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23 ABSTRACT

24 In this study, we propose a novel module design to integrate forward osmosis (FO) and 

25 membrane distillation (MD). The two processes are sealed in one module and operated 

26 simultaneously, making the system compact and suitable for a wide range of applications. To 

27 evaluate the system under large-scale module operating conditions, FO and MD experiments 

28 were performed separately. The effect of draw solution (DS) temperature on the FO performance 

29 was first assessed in terms of flux, reverse salt flux (RSF), and specific RSF (SRSF). While a 

30 higher DS temperature resulted in an increased RSF, a higher FO flux was achieved, with a 

31 lower SRSF. The influence of DS concentration on the MD performance was then investigated in 

32 terms of flux and salt rejection. High DS concentration had a slightly negative impact on MD 

33 water vapor flux, but the MD membrane was a complete barrier for DS salts. The FO-MD 

34 integrated module was simulated based on mass balance equations. Results indicated that initial 

35 DS (MD feed) flow rate and concentration are the most important factors for stable operation of 

36 the integrated module. Higher initial DS flow rate and lower initial DS concentration can achieve 

37 a higher permeate rate of the FO-MD module. 

38

39 INTRODUCTION

40 The continuous increase in fresh water demand together with the high energy 

41 requirements and investment costs of conventional desalination technologies drive the need to 

42 diversify water resources (e.g., wastewater reuse) in order to secure a more sustainable water 

43 supply for the future.1 Emerging membrane-based desalination treatment technologies such as 

44 forward osmosis (FO) and membrane distillation (MD), which have several advantages over 

45 conventional desalination processes, are facing several challenges for their scale-up.2-4 
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46 Significant progress has been achieved in the development of such emerging technologies which 

47 consume less electrical energy and may use low-grade thermal energy, such as waste heat, low 

48 enthalpy geothermal energy, or solar-thermal energy 5, and may be substituted for conventional 

49 processes or have potential niche applications such as water extraction and valuable mineral 

50 recovery from desalination brines or treatment or hypersaline wastewater.6-8 Moreover, these 

51 non-pressure driven processes potentially require inexpensive polymeric membranes, 

52 inexpensive (non-pressurized) module materials, and reduced amounts of chemicals for their 

53 operation and cleaning compared to conventional processes.9 

54 FO is an osmotically driven membrane-based separation process. The driving force in FO 

55 is an osmotic gradient created by the osmotic pressure of a high concentration stream or higher 

56 ionic strength solution (draw solution, DS) and a low concentration feed water flowing on both 

57 sides of the membrane in a counter or co-current mode.10 Among a variety of possible 

58 applications, FO can be used in a direct or indirect desalination mode, i.e., to directly treat 

59 seawater (where a higher-concentration solution is used as DS while seawater is FS) or to 

60 indirectly desalinate seawater where wastewater or any other impaired-quality water source with 

61 a lower-salinity functions as feed solution (FS) while seawater is DS.6 However, in either mode, 

62 FO is considered as a pretreatment process because fresh water recovery is not completed in one-

63 step (i.e., not a stand-alone process). After the FO step, the DS needs to be regenerated and 

64 separated from the diluted DS, which is one of the main drawbacks of FO. DS regeneration is a 

65 costly and energy-intensive process, especially in direct FO where a high energy process (e.g., 

66 thermal) is required 11 while in the indirect mode, a low-pressure reverse osmosis (LPRO) 

67 system can be used to treat the diluted seawater which makes it a more effective and economical 

68 process.12 FO membranes can achieve very high rejection of salts, natural organic matter (NOM) 
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69 including biopolymers and humic substances, but they are not a total barrier for all contaminants 

70 (e.g., FO can achieve 100% rejection of trace metals, up to 99% rejection of COD and 

71 phosphate, and 60–70% rejection of ammonium and total nitrogen).13

72 On the other hand, MD is a thermally driven membrane-based separation process. The 

73 driving force for MD is the partial vapor pressure difference created by the temperature 

74 difference across the membrane to drive the water vapor from the hot stream to the other side of 

75 the microporous hydrophobic membrane through dry pores so that it condenses on the permeate 

76 side. MD yields product water with high quality, with 99.99% salt rejection achieved for 

77 different seawater qualities.14 Furthermore, MD is less significantly affected by very high feed 

78 water salinity than other membrane technologies, proven for desalination brines, produced water, 

79 and hypersaline waters 11, 15, 16, while producing high quality distillate, with a conductivity below 

80 10 μS/cm, without observing severe fouling and scaling.16, 17 Therefore, MD has a great potential 

81 to be integrated with FO, especially to regenerate the FO DS. In addition, even though MD is 

82 considered a high thermal energy-consuming process, the utilization of low grade waste heat can 

83 enable a low energy desalting process.18 

84 Due to the many advantages and the potential applications in hybridizing FO with MD, 

85 several groups have proposed to combine these processes or integrate FO with other technologies 

86 (multi-hybrid processes) and tested them for different applications.19, 20 The first proposed 

87 generation of the FO-MD hybrid system consists of two separate loops with separate FO and MD 

88 modules, where the FO DS collected in the DS tank is fed to the MD module, as shown in Fig. 

89 S1.11, 21-24 However, such a limited integration of two processes can also lead to high capital cost, 

90 potentially limiting its commercialization.19 
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91 A very interesting and more integrated design combining FO and MD sealed in one 

92 module, offering additional advantages such as more compact, smaller foot print, and low-cost 

93 system, has been proposed in a patent by Cath et al. 25 (Fig. 1) and investigated by others.26-28 

94 The integrated module captures the complementary advantages provided by FO and MD in a 

95 single step. However, this hybrid system has a serious potential problem associated with the 

96 configuration having the FO DS and the MD FS flowing in the same channel simultaneously, 

97 i.e., the same stream in contact with the MD and FO membranes, as shown in Fig. 1, resulting in 

98 a diminished performance of both processes. The temperature of the MD FS can be significantly 

99 reduced via the heat transfer to both FO FS and MD permeate, which results in a decrease in MD 

100 performance; and the high inlet temperature of the FO DS can potentially damage the FO 

101 membrane. Consequently, these processes cannot operate under optimum conditions, as 

102 discussed in detail in the next section along with the description of the proposed concept and 

103 objective of this study.

