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15 Abstract

16 This study investigates the efficiency of low-power ultrasound in the range of 3.5 W - 30.0 W 

17 to improve permeate flux and alleviate membrane fouling in an air-gap membrane distillation 

18 (AGMD) system. Natural groundwater and reverse osmosis (RO) reject water were fed into the 

19 AGMD system on which fouling experiments were conducted with hydrophobic 

20 polyvinylidene fluoride (PVDF) membrane. After 35 h of AGMD system operation with 

21 groundwater and RO reject water, fouling caused the permeate flux to decrease by 30% and 

22 40% respectively. Concentration polarization, intermediate pore blocking, and cake filtration 

23 appear to be the main reasons for flux decline with both feedwater types. Ultrasound 

24 application for a short period of 15 min resulted in flux improvement by as high as 400% and 

25 250% for RO reject and groundwater, respectively. Modelling of the heat and mass transfers 

26 showed that the flux increase was mainly due to membrane permeability improvements under 

27 ultrasonic vibration. Fouling visualisation using Scanning Electron Microscopy revealed that 

28 ultrasound effectively removed membrane fouling without compromising the membrane’s 

29 structure. Importantly, permeate flux improvements with targeted low-power ultrasound 

30 appears to be proportionally higher than those of high-power ultrasound applied to the whole 

31 system, on a flux improvement per ultrasound W/m2 basis. 

32

33 Keywords: AGMD; ultrasonically vibrated spacers; fouling; groundwater; RO reject.

34

35 1. Introduction 
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36 Globally, safe drinking water is an essential component underpinning sustainable development 

37 goals [1–4]. Freshwater scarcity has become one of the key challenges facing our world, 

38 especially in arid and semi-arid regions [5,6]. Hence, recycling wastewater and/or treating 

39 brackish water can be an effective remedy for this challenge. Reverse osmosis (RO) is one of 

40 the most commonly used technologies for treating these water types [7], however it produces 

41 large amounts of brine that require further treatment [8]. 

42 There are several techniques used for treating groundwater and RO reject water [9,10]. 

43 However, the focus of this study is directed towards the use of membrane technologies. For the 

44 RO reject case, the concentrate is traditionally discharged into the sea or treated with advanced 

45 techniques to minimize the amount of waste. Some modified membrane technologies such as 

46 shear-enhanced membrane nanofiltration or RO have recently been reported as potential 

47 techniques for treating RO reject water [11]. However, these technologies are quite expensive 

48 and need qualified supervision, [12]. Thus, alternative treatments require investigation. 

49 Membrane distillation (MD) is an emerging technology that has the potential for treating 

50 various highly saline water sources. Due to recent technology developments, MD has witnessed 

51 impressive advancements that now make it a promising candidate for producing high purity 

52 water from heavily contaminated water sources [13,14]. MD is one of the very few purification 

53 technologies which can produce high quality distilled water with low thermal energy demand, 

54 primarily because it operates under atmospheric pressure within a relatively low temperature 

55 range as compared to conventional thermal processes [15,16]. Other advantages include less 

56 membrane damage than pressure-driven filtration approaches [17], ability to operate using low 

57 grade solar or geothermal energies [18], and great potential to be integrated with other 

58 processes [18,19].

59 Just like any other membrane separation process, the MD membrane is susceptible to 

60 fouling which can be caused by organic, inorganic or biological contaminants of the feedwater 

61 [20–22]. Membrane fouling alters the membrane surface characteristics by partially or fully 

62 blocking pores and forming gel and cake layers [23]. These changes decrease permeate flux 

63 and negatively impact permeate quality [20,24]. Sustaining productivity requires pressure 

64 increases inside the feed channel which then in turn can increase the likelihood of pore wetting 

65 by reaching the liquid entry pressure (LEP) [25]. In addition to the fouling problem, 

66 concentration (CP) and temperature (TP) polarizations can also impede water vapour flux 

67 through the membrane. CP reflects the extent of rejected solute accumulation at vicinity of the 

68 membrane leading to diffusive back flow to the bulk feed [26]. TP is a phenomenon related to 

69 latent heat removal which results in feedwater temperature decline near the membrane surface. 
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70 This thin layer of feedwater at the membrane surface layer has a temperature below that of the 

71 bulk feed [27]. Both of these phenomena reduce the mass transfer driving forces represented 

72 by concentration and vapour pressure difference [28]. Thus, developing suitable strategies to 

73 tackle these problems in the MD system is imperative. 

74 A number of mitigation techniques have been suggested to reduce fouling, CP and TP 

75 issues in MD systems. Some of fouling removal techniques are expensive or not 

76 environmentally friendly, such as feedwater pre-treatment and chemical cleaning of the 

77 membranes [29,30]. Other methods such as increasing the feedwater flow-rate during hydraulic 

78 cleaning [31,32] and use of spacers [33] may cause negative effects on the membrane’s lifespan 

79 and also increase the required system energy. CP and TP mitigation techniques include the use 

80 of composite membranes impregnated with nanoparticles or creating turbulence near the 

81 membrane’s surface by rotating membranes or the use of air sparging [27,34]. These techniques 

82 have some shortcomings such as the low stability of nanoparticles in the membrane matrix and 

83 associated health concerns [35,36], the high cost of rotating membranes, or the loss of 

84 membrane contact area and decline of vapour pressure caused by the injected air [34]. There 

85 are some other techniques that can be used for alleviating TP effects such the use of metallic, 

86 self-heating and corrugated membranes [37]. These techniques also have their own inherent 

87 issues of high energy requirements for shelf-heating and corrugated membranes and lower flux 

88 production of metallic membranes, compared to conventional polymeric membranes. In this 

89 study, we propose the use of an in-situ low-power ultrasound vibration for in-line cleaning of 

90 the MD membrane and subsequent flux improvements through the induction of hydrodynamic 

91 agitation near the membrane surface. 

