figure 6, a dramatic difference in permeate flux recovery 

412 between saturated CO2 solution and Milli-Q water was clearly observed, with the saturated CO2 

413 solution exhibiting significantly higher permeate flux recoveries as compared to those achieved 

414 with Milli-Q water at any cleaning duration. Moreover, permeate flux recovery increased with 
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415 increasing time of cleaning, and this effect was more pronounced in the case of saturated CO2 

416 solution cleaning. When RO membranes were subjected to saturated CO2 solution cleaning, 

417 permeate flux recovery gradually increased from 27%±4 at 3 min to 66%±2 at 15 min (Fig. 6). 

418 However, a further increase in cleaning time from 15 min to 25 min had negligible effect on the 

419 cleaning efficiency (71%±4) suggesting a threshold beyond which further increase of the cleaning 

420 duration would become impractical both from an operating and cost-efficiency point of view. The 

421 observed results emphasize a significant role of CO2 bubbles nucleation in the removal of alginate 

422 fouling and permeate flux restoration as compared to Milli-Q water flush which had limited 

423 capability in membrane surface cleaning, providing only 8%±2 and 22%±3 for 3 min and 25 min, 

424 respectively. Although permeate flux recovery was higher at 15 min as compared to that of 6 min, 

425 a 6 min cleaning time was selected in further experiments to simulate conditions applicable at 

426 larger scales.

427

428 Figure 6. Effect of cleaning time on permeate flux recovery (%) by saturated CO2 solution. The 

429 membranes were initially fouled according to Scheme 1 in presence of 10 mM of Ca2+. 

430 Filtration conditions: TMP: 20 bar; CFV: 0.12 m/s. Cleaning conditions: CO2 saturation 

431 pressure: 2 bar; CFV: 0.17 m/s.

432

433 3.3.2. Effect of CFV

434 The effect of CFV on permeate flux recovery by saturated CO2 solution was tested at three 

435 different CFV of 0.06 m/s, 0.11 m/s, and 0.17 m/s and the results are compared to those obtained 
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436 with Milli-Q water flush under similar conditions. As seen in Figure 7, a substantial improvement 

437 in permeate flux recovery was observed when the membrane surface was subjected to a saturated 

438 CO2 solution flush as compared to that of Milli-Q water at any tested CFV. The efficiency of 

439 permeate flux recovery increased at higher CFV by 34%±2, 43%±4 and 63±4 for CFVs of 0.6 

440 m/s, 0.11 m/s and 0.17 m/s, respectively. In contrast, permeate flux recoveries with Milli-Q water 

441 flush was only 8%±3, 10%±3 and 21%±4 for CFVs of 0.6 m/s, 0.11 m/s and 0.17 m/s, 

442 respectively. The observed results emphasize that CFV plays a significant role in dislodging 

443 alginate fouling from the membrane surface and higher CFV needs to be utilized to maximize the 

444 cleaning efficacy.

445

446 Figure 7. Effect of CFV on permeate flux recovery (%) by saturated CO2 solution. The 

447 membranes were initially fouled according to Scheme 1 in presence of 10 mM of Ca2+. 

448 Filtration conditions: TMP: 20 bar; CFV: 0.12 m/s. Cleaning conditions: CO2 saturation 

449 pressure: 2 bar; cleaning duration: 6 min.

450

451 3.3.3. Effect of CO2 saturation pressure

452 The effect of CO2 saturation pressure on membrane cleaning efficacy and permeate flux recovery 

453 was also evaluated. CO2 solutions were prepared under four different saturation pressures (2, 3, 

454 4 and 6 bar) and supplied to the RO module at a CFV of 0.17 m/s for 6 min after membrane 

455 fouling with sodium alginate according to Scheme 1. As seen in Figure 8, the flux recovery 
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456 increased by almost 22% with an increase in saturation pressure from 2 bar to 6 bar and reached 

457 81%±3 at a saturation pressure of 6 bar. According to Henry’s law, gas solubility in aqueous 

458 media is proportional to its partial pressure [25]. As a result, more CO2 gas will be dissolved in 

459 water with an increase in saturation pressure providing enhanced nucleation of CO2 bubbles upon 

460 pressure drop inside the RO module. Consequently, better removal of the alginate fouling layer 

461 from the membrane surface would be achieved at higher saturation pressures. 