104

105

Page 5 of 31

ACS Paragon Plus Environment

Environmental Science & Technology



6

106 Figure 1. Schematic diagram of the FO-MD integrated module patented by Cath et al. 25 and 

107 investigated by others.26-28

108

109 THE PROPOSED OSMOTICALLY AND THERMALLY ISOLATED FO-MD 

110 INTEGRATED MODULE

111 A schematic diagram of the novel FO-MD integrated module proposed in this study is 

112 presented in Fig. 2. As mentioned above, since FO and MD are osmotically and thermally driven 

113 processes, respectively, their performances are higher when FO DS concentration and MD feed 

114 temperature are higher, respectively.9, 10 The newly proposed integrated module has two 

115 separated flow channels within the same module, separating the FO DS and MD feed streams 

116 using an isolation barrier inserted inside the module with an opening on the top, allowing the 

117 MD brine (MD outlet) to flow in the FO DS inlet side, as shown in Fig. 2. This feature makes the 

118 integrated module osmotically and thermally isolated, leading to a higher efficiency of both 

119 processes. Since MD is a thermally driven process, temperature has a significant impact on its 

120 performance. However, the loss of heat during MD operation has been a challenge for MD scale-

121 up.29 In the prior FO-MD integrated module (Fig. 1), since there is no separation between the FO 

122 DS and MD feed streams, the heat of MD feed can be lost via diffusion to the FO FS, and thus 

123 lead to a reduction of heat, consequently affecting MD water vapor flux. In the novel conceptual 

124 design proposed, the MD feed enters the first channel which is in contact with the MD 

125 membrane only, allowing full benefit of the maximum available temperature. Besides the benefit 

126 of temperature, the novel module also exhibits a benefit of hydrodynamics: the open channel 

127 area of the novel osmotically and thermally isolated FO-MD system is two times smaller than the 

128 hybrid system (shown in Fig. 1) without an isolation barrier; consequently, considering the same 
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129 flow rate, the crossflow velocity of both streams can be two times higher, leading to higher shear 

130 forces and fouling/scaling mitigation.30

131

132

133 Figure 2. Schematic diagrams of the osmotically and thermally isolated FO-MD integrated 

134 module patented by Ghaffour et al. 31. Two concepts of MD brine flowing to the FO DS side are 

135 possible: (a) internal and (b) external using a water-box typically used in MSF condensers. The 

136 isolation barrier could be designed to act as a turbulence promoter in one or both sides as desired, 

137 e.g., zigzag, sinusoidal, twisted helical baffles, spacers etc.  

138

139 Afterwards, the MD brine (outlet of the first chamber) having lower temperature and 

140 higher concentration, with values depending on the MD water vapor flux, module length and 

141 other operating parameters, enters the second chamber (FO DS side) which is in contact with the 

142 FO membrane only, enabling the FO process to run under optimum conditions, i.e., higher 

143 salinity (with increase in mass transfer due to higher driving force) and lower temperature but 

144 high enough to derive the benefit of higher water flux 32, 33, as explained above. The FO DS 

145 discharge is then recirculated in the MD channel for fresh water recovery and/or blended with 
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146 MD feed/FO DS to increase the overall recovery of the system depending on the application 

147 used. Similarly, MD could be operated in either a closed loop for recovery and reuse of FO DS 

148 or an open loop with optional water supply, i.e., make-up water (not shown in the figure for 

149 simplicity). It should be noted that the proposed FO-MD integrated module is different from an 

150 MD module and an FO module connected in series. The absence of the outer connection between 

151 FO and MD modules is not only beneficial to eliminate the additional pumping and piping but 

152 also to eliminate the heat loss and pressure drop through pipes, thereby reducing the overall cost 

153 and enhancing energy efficiency. Furthermore, all of the suggested FO-MD hybrid systems 

154 connected in series in a separate loop use an intermediate tank, which could be an environment 

155 conducive to bacterial growth.34

156 Therefore, the introduced isolation barrier provides a synergistic advantage to not only 

157 prevent mixing of FO permeate, minimizing dilution and cooling of the MD feed but also 

158 maintaining the driving forces of both FO and MD processes as maximized, leading to an 

159 increase in the production capacity and efficiency of the whole system. Another advantage is to 

160 design the isolation barrier with different geometries to act as a turbulence promoter, e.g. zigzag, 

161 sinusoidal, twisted helical baffle types, in one or both sides (MD, FO, or both as required), to 

162 enhance the process performance by decreasing the concentration polarization and temperature 

163 polarization phenomena.35 Turbulence inside the module can also be created using spacers in any 

164 channel of both processes.

165 Together, the FO and MD membranes act as a double barrier to reject contaminants, 

166 organics and inorganics from the impaired-quality water (FO feed), and guarantee a high-quality 

167 product water. MD has a constraint in the rejection of volatile compounds and the presence of 

168 surfactants can accelerate deterioration of MD performance.23, 36 However, the FO-MD hybrid 
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169 can compensate for the individual weakness of FO and MD membranes and hence enhances the 

170 rejection of all contaminants.23, 37 

171 The proposed FO-MD integrated module (Fig. 2) is expected to exhibit lower capital and 

172 operational costs than the two-loop FO-MD hybrid system (Fig. S1) and the typical FO-MD 

173 integrated module (Fig. 1). The FO-MD integrated module does not need additional pumps, 

174 pipes, an intermediate tank and other relevant equipment to assure the flow circulation in both 

175 modules.25 In addition, the FO-MD integrated module requires one vessel while the two-loop 

176 hybrid system requires the installation of the FO and MD membranes in separate vessels. The 

177 higher performance of the proposed integrated module can also reduce the required membrane 

178 surface area compared to the typical integrated module.

179 This study aims to design and optimize a novel osmotically and thermally isolated FO-

180 MD integrated module based on experiments and simulation. For this objective, the effect of DS 

181 temperature and concentration on the FO performance was investigated in terms of water flux, 

182 reverse salt flux (RSF), and specific RSF (SRSF). In conjunction, the MD performance was 

183 evaluated in terms of water vapor flux and salt rejection. Operational parameters (e.g., FO and 

184 MD recovery rates, initial DS flow rate, and initial DS concentration) were evaluated via 

185 simulation based on mass balance equations in order to optimize the design of the FO-MD 

186 integrated module. These parameters were selected because they are important operational 

187 parameters for FO and MD processes.38 In order to evaluate the performance of this concept 

188 under large-scale operating conditions (i.e., enough variation of concentration and temperature 

189 along both FO and MD channels, which cannot be obtained using a small scale integrated 

190 module) and obtain necessary data for the simulation, FO and MD experiments were conducted 

191 separately using lab-scale modules in which inlet conditions were varied.
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192

193 MATERIALS AND METHODS

194 FO and MD membranes. A cellulose triacetate (CTA) FO membrane embedded in a woven 

195 polyester mesh, provided by Hydration Technology Innovations (USA), was used in this study. 

196 A hydrophobic polytetrafluoroethylene (PTFE) membrane with 0.22 μm average pore diameter 

197 was purchased from Millipore (Germany) and utilized for MD experiments. The detailed 

198 characteristics of these commercial membranes can be found elsewhere.39, 40 

199 FO experiments. All FO experiments were carried out using a lab-scale FO system 

200 similar to the one described elsewhere.39 The FO cell had two symmetric channels; 100 mm 

201 long, 20 mm wide, and 3 mm deep; on both sides of the membrane for each FS and DS. Variable 

202 speed gear pumps (Cole-Parmer, USA) were used to provide cross-flows under counter-current 

203 directions at a cross-flow velocity of 8.5 cm/s. DS temperatures were set at 20 ºC, 30 ºC, 40 ºC, 

204 and 50 ºC with a fixed FS temperature of 20 ºC. FO operations were carried out using 1 M 

205 MgCl2 as DS and DI water as the FS under the AL-FS (i.e., active layer facing FS) mode of 

206 membrane orientation. Despite a variety of novel draw solutes proposed in other studies 41, 42, 

207 inorganic draw solutes are still advantageous due to their high water flux and low cost. In this 

208 study, MgCl2 was selected as the DS owing to its relatively low RSF, low fouling and scaling 

209 potential, and its amenability to re-concentration by MD.43 Both solutions were recirculated in a 

210 closed-loop system, resulting in a batch mode process operation. The DS tank was placed on a 

211 digital weighing scale and weight changes were recorded by a computer in real time at 3-minute 

212 intervals to determine the water flux. At the end of each experiment, the FS and DS solutions 

213 were sampled and then concentrations of Mg2+ and Cl- ions were analyzed by inductively 

214 coupled plasma – mass spectrometry (ICP-MS, Agilent Technology 7500 series, USA) and ion 
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215 chromatography (ICS-1600, DIONEX, USA), respectively. Equations for the calculation of 

216 water flux, RSF, and SRSF are presented in the Supporting Information (SI).