92 Ultrasound is sound waves with a frequency higher than the human hearing limit of around 

93 16 kHz [38]. Ultrasound propagation through a media creates negative and positive pressure 

94 swings that, if the applied energy is high enough (i.e., exceeding the resistance of the medium’s 

95 cohesive forces such as viscosity) would result in the creation of bubbles (cavitation) [39]. The 

96 travel of sound waves across a medium produces a series of physical and chemical effects. 

97 Most of these effects such as micro jets, shock waves and microstreaming occur at a power 

98 level higher than the cavitation threshold [40]. The only effect that occurs at a power level 

99 lower than the cavitation threshold is turbulence which is caused by vibration of the medium 

100 being driven by the ultrasound waves (“acoustic streaming”) [41]. The safe ultrasound fouling 

101 removal/prevention mechanism lies in these non-cavitational effects that do not cause damage 

102 to the membrane structure. 
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103 Ultrasound cleaning techniques have previously been used for fouling alleviation, although 

104 mostly in pressure-driven membrane processes [42,43]. In fact, there are a number of studies 

105 that investigated the application of ultrasound for improving permeability and reducing fouling 

106 accumulation in pressure-driven membrane separation processes [44,45]. However, the case is 

107 different for MD as the exploration of ultrasound applications for reducing fouling, 

108 concentration and temperature polarization problems is still in its infancy. Most of these studies 

109 applied ultrasound indirectly (i.e., in a bath configuration), which can be energy-inefficient due 

110 to ultrasound transmission losses through the conveying media [46,47]. Thus, we suggested a 

111 novel approach by use of a direct application of low-power ultrasound onto the membrane via 

112 metallic spacers. The benefit of this configuration is that we utilize the existing spacers rather 

113 than adjusting the membrane module by adding a plate or horn to convey ultrasonic waves. 

114 This also makes the integration of ultrasound into an MD setup technically easier than the use 

115 of extra vibrating parts. In addition, the low power application is expected to reduce the risk of 

116 membrane damage. This approach was tested in our previous study with the typical air gap MD 

117 (AGMD) flow rate and temperature ranges [48]. The encouraging increase in the AGMD flux 

118 motivated us to conduct a follow up study to provide further insights into this process. A 

119 detailed experimental and modelling investigation was carried out to understand the effects of 

120 ultrasound on vapour transport across the membrane and explore the energy saving benefits of 

121 extending the applied ultrasonic power range.

122

123 2. Ultrasound effects on mass-transfer, theoretical considerations 
124 Low-power ultrasound is a term used in this study to refer to ultrasonic power which is 

125 below the cavitational threshold of the tested medium. To confirm that the power level applied 

126 in this study is low, the Blake threshold was calculated by applying Eqs. (1) and (2). If the 

127 generated ultrasonic pressure is lower than this threshold, the occurrence of cavitation is 

128 unlikely and ultrasonic effects can therefore be represented by acoustic streaming only.

129

𝑃𝑏 =  𝑃𝑜 +  
2
3

(2𝜎
𝑅𝑜)3

3(𝑃𝑜 + 2𝜎
𝑅𝑜)

  (1)

𝑃𝐴 =  2𝐼𝜌𝐶   (2)

130 where: Pb is the cavitation threshold pressure (Blake threshold) (Pa), Po is the pressure of the 

131 water without any ultrasound effects (Pa),  is the water surface tension (N/m), Ro is the initial 
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132 bubble radius (m), PA is the acoustic pressure (Pa), C is the sound velocity in the irradiated 

133 medium (m/s), ρ is the fluid density (kg/m3) and I is the ultrasonic intensity (W/m2).

134 After identifying the nature of the ultrasonic effect, it is important to study how ultrasound 

135 affects mass and heat transfer within the AGMD system. The overall mass transfer across the 

136 MD membrane can be expressed by Eq. (3) [28]:

137

𝐽 =  𝐾∆𝑃   (3)

138

139 where: J is the permeate flux (kg/m2.s), K is the membrane permeability (s.m-1) and ∆P is the 

140 pressure difference between the extremities of the hot and cold sides (Pa).

141 Vapour transfer through a porous membrane takes place through three possible 

142 mechanisms: molecular (Fickian) diffusion, Knudsen diffusion and Poiseuille (convective) 

143 flow [49]. Poiseuille flow occurs in deaerated pores caused by temperature-induced vapour 

144 pressure gradients or in a vacuum, and hence it is not applicable to AGMD [28]. The prominent 

145 transfer mechanism can be identified through computing Knudsen number (Kn) from Eqs. (4) 

146 and (5) [20]:

𝐾𝑛 =  
𝜆

𝑑𝑝

    (4)

𝜆 =
𝐾𝐵𝑇𝑎𝑣

𝜋[0.5 (𝜎𝑤 + 𝜎𝑎)]2𝑃𝑡
.

1

[1 +
𝑀𝑤

𝑀𝑎]0.5
(5)

147 where: 𝜆 is the mean free path (m), dp is the pore diameter (m), KB is Boltzmann’s constant, 

148 1.38 ×10−23 (J /K), 𝜎w and 𝜎a are collision diameters (m) of water (2.7 × 10−10) and air (3.7 × 

149 10−10), respectively, Pt the total gas pressure in the membrane pores (Pa),  Ma is the molecular 

150 weight of air (~ 29 kg/ kmol) and Mw is the molecular weight of water (18 kg/kmol).