462
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463 Figure 8. Effect of CO2 saturation pressure on permeate flux recovery (%). The membranes 

464 were initially fouled according to Scheme 1 in presence of 10 mM of Ca2+. Filtration conditions: 

465 TMP: 20 bar; CFV: 0.12 m/s. Cleaning conditions: CFV: 0.17 m/s; cleaning duration: 6 min.

466

467 3.4. Effect of pH of saturated CO2 solutions

468 The dissolution of CO2 gas in Milli-Q water would promote formation of carbonic acid (H3CO2) 

469 with a pKa of 4.5 [65]. As a result, saturated CO2 solutions acquire moderate acidic properties 

470 (i.e. about pH 4). To investigate the role of acidic cleaning conditions in removing alginate fouling 

471 from the membrane surface, a membrane cleaning experiment was conducted using Milli-Q water 

472 acidified to pH 4 and its efficiency was compared to those achieved with saturated CO2 solution 

473 and Milli-Q water under similar operating conditions (CFV of 0.17 m/s and cleaning time of 6 

474 min). As seen in Figure 8, while permeate flux recovery achieved with Milli-Q water acidified to 

475 pH 4 did not significantly differ from that observed with Milli-Q water (21%±3 and 25%±4, 

476 respectively), it was 2.5 and 3.2 times less permeate flux recoveries achieved with CO2 solutions 
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477 saturated at 2 bar and 6 bar, respectively. The observed results emphasized CO2 bubble nucleation 

478 as a predominant mechanism (physical cleaning) of alginate fouling removal from the membrane 

479 surface as opposed to flushing with the acidified Milli-Q water which had low cleaning capacity. 

480 This result is in agreement with the literature stating that these kind of foulants cannot be 

481 efficiently cleaned with acidic solutions [66], which is our motivation to use such foulants in our 

482 study. 

483

484 3.5. Membrane surface analysis

485 3.5.1. Quantification of remaining alginate fouling on membrane surface after membrane 

486 cleaning 

487 We estimated the amount of alginate which remained on the membrane surface after CO2 bubble 

488 nucleation and compared the results to those obtained after Milli-Q and acidified Milli-Q 

489 cleanings. The highest accumulative TOC values were observed after the fouling tests (5.0±0.4 

490 mg/L, 6.1±0.45 mg/L and 5.7±0.5 mg/L for the feed, middle and outlet locations on the membrane 

491 surface, respectively), as seen in Figure 9. The amount of remaining TOC on the membrane 

492 surface after hydraulic flushes with Milli-Q water or acidified Milli-Q water at pH 4 confirmed 

493 their low efficiency in alginate fouling removal. Thus, depending on the sample location, the 

494 accumulative TOC values were reduced by 9% - 23% and 12% - 31% for Milli-Q water and 

495 acidified Milli-Q water at pH 4, respectively. In contrast, when the alginate-fouled membrane 

496 surface was flushed with saturated CO2 solutions at 2 bar or 6 bar, a remarkable reduction in the 

497 amount of alginate was observed providing a significant decrease in accumulative TOC values 

498 (Fig. 9). Furthermore, consistently with the effect of CO2 saturation pressure on permeate flux 

499 recovery (Fig. 8), a reduction in accumulative TOC values was observed after membrane cleaning 

500 with a CO2 solution saturated at 6 bar (0.3±0.3 mg/L, 1.0±0.4 mg/L and 0.4±0.3 mg/L) as 

501 compared to that of 2 bar (0.9±0.3 mg/L, 1.5±0.5 mg/L and 1.8±0.4 mg/L) for feed, middle and 

502 concentrate sides, respectively, due to more excessive CO2 bubbles nucleation which promoted 

503 detachment and lifting of alginate particles from the membrane surface. 