217 MD experiments. The MD experiments were performed with a lab-scale direct contact 

218 MD (DCMD) system used in our previous study.30 The MD module had two symmetric 

219 channels; 77 mm long, 26 mm wide, and 3 mm deep; on both sides of the membrane. Variable 

220 speed gear pumps (Cole-Parmer, USA) were used to provide cross-flows under counter-current 

221 directions at a cross-flow velocity of 8.5 cm/s. Transmembrane temperatures were set at 20 ºC, 

222 40 ºC, and 60 ºC with a fixed coolant temperature of 20 ºC. MD operations were carried out 

223 using MgCl2 having different concentrations (35 g/L, 60 g/L and 140 g/L, equivalent to 0.37 

224 M/L, 0.62 M/L and 1.44 M/L, respectively) as feed and DI water at 20 ºC was used as coolant. 

225 Different low concentrations of MgCl2 were selected to investigate the effect of FS concentration 

226 on MD performance since low concentration is preferred in the MD inlet (especially at high 

227 range of concentration, see Fig. 5) and the solution is further concentrated along the MD feed 

228 channel. Both solutions were recirculated in a closed-loop system resulting in a batch-mode 

229 process operation. The permeate tank was placed on a digital balance and weight changes were 

230 recorded by a computer in real time at 3-minute intervals to determine the water vapor flux. A 

231 conductivity meter (HACH, Germany), connected to a computer, was used to monitor the 

232 conductivity in the permeate tank.

233 Mass balance simulations. The novel osmotically and thermally isolated FO-MD 

234 integrated module consists of MD and FO membranes, an isolation barrier, and flow channels for 

235 the FS, DS and MD permeate. DS flows from the inlet of the MD feed channel to the outlet and 

236 proceeds to the FO DS flow of the FO-MD module while the FS and the permeate flow are 

237 designed to occur in a counter-current mode. Thus, the DS before entering into the module and 
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238 the DS at the end of the MD membrane can be considered as MD FS and MD brine, respectively. 

239 The loss of draw solutes caused by RSF through the FO membrane is replenished by adding 

240 draw solutes. Simulations are entirely based on an ideal mass balance model in a closed FO-MD 

241 module by assuming FO and MD membranes as a black box. A steady-state flow with net build-

242 up of volume was also assumed, making FO and MD permeates the same as the module capacity. 

243 A schematic diagram of the mass balance of the hybrid system and expected concentration and 

244 temperature profiles in both channels is presented in Fig. 3. Only rejection rates and recovery 

245 rates of both FO and MD membranes are used as membrane properties for the simulations. In the 

246 present study, the flow of feed solutes is neglected since FO has a high rejection rate due to the 

247 hindrance effect of RSF on the transport of feed solutes.44 A 100% salt rejection by MD is 

248 considered, which is confirmed from our experimental results. Rejection properties can be 

249 assumed to be constant even though they may vary slightly in reality. Details of the mass balance 

250 simulations are presented in the Supporting Information and the simulation conditions are 

251 summarized in Table S1. Simulation were conducted according to the following algorithm (Fig. 

252 S2) using Microsoft Excel software. 

253
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254

255 Figure 3. Mass balance of the FO-MD integrated module proposed in this study and expected 

256 concentration and temperature profiles inside the module.

257

258 RESULTS AND DISCUSSION

259 FO performance: Effect of DS temperature on water flux and RSF. To evaluate the effect of 

260 DS temperature on FO performance for the feasibility of the FO-MD integrated module, FO 

261 experiments were carried out with varying DS temperatures (20 ºC, 30 ºC, 40 ºC and 50 ºC) at 

262 fixed FS temperature (20 ºC) as the latter is not influenced by temperature variation of the FO-

263 MD module inner channels. As shown in Fig. 4a, the FO water flux was enhanced from 8.8 

264 L/m2/h to 13.7 L/m2/h with an increase of DS temperature from 20 ºC to 50 ºC, consistent with 

265 other studies.32, 33, 45 Considering an equation for water flux in FO as shown in Eq. (1) 32, the 

266 significant increase of water flux can be explained by two effects: (i) an increase in osmotic 
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267 pressure and (ii) an increase in diffusivity. High temperature induces an increase in osmotic 

268 pressure according to the modified van’t Hoff equation, resulting in an increase in the driving 

269 force of FO. The diffusivity of draw solutes can also be influenced by an increase in DS 

270 temperature according to the Stokes-Einstein equation; this can reduce the mass transfer 

271 resistance and thus decrease the internal concentration polarization (ICP), enhancing the 

272 effective concentration gradient across the active layer of the FO membrane. As a result, water 

273 flux increased as DS temperature increased. 

274

275 (1)𝐽𝑤 = 𝐴[𝜋𝐷,𝑏𝑒𝑥𝑝( ― 𝐽𝑤𝐾) ― 𝜋𝐹,𝑏𝑒𝑥𝑝(𝐽𝑤 𝑘)]

276 (2)𝐾 = 𝑆 𝐷

277

278 where  and  are the osmotic pressure of DS and FS, respectively, K is the mass transfer 𝜋𝐷,𝑏 𝜋𝐹,𝑏

279 resistance of the support layer, S is the structural parameter of the support layer, and D is the 

280 diffusivity of DS. Fig. 4b also shows that RSF increased from 86.9 mg/m2/h to 117 mg/m2/h 

281 with an increase in DS temperature from 20 ºC to 50 ºC. RSF is theoretically governed by the DS 

282 concentration as well as the membrane structural and solute rejection properties. An increase in 

283 DS temperature can raise the diffusivity of draw solutes, thereby mitigating the ICP phenomenon 

284 and thus enhancing the effective concentration gradient across the active layer. Consequently, an 

285 increase in DS temperature results in more reverse diffusion of draw solutes to the FS side.

286 In order to further examine the relative transport of water and draw solutes under varying 

287 DS temperatures, SRSF, defined as the ratio of RSF to water flux in Eq. (S3), was calculated 

288 experimentally using the measured values of water flux and RSF, and results are presented in 

289 Fig. 4b. Although both RSF and water flux increased as shown in Fig. 4a, SRSF decreased by 
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290 14.12% with increasing DS temperature up to 40 ºC, where the lowest SRSF (8.29 mg/L) was 

291 observed, indicating higher pure water extraction compared to the loss of draw solutes. SRSF is 

292 influenced by operating temperature based on the theoretical equation, as given by Eq. (S3). 