151 If Kn <0.01, the molecular diffusion is the dominating mechanism. If 0.01 <Kn < 10, the 

152 diffusion of the vapour falls in the molecular-Knudsen diffusion region. For Kn >10, the vapour 

153 transfer across the membrane follows the Knudsen diffusion mechanism [28,50]. With a 

154 membrane pore diameter of 0.3 µm, the likely flow mechanism is molecular-Knudsen diffusion 

155 [51], and this will be discussed further in the results and discussion section where the calculated 

156 Kn for the set parameters of this study will be presented.

157 The effect of ultrasound on mass transfer can be gauged through its effect on vapour 

158 pressure difference across the membrane (governed by temperature difference) and subsequent 

159 overall mass and heat transfer processes given it is a thermally driven process. The vibration 
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160 emitted from the spacer may affect all of these coefficients, as illustrated in Figure 1, subject 

161 to the condition that the wave travels through the components of the module interior with 

162 almost no losses. This can be examined by determining ultrasonic power attenuation across the 

163 module components on both sides of the membrane by applying Eq. (6) [52]:

ln [ 𝐼
𝐼°] = ―𝛼𝑥 (6)

164 where: I₀ and I are the initial and attenuated ultrasonic intensities (W/m2) for a travelling 

165 distance of x (m) and α is the attenuation coefficient of the medium (dB/m). 

166 The membrane attenuation coefficient is the combination of coefficients for the 

167 construction material (polymer) and pores, which can be computed by applying Eq. (7):
𝛼 = (1 ― 𝜖)𝛼𝑝𝑜𝑙𝑦𝑚𝑒𝑟 + 𝜖𝛼𝑝𝑜𝑟𝑒𝑠     (7)

168 The attenuation coefficient for the membrane polymeric component is given by Eqs. (8-10) 

169 [53]:

𝛼𝑝𝑜𝑙𝑦𝑚𝑒𝑟 =  𝛼 +
log 𝑍2

2𝛿
(8)

𝑧 =  
(𝑍1 ― 𝑍2)2

(𝑍1 + 𝑍2)2 (9)

𝛼 =  
𝜋𝑓
𝐶𝑄 (10)

170 where the attenuation coefficient of the pores can be computed applying Eq. 11 [54]:

𝛼𝑝𝑜𝑟𝑒𝑠 = 3.18 × 10 ―5 ∙
𝑓

𝑟
(11)

171 The attenuation of ultrasonic waves through the feed solution and air gap is given by Eq. (12) 

172 [55]:

𝛼 =  
8𝜇𝜋2𝑓2

3𝜌𝐶3

(12)

173 where: Q is the Q factor of the transducer, f is the frequency (Hz), Z is the specific acoustic 

174 impedance of a medium which is defined as Z = ρC, subscripts 1 and 2 denote medium 1 

175 (vapour) and medium 2 (membrane), δ is the membrane thickness (m), ϵ is the membrane 

176 porosity, and r is the pore radius (m). 

177
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Figure 1: Illustration of spacer vibrational effect on mass transfer coefficients in AGMD.

178 In order to test the applied ultrasonic power effect on temperature profile and membrane 

179 permeability, a modelling approach, of which flowchart is depicted in Figure SM1, was 

180 implemented. The main purpose is to calculate the temperatures needed to quantify the 

181 membrane permeabilities associated with the observed experimental permeate fluxes. The 

182 temperature distribution from the feed channel to the coolant side is sought through an iterative 

183 procedure to predict the temperature Tmf at the feed side of the membrane, the temperature Tmp 

184 at the air gap side of the membrane, the temperature Ts_film at the surface of the condensate film, 

185 the temperature Ti at the interface of the condensate film and the cold plate and the temperature 

186 Tcp at the coolant side of the cold plate. The temperature at both sides of the membrane will 

187 lead to an evaluation of the membrane permeability, using experimental values of the permeate 

188 flux.

189 The procedure is based on the process reported in [50]. It starts by setting the values of the 

190 feed and coolant temperatures Tf and Tp to 333 K and 293 K respectively. Calculations are 

191 initiated with a first guess of Tmf and Ts_film as described in the Supplementary Materials. 

192
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193

194 3. Materials and methods  

195 3.1. Water samples 

196 Water samples were collected from the Dalby Water Treatment Plant (Dalby, Qld 4405 

197 Australia). Two different types of samples were selected in this study, natural groundwater and 

198 RO reject water. Natural groundwater samples were collected from the feed line prior to the 

199 pre-treatment stage of the plant which comes from a collection of local bores, while the reject 

200 samples were collected from the concentrate line of RO system. The pre-treatment step consists 

201 of multimedia filters followed by 5- and 1-μm filters.     

202 The groundwater and RO reject were used in this study to evaluate the performance of the 

203 proposed ultrasound-assisted AGMD technique in real conditions by treating feedwaters with 

204 a complex matrix of contaminants of various concentrations. Furthermore, these two types of 

205 feedwater were selected for their importance in the drinking water industry. Groundwater is 

206 regarded as a major source of drinking water in large parts of the world [56], while RO reject 

207 poses a significant problem as it is produced in large quantities during water desalination and 

208 needs to be properly utilized to avoid any negative environmental impacts [8]. A summary of 

209 the physicochemical characteristics of these water samples is presented in Table 1.  