504

505 3.5.2. SEM analysis of the membrane surfaces 

506 Figure 10 presents SEM images of virgin (a), fouled according to Scheme 1 (b) and cleaned 

507 membrane surfaces (c-e). As seen in Figure 10b, RO process resulted in severe membrane fouling 
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508 due to deposition of Ca2+-alginate aggregates so that the membrane surface was fully covered by 

509 the deposited alginate aggregates. A further hydraulic flush with Milli-Q water (Fig. 10c) and 

510 acidified Milli-Q at pH 4 (Fig. 10d) did not impose any significant effect on alginate removal and 

511 membrane surfaces remained heavily loaded with the alginate fouling. In agreement with 

512 permeate flux recovery and accumulative TOC trends, remarkable differences in surface 

513 morphologies were observed upon application of saturated CO2 solutions, and its efficiency 

514 increased with saturation pressure increase. Although some deposits were sparsely observed in 

515 the field of view, a substantial removal of alginate fouling layer occurred after membrane cleaning 

516 with the saturated CO2 solution at 2 bar (Fig. 10f). An increase in CO2 saturation pressure to 6 

517 bar allowed complete elimination of the alginate fouling layer and the cleaned membrane surface 

518 showed no sign of alginate deposition.

519

520 Figure 9. Accumulative sodium alginate (expressed as mg/L of TOC) extracted from the 

521 different locations on the membrane surface after cleaning with saturated CO2 solution. The 

522 membranes were initially fouled with sodium alginate according to Scheme 1 in presence of 10 

523 mM of Ca2+. Filtration conditions: TMP: 20 bar, CFV: 0.12 m/s. Cleaning conditions: CO2 

524 saturation pressure: 6 bar; cleaning duration: 6 min; CFV: 0.17 m/s.

525
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526

527 Figure 10. SEM images of membrane surfaces: (a) virgin membrane, (b) membrane fouled 

528 according to Scheme 1 in presence of 10 mM of Ca2+, (c) after cleaning with Milli-Q water, (d) 

529 after forward flushing with acidified at pH 4 Milli-Q water, (e) after cleaning with saturated at 2 

530 bar CO2 solution, and (f) after cleaning with saturated at 6 bar CO2 solution. Filtration 

531 conditions: TMP: 20 bar, CFV: 0.12 m/s. Cleaning conditions: CFV: 0.17 m/s; cleaning 

532 duration: 6 min.

533

534 4. Conclusion

535 This study evaluates the efficiency of saturated CO2 solution in removing sodium alginate fouling, 

536 with injection of different concentrations of Ca2+ ions to accelarte fouling, from the RO membrane 

537 surface under different operating conditions. The efficiency of permeate flux recovery after 

538 saturated CO2 solution cleaning increased from 68%±3 to 84%±4 and from 77%±3 to 84%±3 

539 with increasing Ca2+ concentration from 2 mM to 10 mM for fouling Schemes 1 and 2, 

540 respectively. Permeate flux recoveries increased with increasing cleaning duration, CFV and CO2 

541 saturation pressure. The observed results were attributed to CO2 bubble nucleation which provides 

542 vigorous removal of alginate fouling layers compared to a common hydraulic water flush. The 

543 observed permeate flux recoveries were confirmed by the membrane surface analysis which 
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544 revealed a significant removal of the alginate fouling from the membrane surface after cleaning 

545 with saturated CO2 solutions. 

546 Finally, we foresee multiple benefits and process improvements offered by saturated CO2 

547 solution as compared to chemical cleaning, which are expected to reduce capital and operating 

548 costs of the RO plant. Possible cost savings could arise from the following areas:

549  This method does not require using chemical cleaning products. Instead, it is based on 

550 application of CO2 gas which is abundant industrial byproduct generated by power plants. 

551 Given the significant expansion of RO technology in water desalination market, the use of CO2 

552 gas for membrane cleaning may also contribute towards carbon footprint reduction. 

553  Decreased cost of chemicals disposal and elimination of the associated environmental impacts.

554  Lowering pumping costs and energy requirements of the RO system due to fouling reduction 

555 and higher membrane recovery ratio.

556  Improvement of membrane durability and increase in membrane lifecycle due to elimination 

557 of membrane contacts with harsh cleaning formulations. 

558
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