293 When varying DS temperature with fixed FS temperature, the temperature of the active layer 

294 under the AL-FS mode is minimally changed, thereby inducing no/low change in the intrinsic 

295 properties (i.e., water and salt permeabilities) of the active layer.32 Nevertheless, as this equation 

296 is also governed by DS temperature 46, SRSF can be decreased with an increase in DS 

297 temperature, consistent with our results. However, when DS temperature was further increased 

298 up to 50 ºC, draw solutes more readily diffused to the FS side than water flux, likely because of 

299 the increased permeability of the draw solutes at higher temperature, thereby leading to a slight 

300 increase (2.99%) in SRSF. In addition, a high standard deviation of SRSF at 50 ºC indicates 

301 instability of the FO membrane. Other studies have observed a decrease in solute rejection for 

302 RO 47 and an increase in RSF in FO at higher temperature.33 From these results, we can conclude 

303 that FO should be operated at 40 ºC to achieve favorable water flux and reasonable RSF as well 

304 as high stability. This brine temperature range is considered to be reasonably achievable in large-

305 scale MD modules due to heat loss through MD membrane even though MD FS has a higher 

306 temperature than optimum FO FS (40 ºC).

307
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308      

309 Figure 4. Effect of FO DS temperature on (a) water flux and RSF, and (b) SRSF. Experimental 

310 conditions for FO experiments: DI water as FS; 1 M MgCl2 as DS; cross-flow velocity of 8.5 

311 cm/s; and variable DS temperatures (20 °C – 50 °C) with fixed feed temperature (20 °C).

312

313 From these results, it can be inferred that the flow direction can also be an important 

314 factor for the FO-MD integrated module. If DS with low temperature is fed into the FO channel, 

315 it should be heated before the MD inlet, which is challenging to achieve inside the FO-MD 

316 module (a configuration with a water-box could be possible). Moreover, a condition with low 

317 water flux and high SRSF at low DS temperature requires a larger module size and a larger 

318 amount of solute for DS replenishment. In order to resolve this issue, DS temperature should be 

319 high enough to obtain high water flux and low SRSF for FO. Furthermore, DS temperature 

320 should be higher to operate MD, considering heat loss through the FO membrane. This can also 

321 cause an unstable FO operation by exceeding the recommended maximum working temperature 

322 of the CTA FO membrane (45 °C) as well as significant loss of draw solutes by higher SRSF. 

323 This issue can be resolved by simply operating with proper flow direction, as presented in Figs. 2 

324 and 3. High MD feed temperature helps to produce high water vapor flux and effectively 

325 concentrate DS for better FO operation. Along the MD module channel, DS temperature will 
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326 decrease due to the heat loss and then the desired DS temperature (less than 45 °C) will be fed 

327 into FO channel. Moreover, high MD feed temperature can result in a low specific thermal 

328 energy consumption (STEC) due to high water vapor flux and high water recovery rate.48 

329

330 MD performance: Effect of feed temperature and concentration on water vapor flux 

331 and salt rejection. To evaluate the MD performance in the FO-MD integrated module, MD 

332 experiments were carried out by varying feed temperature and concentration. As has been widely 

333 reported for different applications, Fig. 5 shows that when feed temperature increased, water 

334 vapor flux exponentially increased from 16.6 L/m2/h at a transmembrane temperature difference 

335 (𝛥T) of 20 ºC to 102 L/m2/h at 𝛥T = 60 ºC, as per the effect of salt concentration on vapor 

336 pressure theory (see Fig. S1).49 The increment of water flux (513%) was smaller than that of the 

337 partial vapor pressure difference (1,040%), likely due to temperature polarization caused by heat 

338 transfer from the feed to the permeate.50 

339 The effect of MD feed concentration on water flux was further investigated with varying 

340 concentration (i.e., MgCl2 = 0 g/L, 35 g/L, 60 g/L, and 140 g/L) to investigate the interplay 

341 between FO and MD. Results presented in Fig. 5 show that water vapor flux decreased when 

342 increasing the feed concentration at all ranges of feed temperatures (i.e., 𝛥T=20 ºC, 40 ºC and 60 

343 ºC); the decrease was more pronounced at higher temperatures, which is consistent with other 

344 studies 51 because a change in FS concentration can influence partial vapor pressure. Results 

345 shown in Fig. S3 reveal that water vapor pressure slightly decreased with increasing feed 

346 concentration (over the indicated range) since higher concentrations decrease vapor pressure, 

347 especially at higher temperatures. As a result, increasing the feed concentration results in a 

348 significant reduction in water vapor flux. However, during all experiments, no change of the 
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349 permeate conductivity was observed, indicating a complete rejection (100%) of draw solutes 

350 even at higher concentrations. Results of the present study imply that low feed concentration 

351 which is achieved through dilution of the FO DS in the FO channel would be beneficial for the 

352 MD performance, thereby enabling a more efficient and compact FO-MD integrated module. 

353 It should be noted that flow direction can significantly influence sustainability of the MD 

354 membrane performance. Pore wetting of the MD membrane is governed by the hydraulic 

355 pressure represented by the liquid entry pressure (LEP).52 If the DS flows from FO membrane to 

356 MD membrane, the inlet pressure of MD is determined by the FO performance. However, if the 

357 DS flows from the MD membrane to the FO membrane, the inlet pressure can be controlled by 

358 adjusting DS flow rate, thereby providing better control of pore wetting.

359
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361 Figure 5. Effect of feed temperature on water vapor flux in MD. Experimental conditions for 

362 MD: MgCl2 feed solution (i.e., 35 g/L 60 g/L and 140 g/L); cross-flow velocity = 8.5 cm/s; and 

363 variable feed temperature (i.e., 40 °C, 60 °C and 80 °C) at constant coolant temperature (20 °C).

364
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365 Simulation of a closed-loop FO-MD integrated module. To evaluate the novel FO-MD 

366 integrated module, simulations were carried out based on mass balance equations varying four 

367 different parameters; FO and MD recovery rates, initial DS flow rate, and initial DS 

368 concentration; as shown in Table S1. Initial FS concentration and flow rate were 10 mM NaCl 

369 and 10 m3/d, respectively. SRSF of the FO membrane and salt rejection of the MD membrane 

370 were determined as 0.08293 g/L at 40 °C and 100%, respectively, based on results presented in 

371 the previous section. It was assumed that the permeate rate in FO is identical to that in MD for no 

372 net change in initial DS flow rate, as shown in Eq. (S4). In addition, the ratio of initial DS flow 

373 rate to initial FS flow rate, representing the DS/FS ratio, was employed to understand the 

374 operation of the FO-MD module. It is important to note that the initial DS flow rate and 

375 concentration correspond to initial flow rate and concentration of the MD FS in the module. 