210

211 Table 1: Characteristics of feedwater samples.

Characteristics Units Groundwater RO reject 

pH - 7.2 8.2

Conductivity µS/cm 3900 12000

Alkalinity bicarbonate 
(CaCO3)

mg/L 327 1410

Salinity mg/L 2300 7700

Total Solids mg/L 1600 6500

Total Organic Carbon 
(TOC)

mg/L ˂1.0 8.7

Total Hardness mg/L 343 1421

Total Nitrogen (TN) mg/L 0.5 1.8
212

213

214 3.2. Experimental setup
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215 A schematic of the AGMD setup is presented in Figure 2. The AGMD module was machined 

216 from aluminium and utilized stainless steel fixtures. Two 30 L thermally insulated containers 

217 were used to hold the feedwater and coolant solutions. Two centrifugal pumps (submersible 

218 model: 24 Volt DC, 2.5 A) were used to circulate the feedwater and coolant through the 12 mm 

219 polyethylene tubes. Seven industrial style temperature sensors (Thermistor Sensor - Pt100 type 

220 with potted sealing) were connected to the system; four were positioned in various locations 

221 on the feed side and three others were positioned on the coolant side. Two rotameters were 

222 employed for flow measurements (variable area flow meter type 335, 4-20 mA output, 0-500 

223 L/hr, supplier: Georg Fischer). Two conductivity sensors (Microchem Conductivity 

224 Transmitter supplied by TPS Australia Pty Ltd) were used for measuring conductivity of the 

225 feedwater and permeate. A 5-digit electronic mass balance with serial interface was used to 

226 record the weight of the produced permeate. All sensors were connected to a PLC/SCADA 

227 system for data logging and control purposes with the local control via the HMI touchscreen.  

228

Figure 2: Schematic diagram of experimental setup.

229 The feed and coolant temperatures were maintained at 60 °C and 20 °C, respectively by 

230 using a precision immersion heater circulator and RC1 style immersion cooler, both supplied 

231 by Ratek. The respective flow rates of the feed and coolant waters were fixed at 100 L/h and 

232 200 L/h, respectively. The temperature variation of feed and coolant waters was within 2 °C 

233 throughout the duration of the experiments. 

Digital 
Amplifier
(H-Bridge)AC

Mains
240V

Digital 
Energy
Meter

Output
60V rms

DC
+ -

17.8kHz Signal
(5V p-p)

Hot Feed water Chilled Coolant 
water

Permeate Mass 
Balance
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234 The tested AGMD module’s air gap thickness was 2 mm with the hydrophobic membrane 

235 cassette placed between the two cooling elements. The membrane’s selective side was in direct 

236 contact with the heated feedwater, while there was an air gap between the outside of the 

237 membrane and condensation plate.

238 To enhance vapour transfer and clean the membrane during the AGMD operation, two 

239 ultrasound transducers (model CU18A, Etrema Products, Inc.) were attached to the spacer 

240 plates. The transducers were mounted externally to the AGMD module. Ultrasonic power was 

241 controlled by changing the supplied current and voltage as per the system described in our 

242 previous study [57]. The applied ultrasonic power was in the range of 3.5 W – 30.0 W 

243 (equivalent to intensity of ca. 20 W/m2 – 165 W/m2). This low-power ultrasound range was 

244 selected to avoid cavitational effects that may damage the membrane. The ultrasonic waves 

245 could not effectively pass through the original soft plastic spacers without significant 

246 attenuation, so the plastic spacers were replaced with the laser cut 316 stainless steel metallic 

247 spacers directly attached to the ultrasonic transducers. The dimensions of the metallic spacers 

248 were 42 cm (length) × 24 cm (width) × 0.1 cm (thickness). The ultrasonic transducers were 

249 connected to the spacers via two threaded 316 stainless steel metallic rods.

250 3.3. Efficiency analyses of ultrasonic system

251 Ultrasound technology relies on the conversion of electrical power to vibrational energy. In 

252 order to comprehensively understand the change ultrasound brings to a process, knowledge of 

253 the energy conversion efficiency of the ultrasonic system is required. Hence, an efficiency 

254 analysis of ultrasonic system was performed in this study. At the chosen vibratory but non 

255 resonant frequency of 18.3 kHz, the amplitude of the generated signal (measured via Tektronix 

256 AFG 3000) as input to the audio amplifier (Peavey IP-4C), was adjusted to give a range of 

257 output power levels from 6.5 W – 90 W in regular 10 W steps over the nominal range used. In 

258 order to accurately determine the ultrasound system efficiency, a smart energy meter (EDMI 

259 Mk7c Class 0.1A) was used to measure the wattage consumed and power factor to within +/-

260 1%.

261 3.4. Membrane used

262 The commercially available polyvinylidene fluoride (PVDF) membrane with an average pore 

263 size, thickness and porosity of 0.3 µm, 154 µm and 80%, respectively, was used. The 

264 membrane supplied by Donaldson Filtration Solutions. The dimensions of the membrane 
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265 coupon were 42 cm (length) × 24 cm (width) corresponding to the active membrane surface 

266 area of 0.2016 m2.

267

268 3.5. AGMD experimental procedure

269 The vapour flux was recorded over 35 h of the AGMD system operation to examine the effect 

270 of fouling on membrane performance. This time frame was selected based on the results 

271 obtained in [48,58] that showed fouling of the AGMD membrane took around 35 h to develop 

272 to a noticeable extent (i.e. more than 30% decline in permeate flux). After the fouling was 

273 developed, ultrasound transducers were used to vibrate the spacer at a selected power intensity 

274 for 15 min and permeate flux was collected and recorded. The performance of the AGMD 

275 system with (160 W/cm2) and without ultrasound using distilled water as a feed was also tested 

276 to examine the effect of vibration on mass transfer experimentally.  

277

278 3.6. Fouling study  

279 Modelling of MD fouling has been addressed by only a few published studies [23]. The 

280 linearized forms of pore blocking and cake filtration models used for crossflow filtration were 

281 found to be appropriate for studying fouling mechanisms in the MD process, due to similarities 

282 in their feeding process [59] and fouling mechanisms [60,61]. Hence, to analyse the flux 

283 decline in this study, cross flow fouling models were employed, along with concentration 

284 polarization and intermediate pore blocking models developed for other MD processes [62,63].            

285  A summary of the mathematical expressions of these models and their assumptions is 

286 presented in Table 2. The parameters of the models are defined as follows; J₀/J is the flux 

287 decline over time (t) and k is the model coefficient that depends on flow characterisation and 

288 nature of the treated water, ρf is the density of the water (kg/m3), Af is the membrane area (m2), 

289 A₀ and a are fitting parameters of concentration polarization model, mp is mass fraction of solids 

290 in the feed (kg/kg), Cm coefficient of deposited mass (  ) found from experimental data fitting, 

291 Qf is feed flow rate (m3/s), ρp the density of deposited particle (kg/m3) (CaCO3 was used as a 

292 representative for deposited particles owing to its high concentration in tested feedwaters [48] 

293 and its high potential to foul the membrane in MD processes [64]), ψ is a shape factor (  ) and 

294 is assumed to be 0.6 [63], dh is the hydraulic diameter of the channel (m), a₀ is the initial open 

295 pore area (m2), η is the friction coefficient, assumed to be 0.03, CT is the stress coefficient (Pa), 
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296 C1, C2 and CA are constants that can be calculated or estimated using the approaches reported 

297 in [63].         

298 The flux decline data of the tested feedwaters was fitted against these models to help in 

299 identifying the prominent fouling mechanism that might have occurred during the fouling 

300 experiments. The goodness of a model’s fit was evaluated by calculating the coefficient of 

301 determination (R2) and sum of squared residual errors (SSE). 

302

303 Table 2: Fouling models

Models Expression Assumptions

Standard blocking 𝐽 ∘

𝐽 = (𝑘𝑡 + 1)2 Deposition of particles on pores’ 

walls decreases pores’ volume and 

consequently reduces the permeate 

flux. 

Intermediate 

blocking

𝐽 ∘

𝐽 = 𝑘𝑡 + 1
Particles come in contact with the 

membrane might block the pores 

resulting in flux decline.

Complete 

blocking 

𝐽 ∘

𝐽 =  𝑒 ―(𝑘𝑡 + 1) Particles come in contact with the 

membrane block the pores 

resulting in sever flux decline.

Cake filtration 𝐽 ∘

𝐽 = 𝑘𝑡 + 1 The accumulated layer of particles 

onto the membrane adds resistance 

to membrane flux leading to a drop 

in the latter.  

Concentration 

polarization 
𝐽 =

𝜌𝑓𝐴°𝑒 ―𝑎𝑡

𝐴𝑓

Concentration polarization causes 

a flux drop in MD described by 

exponential decay.  

Intermediate pore 

blocking 𝐽 ∘

𝐽 =
𝑒

―
3𝜌𝑓𝑚𝑝𝐶𝑚𝑄𝑓

2𝜌𝑝𝑑𝑝𝜓𝑑ℎ𝐶2
𝑇𝑎 ∘

[𝐶𝐿𝑒

𝐶𝑇
𝜂 (𝐶1 +

𝑡
𝐶𝐿)

+ 𝜂𝐶𝑇𝐶𝐴𝑡] ― 𝐶2

𝑎°

Flux decline in MD is a result of 

reduction in open pore area by 

particles deposition, which is 

determined by the forces acting on 

the particle. This model also 
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assumes a uniform development of 

fouling layer.     

304

305 3.7. Surface morphology analysis and water quality 

306 A scanning electron microscope (SEM Model JCM-6000 BENCHTOP, supplied by JEOL) 

307 was employed to examine the membrane surface for fouling accumulation and possible damage 

308 that may have occurred as a result of ultrasound application. Permeate conductivity was also 

309 monitored to check the membrane integrity after the application of ultrasound.

310

311 4. Results and discussion 

312 4.1. Membrane fouling analysis 

313 The effect of fouling on water permeate flux is depicted in Figure 4. The goal of this experiment 

314 was to (1) investigate the membrane performance with two feedwater types and (2) to foul the 

315 membrane for subsequent testing of ultrasound capacity for membrane cleaning and flux 

316 improvement. As shown in Figure 4, the highest drop in the flux was observed in the first 5 h 

317 with a reduction of 19.6 % for groundwater and 37.5% for RO reject. The permeate flux of the 

318 PVDF membrane was reduced after that by approximately 5% - 9 % and 7% - 12% every 5 h 

319 for groundwater and RO reject, respectively. The development of membrane fouling measured 

320 by the decrease in vapour flux showed a similar trend for both feedwaters. However, the 

321 permeate flux of groundwater was higher than that of the RO reject. This can be attributed to 

322 the higher salinity of RO reject (7700 mg/L) as opposed to groundwater (2300 mg/L). In 

323 addition to salinity, other constituents such as organic matter and solids can also contribute to 

324 flux decline [65,66]. Groundwater samples used in this study contained 1600 mg/L of total 

325 solids and TOC of ˂ 1 mg/L in comparison to RO reject with significantly higher total solids 

326 (6500 mg/L) and TOC (8.7 mg/L). A similar trend was observed in previous studies [67,68] 

327 where the feed salinity was found to have a strong negative impact on the permeate flux of 