376 In order to evaluate the effect of MD recovery rate on the performance of the FO-MD 

377 integrated module, FO recovery rate and achievable permeate rate (same as the module capacity) 

378 of the integrated module were first simulated with varying initial DS flow rates (the DS/FS ratio) 

379 with results presented in Fig. 6a. Both FO recovery rate and permeate rate increased as MD 

380 recovery rate increased. It is noteworthy that the DS/FS ratio should be higher than 1.0 to 

381 achieve maximum permeate rate. If initial DS flow rate is lower than initial FS flow rate, the MD 

382 cannot produce a permeate rate as high as initial FS flow rate since the DS is treated by MD prior 

383 to FO, thereby resulting in a low module capacity. The DS concentration (MD brine) in the 

384 middle area of the module between FO and MD was then simulated to confirm whether the 

385 concentrated DS can be supplied to FO or not. Interestingly, Fig. 6b indicates that MD recovery 

386 rate should not exceed approximately 0.83 because MgCl2 crystals can be formed at the end of 

387 MD membrane due to MgCl2 solubility (58.9 g/100 mL water at 40 °C) as shown in Fig. S4. 
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388 This result implies that the DS/FS ratio should be higher than 1.25 to achieve a high recovery 

389 rate (close to 1.0) without the formation of MgCl2 crystals. The DS loss rate was further 

390 simulated for economic evaluation. Results of Fig. 6b show that the trend of DS loss rate (same 

391 as the replenishment rate) is consistent with that of the permeate rate, as shown in Fig. 6a. This 

392 is because DS loss rate is a function of SRSF (the ratio of RSF to water flux) and thus the 

393 permeate rate determines DS loss rate as depicted in Eq. (S15). 

394 The DS flow rate in the middle area of the module was also evaluated as presented in Fig. 

395 6c. This figure can represent the change of flow rate through FO and MD membranes since the 

396 flow rate decreases along the MD membrane and then it increases along the FO membrane when 

397 increasing the recovery rate of the module. It should be noted that DS flow rate detemines 

398 crossflow velocity in the module, which influences concentration and temperature polarization 

399 near the membrane surface.53 Therefore, a high DS flow rate can lead to low concentration and 

400 temperature polarization. However, Fig. 6c shows that high initial DS flow rate (the DS/FS ratio 

401 of 2) not only has a maximum MD recovery rate of 50% but also results in a rapid decrease in 

402 DS flow rate. This implies a potential rapid change of the MD performance via increased 

403 concentration and temperature polarization.50 Also, the pressure on the draw side of FO 

404 membrane can be increased by increased flow rate, thereby resulting in a decrease in water flux 

405 due to the decrease of the driving force.20 In addition, a high flow rate requires high electric 

406 energy consumption. On the other hand, a low initial DS flow rate can have not only low 

407 recovery rates of both FO and MD (Fig. 6c) but also low performance due to serious 

408 concentration and temperature polarization.53, 54 Consequently, it can be concluded that the 

409 DS/FS ratio should be ranged approximately from 1 to 1.5 to achieve high MD recovery rate and 

410 high flow rate at the same time. 
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411

412  

413

414 Figure 6. Effect of MD recovery rate on (a) FO recovery rate (left axis, colored lines) and 

415 permeate rate (right axis, colored dotted-lines), (b) DS concentration in the middle area of the 

416 module (left axis, dotted-line) and DS loss rate (right axis, colored lines), and (c) DS flow rate in 

417 the middle area. Simulation conditions: initial FS concentration of 10 mM NaCl, initial FS flow 

418 rate of 10 m3/d, initial DS concentration of 1 M MgCl2 (95.2 g/L), and SRSF of 0.08293 g/L at 

419 40 ºC DS. The permeate rates of both FO and MD were assumed to be same.

420

421 To further investigate the effect of FO recovery rate, MD recovery rate and the final 

422 permeate rate (same as the module capacity) were also simulated with different DS/FS ratios. 
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423 Fig. 7a show that the permeate rate is linearly related with FO recovery rate, which is consistent 

424 with Fig. 6a. Thus, the balance of permeate rate between FO and MD is one of the key factors 

425 for the FO-MD integrated module. The results of Fig. 7a also indicate that a high DS/FS ratio is 

426 beneficial to achieve high MD recovery rate as well as high permeate rate. To determine the 

427 maximum FO recovery rate in terms of MgCl2 solubility, DS concentration in the middle area of 

428 the module was simulated as presented in Fig. 7b. The result suggests that initial DS flow rate 

429 should be high enough for high FO recovery rate. DS loss rate was also simulated as a function 

430 of FO recovery rate. As discussed above, since the permeate rate of both FO and MD is directly 

431 related to FO recovery rate, DS loss rate linearly increases as FO recovery increases. However, 

432 since DS loss rate is inevitable in FO, a method to further reduce SRSF should be developed. 

433 Fig. 7c presents the effect of FO recovery rate on DS flow rate in the middle area of the 

434 module. As disccused above, high DS flow rate is desired to enhance both FO and MD 

435 performances. However, high DS flow rate requires high energy consumption for the 

436 circulation.55 Therefore, the DS flow rate needs to be optimized by considering electric energy 

437 consumption and the performance of both FO and MD. 

438

439  
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440

441 Figure 7. Effect of FO recovery rate on (a) MD recovery rate (left axis, colored lines) and 

442 permeate rate (right axis, dotted-line) of the integrated module, (b) DS concentration in the 

443 middle area of the module (left axis, colored lines) and DS loss rate (right axis, dotted-line), and 

444 (c) DS flow rate in the middle area. Simulation conditions: initial FS concentration of 10 mM 

445 NaCl, initial FS flow rate of 10 m3/d, initial DS concentration of 1 M MgCl2 (95.2 g/L) and 

446 SRSF of 0.08293 g/L at 40 ºC DS.

447

448 Lastly, to investigate the effect of initial DS concentration on the FO-MD module, DS 

449 concentration at the end of the MD membrane in the module was simulated as a function of 

450 recovery rate with fixed initial DS flow rate, the same as initial FS flow rate (i.e., 1.0 DS/FS 

451 ratio). Fig. 8 indicates that initial DS concentration has a significant impact on limitation of the 

452 recovery rates for both FO and MD. The results show that lower DS concentration can induce 

453 higher recovery rate (higher permeate rate) since it can reach a concentration close to the 

454 maximum solubility of MgCl2 in the DS at high recovery rate as shown in Fig. 7. Additionally, it 

455 was found that initial DS concentration does not influence DS loss rate because DS loss rate is a 

456 function of the permeate rate, as shown in Eq. (S15). The strategies of the DS replenishment 

457 warrant further discussion. The DS replenishment consists of two steps: (i) recovery of the DS 
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458 loss amount and (ii) recovery of the DS temperature. Because of the linear relationship between 

459 DS loss and recovery rate, the specific replenishment cost of the DS loss is constant. The specific 

460 cost of the DS temperature recovery may be significantly influenced by the recovery rate because 

461 the latter affects the desired inlet temperature. Duong et al. 56 reported that a 20~50% recovery 

462 rate achieved the lowest specific thermal energy consumption for seawater desalination. 