328 AGMD process. The increase in feed salinity reduces vapour pressure on the feedwater side 

329 and consequently decreases the resultant permeate flux [29]. Other parameters such as the 

330 presence of organic compounds and impurities in the feedwater could be responsible for the 

331 observed decline in permeate flux [69].
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332 The permeate flux obtained with groundwater is smaller compared to the flux normally 

333 achieved with traditional separation technologies such as RO that could be several folds higher 

334 depending on quality of the treated water and operating conditions. However, MD can treat 

335 highly saline effluents that cannot be handled by other well-established technologies including 

336 RO. Nevertheless, in order for MD to become economically feasible, it needs to be operated 

337 with low-grade energy sources or in combination with other separation technologies [19]. In 

338 fact, attempting to improve the treatability of RO reject with AGMD using ultrasound 

339 technology is inspired by the hybridization concept. The key parameter to improve MD 

340 competitiveness among other membrane technologies is to increase its yield without 

341 compromising the quality of the produced water or significantly increasing its capital or 

342 operational cost [70]. This can be achieved through many ways such as developing membrane 

343 modules with high resistance to fouling or improving mass transfer across the membrane. 

344 These two options represent the focus of this study where ultrasound is used to mitigate fouling 

345 problems and enhance vapour passage through the membrane pores. 

346

Figure 4: Vapour flux and concentration polarization fitting lines for natural groundwater 

and RO reject water.

347

348 The mechanism associated with the flux decline of groundwater and RO reject were estimated 

349 through fitting of the experimental data against each of the fouling models presented in Table 

350 2,  as illustrated in Figures 4 and 5. The R2 and SSE of the fitted models to the experimental 
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351 data are presented in Table 3. It can be seen from Figure 5 and Table 2 that complete pore 

352 blocking is an unlikely mechanism of the observed fouling in this study for both feedwaters. 

353 Concentration polarization model fits well the flux decline of both feedwaters with high R2 and 

354 low SSE as shown in Figure 4 and Table 3. When considering cross flow filtration and MD 

355 models, intermediate pore blocking showed good agreement with the experimental data for 

356 both feedwaters. For cake filtration, the fitted model values for flux decline were very close to 

357 the experimental ones for the RO reject (R2 = 0.98), however, the case was different for 

358 groundwater were fitted values indicated slightly lower flux decline. This suggests that 

359 concentration polarization is the likely common prominent mechanisms for flux decline for 

360 both feedwaters. The other prevailing fouling mechanism for RO reject was cake formation 

361 while for groundwater it was intermediate pore blocking. This could be explained by the high 

362 foulants concentration in RO reject compared to groundwater that could promote pore blocking 

363 and development of cake layer. The results obtained in this study are in agreement with the 

364 results reported in the literature. Based on the general consensus in the literature, concentration 

365 polarization is one of the main causes for flux decline in MD process [71]. Wong et. al. [72] 

366 found that the intermediate pore blocking model provided the best fit for direct contact MD 

367 fouling with TiO2 nanoparticles where solids was the major contaminant which is similar to 

368 the case of the groundwater sample in this study. Similarly, a recent study conducted by 

369 Laqbaqbi et. al. [73] has proven experimentally with atomic force microscope measurements 

370 the occurrence of partial pore blocking and pore volume reduction as the prominent fouling 

371 mechanisms for membrane distillation with synthetic textile wastewater samples. Cake 

372 formation is another form of fouling that was previously observed in MD process, especially 

373 in the presence of fair amounts of carbon and nitrogen in the feed solution [23,74,75], similar 

374 to the RO reject utilized in this study. 

375
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(a)

 
(b)

Figure 5: Experimental values vs fitted fouling models’ values of flux decline for (a) RO 
reject and (b) groundwater

376

377 Table 2: Models goodness of fit parameters 

Models RO reject Groundwater

Cross flow R2 SSE R2 SSE
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Standard blocking 0.85 0.20 0.90 0.05

Intermediate blocking 0.90 0.11 0.92 0.04

Complete blocking 0.48 7.15 0.58 6.35

Cake filtration 0.98 0.03 0.90 0.02

MD 

Concentration 

polarization 

0.97 0.04 0.97 0.01

Intermediate pore 

blocking 

0.84 0.35 0.84 0.21

378

379 4.2. Effect of ultrasonic power on AGMD permeate flux

380 Figure 6 shows the effect of ultrasonic power on permeate flux of PVDF membrane with the 

381 groundwater and RO reject. The first two points in Figure 6 represent the flux of the two tested 

382 feedwaters at the end of the fouling experiment (i.e., last two points of the curves in Figure 4). 

383 As seen in Figure 6, application of the minimum ultrasonic power of 3.5 W (I ≈ 19.2 W/m2) 

384 increased the permeate fluxes after the AGMD process with groundwater and RO reject to 0.7 

385 kg/h.m2 and 0.6 kg/h.m2, respectively. This corresponded to an increase of 16.7% and 50% 

386 respectively. Further increases in ultrasonic power resulted in permeate flux increases of up to 

387 400% and 250% for RO reject and groundwater, respectively. The flux enhancement rate 

388 (Δy/Δx) increased to a higher extent when ultrasonic intensity was raised from 20 W/m2 to 40 

389 W/m2 and then decreased as the intensity was further increased.  It is believed that the ultrasonic 

390 intensity range of 10 W/m2 - 20 W/m2 contributed mostly to cleaning the fouled membrane, 

391 through the elastic vibration of the membrane (cleaning phase) and further increases 

392 accentuated the mass transfer enhancement, caused by improved inertial flow induced by 

393 ultrasonic vibration (mass transfer enhancement phase) leading to the reduction of 

394 concentration polarization on the feed-membrane interface [76]. In order to examine this 

395 conjecture, membrane autopsy examination was conducted, and the results are presented in 

396 Section 4.4. In addition, the effect of the applied ultrasonic power settings on mass and heat 

397 transfer of AGMD was theoretically investigated applying the work presented in Section 2 and 

398 the results are discussed in Section 4.3. The effect of ultrasound on mass transfer was 

399 experimentally verified by testing permeate flux improvement with distilled water as a feed for 

400 AGMD. The distilled water permeate flux without ultrasound was 1.125 kg/h.m2 and when 
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401 applying ultrasound intensity of 165 W/m2, the flux increased to 2.600 kg/h.m2, which is 

402 equivalent to an increase of 230%.  The cleaning effect of ultrasound was investigated 

403 experimentally in our previous study using ATR FT-IR analysis[48]. It was found that 

404 ultrasound was capable of restoring the characteristic membrane bands and was particularly 

405 effective in removing fouling caused by silica and calcium. It is believed that constant 

406 application of ultrasound can significantly decrease fouling formation potential especially if it 

407 is applied as soon as the MD process starts. However, it will depend on a number of factors 

408 such as feedwater composition, feed flow rate and membrane characteristics. The early 

409 application of ultrasound impedes foulant deposition and consequently reduces fouling 

410 development.

411 The results obtained in this study are in agreement with the results reported by Zhu and Liu 

412 [46], where a 200% permeate flux increase was achieved with an indirect ultrasonic intensity 

413 in a range of 0 W/cm2 - 5 W/cm2. A 43% improvement in permeate flux was achieved during 

414 direct contact MD fouled by silica by applying indirect ultrasonic power of 260 W [77]. The 

415 flux improvement achieved in this study exceeded those reported in other ultrasound-assisted 

416 MD studies. The difference in the results of our study from the previous studies could be due 

417 to a number of factors such as the experimental parameters applied, nature of the treated 

418 feedwater, MD process type and configuration of ultrasound application [41]. The latter two 

419 are believed to be the main reasons behind the difference in the obtained results as AGMD 

420 significantly differs from the direct contact MD with respect to mass and heat transfer 

421 mechanisms. Similarly, in our study, the ultrasound was applied directly to the membrane with 

422 the waves being parallel to the feed flow direction while in other studies ultrasound was applied 

423 indirectly so that a large portion of ultrasonic waves was absorbed by the media that separated 

424 membrane from ultrasound source.

425 The general consensus in literature suggests that using low-grade thermal energy (e.g., solar 

426 or geothermal) is the most feasible way for applying MD systems on a large-scale. Since such 

427 sources generate limited energy, it is important to gauge the viability of ultrasound application 

428 in this context. It is also important to note that the ultrasonic intensity reported in Figure 6 is 

429 based on the surface area of the spacer rather than that of the membrane. The intensity range 

430 of 20-165 W/m2 is equivalent only to 3.5-30 W. This power range results in an overall permeate 

431 flux increase of 1.5 and 1.6 L/h.m2 for groundwater and RO reject, respectively. The specific 

432 energy (SE) required to increase permeate production by 1 m3 using ultrasonic vibration can be 

433 calculated using Equation (13). This results in 99.2 and 93.0 (kWh/m3 of permeate) for 

434 groundwater and RO reject, respectively. These energy figures are insignificant compared to 
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435 the reported specific thermal energy requirement for a flat sheet AGMD operated with solar 

436 power (~1000-2000 kWh/m3) [78]. In addition to permeate improvement, low-power 

437 ultrasound reduces fouling which is expected to prolong membrane lifespan, which, in turn can 

438 reduce the treatment cost.

𝑆𝐸 =  
𝑃𝑈𝑆

∆𝐽 × 𝐴𝑓

(13)

439

440 where PUS is ultrasonic power (W), ∆J is flux increase due to ultrasound power (kg/m2.h) and 

441 Af is the filtration area of the membrane. 

442 Although the cleaning effects of ultrasound presented in this study were not tested with 

443 respect to biofouling removal, the suggested cleaning method may also somewhat reduce the 

444 biofilm formation potential of MD system. Although, the low ultrasonic power level used in 

445 this study (non-cavitational) is not expected to produce biocidal effects, the ultrasonic vibration 

446 may slow down biofilm development by hindering microbial deposition onto the membrane 

447 surface. Once biofilm is formed, higher ultrasound power would be needed to achieve 

448 membrane cleaning and biofilm removal. Examining the effect of ultrasound on biofouling 

449 formation and removal in MD would be an interesting research topic for future work.      

450

Figure 6: Vapour flux as a function of the applied ultrasonic intensities.

451

452 4.3. Theoretical approach
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453 It is important to emphasize that the effect of ultrasound on the nature of vapour transport 

454 mechanism across the porous membrane remains unknown. In fact, there is no mathematical 

455 description in AGMD of possible wave interaction with both the membrane and the transported 

456 water vapour. Consequently, we used the modelling procedure (Figure 2) to first predict the 

457 temperature distribution in AGMD module with and without ultrasound. Then, the calculated 

458 temperatures were used to compute permeability, heat transfer coefficients and condensation 

459 film thickness for all treatments to understand ultrasound effect on mass and heat transfer in 

460 AGMD. Temperature distribution across AGMD module for RO reject and groundwater is 

461 illustrated in Figure 7. The coloured bars represent the temperature of the different treatments 

462 at different location in the module. The dashed line depicts the overall temperature profile in 

463 AGMD. It is interesting to note that the membrane surface temperature at the feed side exhibits 

464 a decrease smaller than one degree, even though the observed flux is more than 3 times higher. 