463 However, a more accurate evaluation should be carried out via a pilot-scale study. 

464

465

466 Figure 8. DS concentration at the end of MD membrane and DS loss rate (dotted-line) with 

467 varying initial DS concentration. Simulation conditions: initial FS concentration of 10 mM NaCl, 

468 initial FS flow rate of 10 m3/d, initial DS flow rate of 10 m3/d, and SRSF of 0.08293 g/L at 40 ºC 

469 DS.

470

471 From the simulation results, it can be concluded that high DS flow rate is beneficial for 

472 high recovery rate in the FO-MD integrated module and has two potential merits: (i) high MD 

473 water vapor flux, and (ii) low temperature polarization. In the case of high DS flow rate, an 
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474 increase in DS concentration will be low even at high MD recovery rate; this induces stable 

475 operation of MD due to less impact of high concentration on water flux as discussed in previous 

476 sections. Since high DS flow rate induces a high cross-flow velocity, the heat transfer coefficient 

477 in the MD feed channel can be enhanced, and hence water vapor flux can be increased. High 

478 cross-flow velocity can also mitigate membrane fouling in MD.30, 57 The effect of high DS flow 

479 rate on FO performance merit further consideration. Since membrane minimal fouling occurs on 

480 the DS side due to the permeate flow direction, high DS flow rate is not an important factor for 

481 membrane fouling in FO.58 On the other hand, high flow rate can enhance water flux by a 

482 reduction of ICP.54, 59 Also, if DS flow rate is too high, the energy requirement for circulating the 

483 solution in the module could be high. Therefore, initial DS flow rate should be optimized for the 

484 successful operation of the FO-MD integrated module. The results of the simulations also imply 

485 that the FO and MD recovery rates may not be important to operate the FO-MD module since the 

486 permeate rate is dominantly governed by initial DS flow rate as well as initial DS temperature 

487 fed into MD. In addition to initial DS flow rate, initial DS concentration should be low for high 

488 recovery rate. However, this can lead to low water flux in FO and high water flux in MD as 

489 discussed in the previous sections, thereby resulting in an imbalance of the permeate rate 

490 between FO and MD. Varying membrane surface area of both processes could be used to reach a 

491 balance. A more rigorous theoretical model aiming to deeply examine and optimize the 

492 performance of a larger-scale integrated module is under development and will be reported in 

493 future work. Findings from the present study have significant implications for optimizing the 

494 novel FO-MD integrated module proposed. The novel FO-MD integrated module can have 

495 relevance for small-scale or mobile water treatment plants for, e.g., the treatment of hypersaline 

496 wastewater from shale gas fracking because of the easier control of membrane fouling and high 
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497 rejection of volatile compounds and other toxic metals. In addition, waste heat which is often 

498 available in industrial areas can reduce the energy consumption.60 However, since the 

499 simulations were carried out via simple mass balance models, the actual FO-MD integrated 

500 module will be further examined, including membrane fouling and cleaning, with the treatment 

501 of hypersaline wastewater containing volatile compounds and contaminants in the future. In 

502 addition, an economic analysis will be also carried out based on operation of a pilot-scale FO-

503 MD integrated module. 

504

505 ASSOCIATED CONTENT

506 Supporting Information

507 The Supporting Information is available free of charge on the ACS Publications website at DOI:

508 calculations of experimental water flux, RSF and SRSF; derivation of mass balance equations for 

509 simulating the FO-MD integrated module; schematic diagram of a typical FO-MD hybrid system 

510 (Figure S1); simulation algorithm of a closed-loop FO-MD integrated module (Figure S2); effect 

511 of MgCl2 concentration on vapor pressure (Figure S3); solubility curve of MgCl2 (Figure S4); 

512 and simulation conditions for the FO-MD integrated module (Table S1) (PDF)

513 AUTHOR INFORMATION

514 Corresponding Author

515 *N. Ghaffour, E-mail: noreddine.ghaffour@kaust.edu.sa, Tel: +966 12 808 2180 

516 Author Contributions

517 The manuscript was written through contributions of all authors. All authors have given approval 

518 to the final version of the manuscript. 

519 Notes

Page 26 of 31

ACS Paragon Plus Environment

Environmental Science & Technology



27

520 The authors declare no competing financial interest.

521 Acknowledgements

522 The research reported in this paper was supported by King Abdullah University of Science and 

523 Technology (KAUST), Saudi Arabia. Authors extend their gratitude to the Water Desalination 

524 and Reuse Center (WDRC) staff for their continuous support. 

525

526 References

527 1. Ghaffour, N.; Missimer, T.; Amy, G.L. ,Combined desalination, water reuse and aquifer storage 
528 and recovery to meet water supply demands in the GCC/MENA region, Desalination & Water Treatment 
529 2013, 51, 38-43.
530 2. Kim, Y.; Lee, J. H.; Kim, Y. C.; Lee, K. H.; Park, I. S.; Park, S.-J., Operation and simulation of 
531 pilot-scale forward osmosis desalination with ammonium bicarbonate. Chemical Engineering Research 
532 and Design 2015, 94, 390-395.
533 3. Jansen, A. E.; Assink, J. W.; Hanemaaijer, J. H.; van Medevoort, J.; van Sonsbeek, E., 
534 Development and pilot testing of full-scale membrane distillation modules for deployment of waste heat. 
535 Desalination 2013, 323, 55-65.
536 4. Amy, G.; Ghaffour, N.; Li, Z.; Francis, L.; Linares, R. V.; Missimer, T.; Lattemann, S., 
537 Membrane-based seawater desalination: Present and future prospects. Desalination 2017, 401, 16-21.
538 5. Bundschuh, J.; Ghaffour, N.; Mahmoudi, H.; Goosen, M.; Mushtaq, S.; Hoinkis, J., Low-cost 
539 low-enthalpy geothermal heat for freshwater production: Innovative applications using thermal 
540 desalination processes. Renewable and Sustainable Energy Reviews 2015, 43, 196-206.
541 6. Valladares Linares, R.; Li, Z.; Sarp, S.; Bucs, S. S.; Amy, G.; Vrouwenvelder, J. S., Forward 
542 osmosis niches in seawater desalination and wastewater reuse. Water Research 2014, 66, 122-139.
543 7. Akther, N.; Sodiq, A.; Giwa, A.; Daer, S.; Arafat, H. A.; Hasan, S. W., Recent advancements in 
544 forward osmosis desalination: A review. Chemical Engineering Journal 2015, 281, 502-522.
545 8. Deshmukh, A.; Boo, C.; Karanikola, V.; Lin, S.; Straub, A. P.; Tong, T.; Warsinger, D. M.; 
546 Elimelech, M., Membrane distillation at the water-energy nexus: limits, opportunities, and challenges. 
547 Energy & Environmental Science 2018, 11, (5), 1177-1196.
548 9. Alsaadi, A. S.; Francis, L.; Maab, H.; Amy, G. L.; Ghaffour, N., Evaluation of air gap membrane 
549 distillation process running under sub-atmospheric conditions: Experimental and simulation studies. 
550 Journal of Membrane Science 2015, 489, 73-80.
551 10. Cath, T. Y.; Childress, A. E.; Elimelech, M., Forward osmosis: Principles, applications, and 
552 recent developments. Journal of Membrane Science 2006, 281, (1), 70-87.
553 11. Wang, K. Y.; Teoh, M. M.; Nugroho, A.; Chung, T.-S., Integrated forward osmosis–membrane 
554 distillation (FO–MD) hybrid system for the concentration of protein solutions. Chemical Engineering 
555 Science 2011, 66, (11), 2421-2430.
556 12. Valladares Linares, R.; Li, Z.; Yangali-Quintanilla, V.; Ghaffour, N.; Amy, G.; Leiknes, T.; 
557 Vrouwenvelder, J. S., Life cycle cost of a hybrid forward osmosis – low pressure reverse osmosis system 
558 for seawater desalination and wastewater recovery. Water Research 2016, 88, 225-234.
559 13. Valladares Linares, R.; Yangali-Quintanilla, V.; Li, Z.; Amy, G., NOM and TEP fouling of a 
560 forward osmosis (FO) membrane: Foulant identification and cleaning. Journal of Membrane Science 
561 2012, 421-422, 217-224.

Page 27 of 31

ACS Paragon Plus Environment

Environmental Science & Technology



28

562 14. Al-Obaidani, S.; Curcio, E.; Macedonio, F.; Di Profio, G.; Al-Hinai, H.; Drioli, E., Potential of 
563 membrane distillation in seawater desalination: Thermal efficiency, sensitivity study and cost estimation. 
564 Journal of Membrane Science 2008, 323, (1), 85-98.
565 15. Alkhudhiri, A.; Darwish, N.; Hilal, N., Produced water treatment: Application of Air Gap 
566 Membrane Distillation. Desalination 2013, 309, 46-51.
567 16. Kim, Y.-D. ; Thu, K.; Ng, K.C. ; Amy, G.L.; Ghaffour, N.; A novel integrated thermal-
568 /membrane-based solar energy-driven hybrid desalination system: Concept description and simulation 
569 results, Water Research 2016, 100, 7-19.
570 17. Maab, H.; Al Saadi, A.; Francis, L.; Livazovic, S.; Ghafour, N.; Amy, G. L.; Nunes, S. P., 
571 Polyazole Hollow Fiber Membranes for Direct Contact Membrane Distillation. Industrial & Engineering 
572 Chemistry Research 2013, 52, (31), 10425-10429.
573 18. Dow, N.; Gray, S.; Li, J.-d.; Zhang, J.; Ostarcevic, E.; Liubinas, A.; Atherton, P.; Roeszler, G.; 
574 Gibbs, A.; Duke, M., Pilot trial of membrane distillation driven by low grade waste heat: Membrane 
575 fouling and energy assessment. Desalination 2016, 391, 30-42.
576 19. Chekli, L.; Phuntsho, S.; Kim, J. E.; Kim, J.; Choi, J. Y.; Choi, J.-S.; Kim, S.; Kim, J. H.; Hong, 
577 S.; Sohn, J.; Shon, H. K., A comprehensive review of hybrid forward osmosis systems: Performance, 
578 applications and future prospects. Journal of Membrane Science 2016, 497, 430-449.
579 20. Volpin, F.; Chekli, L.; Phuntsho, S.; Ghaffour, N.; Vrouwenvelder, J. S.; Shon, H. K., 
580 Optimisation of a forward osmosis and membrane distillation hybrid system for the treatment of source-
581 separated urine. Separation and Purification Technology 2019, 212, 368-375.
582 21. Koo, J.-W.; Han, J.-H.; Yun, T.; Lee, S.; Choi, J.-S., Integration of forward osmosis with 
583 membrane distillation: effect of operating conditions. Desalination and Water Treatment 2013, 51, (25-
584 27), 5355-5361.
585 22. Zhang, S.; Wang, P.; Fu, X.; Chung, T.-S., Sustainable water recovery from oily wastewater via 
586 forward osmosis-membrane distillation (FO-MD). Water Research 2014, 52, 112-121.
587 23. Xie, M.; Nghiem, L. D.; Price, W. E.; Elimelech, M., A Forward Osmosis–Membrane Distillation 
588 Hybrid Process for Direct Sewer Mining: System Performance and Limitations. Environmental Science & 
589 Technology 2013, 47, (23), 13486-13493.
590 24. Liu, Q.; Liu, C.; Zhao, L.; Ma, W.; Liu, H.; Ma, J., Integrated forward osmosis-membrane 
591 distillation process for human urine treatment. Water Research 2016, 91, 45-54.
592 25. Cath, T. Y.; Childress, A. E.; Martinetti, C. R. Combined Membrane-Distillation-Forward-
593 Osmosis Systems and Methods of Use. US2010224476 (A1), 2011/10/04/, 2011.
594 26. Husnain, T.; Liu, Y.; Riffat, R.; Mi, B., Integration of forward osmosis and membrane distillation 
595 for sustainable wastewater reuse. Separation and Purification Technology 2015, 156, 424-431.
596 27. Husnain, T.; Mi, B.; Riffat, R., Fouling and long-term durability of an integrated forward osmosis 
597 and membrane distillation system. Water Science and Technology 2015, 72, (11), 2000-2005.
598 28. Lu, D.; Liu, Q.; Zhao, Y.; Liu, H.; Ma, J., Treatment and energy utilization of oily water via 
599 integrated ultrafiltration-forward osmosis–membrane distillation (UF-FO-MD) system. Journal of 
600 Membrane Science 2018, 548, 275-287.
601 29. Lee, J.-G. ; Alsaadi, A.S.; Karam, A.M.; Francis, L.; Soukane, S.; Ghaffour, N.; Total water 
602 production capacity inversion phenomenon in multi-stage direct contact membrane distillation: A 
603 theoretical study, Journal of Membrane Science 2017, 544, 126-134.
604 30. Soukane, S.; Naceur, M. W.; Francis, L.; Alsaadi, A.; Ghaffour, N., Effect of feed flow pattern on 
605 the distribution of permeate fluxes in desalination by direct contact membrane distillation. Desalination 
606 2017, 418, 43-59.
607 31. Ghaffour, N.; Francis, L.; Li, Z.; Valladares, R.; Alsaadi, A. S.; Ghdaib, M. A.; Amy, G. L., 
608 Osmotically and thermally isolated forward osmosis-membrane distillation (FO-MD) integrated module 
609 for water treatment applications, US 2018/0028977 A1, Feb. 1, 2018, WO 2016/135701 A1, Sep. 2016.
610 32. Kim, Y.; Lee, S.; Shon, H. K.; Hong, S., Organic fouling mechanisms in forward osmosis 
611 membrane process under elevated feed and draw solution temperatures. Desalination 2015, 355, 169-177.

Page 28 of 31

ACS Paragon Plus Environment

Environmental Science & Technology



29

612 33. Phuntsho, S.; Vigneswaran, S.; Kandasamy, J.; Hong, S.; Lee, S.; Shon, H. K., Influence of 
613 temperature and temperature difference in the performance of forward osmosis desalination process. 
614 Journal of Membrane Science 2012, 415-416, 734-744.
615 34. Khan, M. A.; AlMadani, A. M. A. A., Assessment of microbial quality in household water tanks 
616 in Dubai, United Arab Emirates. Environmental Engineering Research 2017, 22, (1), 55-60.
617 35. Xie, P.; Murdoch, L. C.; Ladner, D. A., Hydrodynamics of sinusoidal spacers for improved 
618 reverse osmosis performance. Journal of Membrane Science 2014, 453, 92-99.
619 36. Yao, M.; Woo, Y. C.; Tijing, L. D.; Choi, J.-S.; Shon, H. K., Effects of volatile organic 
620 compounds on water recovery from produced water via vacuum membrane distillation. Desalination 
621 2018, 440, 146-155.
622 37. Zhang, S.; Fane, A. G., Study On the Wastewater Reuse By Combination of Thermophilic 
623 Anaerobic Bioreactor With Forward Osmosis (FO)/Membrane Distillation (MD) Integrated Module. 
624 2013.
625 38. Phuntsho, S.; Kim, J. E.; Hong, S.; Ghaffour, N.; Leiknes, T.; Choi, J. Y.; Shon, H. K., A closed-
626 loop forward osmosis-nanofiltration hybrid system: Understanding process implications through full-scale 
627 simulation. Desalination 2017, 421, 169-178.
628 39. Kim, Y.; Li, S.; Chekli, L.; Woo, Y. C.; Wei, C.-H.; Phuntsho, S.; Ghaffour, N.; Leiknes, T.; 
629 Shon, H. K., Assessing the removal of organic micro-pollutants from anaerobic membrane bioreactor 
630 effluent by fertilizer-drawn forward osmosis. Journal of Membrane Science 2017, 533, 84-95.
631 40. Lee, S.; Kim, Y.; Kim, A. S.; Hong, S., Evaluation of membrane-based desalting processes for 
632 RO brine treatment. Desalination and Water Treatment 2016, 57, (16), 7432-7439.
633 41. Yangali-Quintanilla, V.; Li, Z.; Valladares, R.; Li, Q.; Amy, G., Indirect desalination of Red Sea 
634 water with forward osmosis and low pressure reverse osmosis for water reuse. Desalination 2011, 280, 
635 (1), 160-166.
636 42. Zhao, D.; Wang, P.; Zhao, Q.; Chen, N.; Lu, X., Thermoresponsive copolymer-based draw 
637 solution for seawater desalination in a combined process of forward osmosis and membrane distillation. 
638 Desalination 2014, 348, 26-32.
639 43. Xie, M.; Bar-Zeev, E.; Hashmi, S. M.; Nghiem, L. D.; Elimelech, M., Role of Reverse Divalent 
640 Cation Diffusion in Forward Osmosis Biofouling. Environmental Science & Technology 2015, 49, (22), 
641 13222-13229.
642 44. Xie, M.; Nghiem, L. D.; Price, W. E.; Elimelech, M., Comparison of the removal of hydrophobic 
643 trace organic contaminants by forward osmosis and reverse osmosis. Water Research 2012, 46, (8), 2683-
644 2692.
645 45. Xie, M.; Price, W. E.; Nghiem, L. D.; Elimelech, M., Effects of feed and draw solution 
646 temperature and transmembrane temperature difference on the rejection of trace organic contaminants by 
647 forward osmosis. Journal of Membrane Science 2013, 438, 57-64.
648 46. Phillip, W. A.; Yong, J. S.; Elimelech, M., Reverse Draw Solute Permeation in Forward Osmosis: 
649 Modeling and Experiments. Environmental Science & Technology 2010, 44, (13), 5170-5176.
650 47. Jin, X.; Jawor, A.; Kim, S.; Hoek, E. M. V., Effects of feed water temperature on separation 
651 performance and organic fouling of brackish water RO membranes. Desalination 2009, 239, (1), 346-359.
652 48. Duong, H. C.; Cooper, P.; Nelemans, B.; Cath, T. Y.; Nghiem, L. D., Evaluating energy 
653 consumption of air gap membrane distillation for seawater desalination at pilot scale level. Separation 
654 and Purification Technology 2016, 166, 55-62.
655 49. Alsaadi, A.S.; Alpatova, A.; Lee, J.-G.; Francis, L.; Ghaffour, N.; Flashed-feed VMD 
656 configuration as a novel method for eliminating temperature polarization effect and enhancing water 
657 vapor flux, Journal of Membrane Science 2018,563, 175-182.
658 50. Alsaadi, A. S.; Francis, L.; Amy, G. L.; Ghaffour, N., Experimental and theoretical analyses of 
659 temperature polarization effect in vacuum membrane distillation. Journal of Membrane Science 2014, 
660 471, 138-148.
661 51. Li, J.; Guan, Y.; Cheng, F.; Liu, Y., Treatment of high salinity brines by direct contact membrane 
662 distillation: Effect of membrane characteristics and salinity. Chemosphere 2015, 140, 143-149.

Page 29 of 31

ACS Paragon Plus Environment

Environmental Science & Technology



30

663 52. Chen, Y.; Wang, Z.; Jennings, G. K.; Lin, S., Probing Pore Wetting in Membrane Distillation 
664 Using Impedance: Early Detection and Mechanism of Surfactant-Induced Wetting. Environmental 
665 Science & Technology Letters 2017, 4, (11), 505-510.
666 53. Manawi, Y. M.; Khraisheh, M. A. M. M.; Fard, A. K.; Benyahia, F.; Adham, S., A predictive 
667 model for the assessment of the temperature polarization effect in direct contact membrane distillation 
668 desalination of high salinity feed. Desalination 2014, 341, 38-49.
669 54. Bui, N.-N.; Arena, J. T.; McCutcheon, J. R., Proper accounting of mass transfer resistances in 
670 forward osmosis: Improving the accuracy of model predictions of structural parameter. Journal of 
671 Membrane Science 2015, 492, 289-302.
672 55. Zhu, X.; He, W.; Logan, B. E., Reducing pumping energy by using different flow rates of high 
673 and low concentration solutions in reverse electrodialysis cells. Journal of Membrane Science 2015, 486, 
674 215-221.
675 56. Duong, H. C.; Cooper, P.; Nelemans, B.; Cath, T. Y.; Nghiem, L. D., Optimising thermal 
676 efficiency of direct contact membrane distillation by brine recycling for small-scale seawater desalination. 
677 Desalination 2015, 374, 1-9.
678 57. Naidu, G.; Jeong, S.; Vigneswaran, S.; Hwang, T.-M.; Choi, Y.-J.; Kim, S.-H., A review on 
679 fouling of membrane distillation. Desalination and Water Treatment 2016, 57, (22), 10052-10076.
680 58. Kim, D. I.; Kim, J.; Shon, H. K.; Hong, S., Pressure retarded osmosis (PRO) for integrating 
681 seawater desalination and wastewater reclamation: Energy consumption and fouling. Journal of 
682 Membrane Science 2015, 483, 34-41.
683 59. Xu, Y.; Peng, X.; Tang, C. Y.; Fu, Q. S.; Nie, S., Effect of draw solution concentration and 
684 operating conditions on forward osmosis and pressure retarded osmosis performance in a spiral wound 
685 module. Journal of Membrane Science 2010, 348, (1), 298-309.
686 60. Papapetrou, M.; Kosmadakis, G.; Cipollina, A.; La Commare, U.; Micale, G., Industrial waste 
687 heat: Estimation of the technically available resource in the EU per industrial sector, temperature level 
688 and country. Applied Thermal Engineering 2018, 138, 207-216.

689

Page 30 of 31

ACS Paragon Plus Environment

Environmental Science & Technology



DS
Out

MD Brine or
DS in

MD Coolant

MD
MembraneIsolation 

Barrier

FO
Membrane

DS
in

FO Feed
Solution

FO
Feed-out

FO
Feed-in

MD Coolant
+

Permeate Out

MD Coolant
in

Page 31 of 31

ACS Paragon Plus Environment

Environmental Science & Technology