465 This means that a negligible polarization occurs on the feed side when the flux increases, which 

466 suggest that ultrasound affected transport dynamics of vapour at the feed-membrane interface 

467 and through the porous membrane. This indicates that ultrasound waves travelled with very 

468 minimal losses and this concords with the results of the attenuation calculations performed in 

469 this study. The maximum attenuation of ultrasonic power was found to occur in the polymeric 

470 porous membrane, while there was no attenuation in the feedwater and the air gap. The 

471 maximum attenuation with the intensity of 165 W/m2 was only about 0.32 W/m2 which 

472 represents a negligible fraction from the overall intensity (~ 0.2%). 

473 As demonstrated in Figure 7, although the flow inside the feed channel is laminar with a 

474 Reynolds number equal to 460, the temperature drop from the bulk of the feed channel to the 

475 membrane surface is negligible for all treatments for both water samples tested. A similar 

476 temperature drop is observed from the cold plate to the coolant, even though the flow rate is 

477 twice as much as the one at the feed side. This is due to the higher viscosity of cold water, 

478 which leads to almost the same Reynolds number and thus a similar ability to advect heat. 

479 While temperature variations through the film and the cold plate remain negligible, an 

480 important decrease occurs from the air gap side of the membrane to the surface of the 

481 condensate, which is the main advantage of AGMD, as the permeate flux is mainly driven by 

482 this temperature difference. However, these differences are more or less the same for treatments 

483 with and without ultrasound. In order to gain more insight into the reason behind permeate flux 

484 improvement with ultrasound application, convective heat transfer coefficients across the 

485 membrane module were computed for the RO reject and groundwater as presented in Tables 4 

486 and 5, respectively. Data show that ultrasound waves impacted all of the convective heat 
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487 transfer coefficients for feed and permeate sides due to effective transmission of ultrasound 

488 waves to both sides of the membrane as explained earlier. Increasing ultrasound power resulted 

489 in hf and hfilm decrease and in hgap and hp increase. The change in h for feed and permeate was 

490 brought about by the change in the temperatures in the respective boundaries of these locations 

491 within the AGMD module thereby resulting in a slight change in the fluid properties. The 

492 decrease in hfilm is attributed to the growth in the condensate film thickness (Figure 8) leading 

493 to broadening the difference between Ts_film and Ti. It is noteworthy that the calculated 

494 condensate film thickness values are in accordance with those found in the literature [79]. 

495 Similarly, the computed Kn was 0.37 for pore diameter of 0.3 μm which is in line with 

496 previously reported values (0.5 for dp = 0.2 μm and 0.2 for dp = 0.45μm [44]). The increase in 

497 hgap is related to the vapour flux travelling through the gap that was enhanced with the 

498 ultrasonic acoustic streaming emitted by the vibrating spacers. We have also evaluated the 

499 effects of changing spacer materials from being insulative (plastic) to conductive (steel) on 

500 temperature distribution along interfacial regions of membrane. In fact, this change was found 

501 to have two conflicting effects on temperature polarization. On the one hand, it reduced 

502 temperature gap between Tf and Tmf due to the turbulences brought by the vibration near the 

503 membrane. On the other hand, as spacer is thermally conductive, it could also reduce the 

504 temperature gap between Tmp and Ts_film (as seen in Figure 7), and this, in turn, negatively 

505 affected convective heat transfer across the air gap. In addition, using thermally conductive 

506 material can reduce the thermal resistance of the spacer [80], thereby improving the overall 

507 heat transfer across the module.   
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(b)

Figure 7: Temperature profile across AGMD module for (a) RO reject and (b) Groundwater. 

The dashed line represents the overall temperature trend across the AGMD module. 

508

509 Table 4: Heat transfer coefficients for different treatments with RO reject
Treatments

(W/m2.K) Control (I = 

0 W/m²)

I = 19 

W/m²

I = 41 

W/m²

I = 77 

W/m²

I = 165 

W/m²

hf 1193.3 1193.2 1193.0 1192.4 1192.1

hgap 7.7 7.7 7.8 7.9 8.0

hfilm 24879.5 23149.9 21828.8 18533.8 17492.5

hp 1437.4 1437.4 1437.3 1437.0 1436.9

510

511 Table 5: Heat transfer coefficients for different treatments with groundwater

Treatments
(W/m2.K) Control (I = 

0 W/m²)

I = 19 

W/m²

I = 41 

W/m²

I = 77 

W/m²

I = 165 

W/m²

hf 1194.2 1194.1 1194.0 1193.3 1193.0

hgap 7.7 7.7 7.8 8.0 8.0

hfilm 23150.0 22449.2 21273.8 17981.0 17268.5

hp 1437.4 1437.3 1437.3 1437.0 1436.9
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Figure 8: Condensate film thickness with different ultrasonic intensity for RO reject and 

groundwater.

513

514 So far, the effect of ultrasound on fluid temperature profile and heat transfer was discussed. 

515 The effect of ultrasound on mass transfer was evaluated by tracking the change in membrane 

516 permeability with the different treatments. It is worth mentioning that the permeability is 

517 normally descried in the literature as an intrinsic property of the membrane. However, for the 

518 case of membrane distillation process, the permeability depends not only on the membrane 

519 chemical and physical properties, but also on the thermodynamic conditions inside its pores 

520 and in the air gap. The ultrasonic excitation is assumed not to have any direct effect on 

521 temperature since it operates well below the cavitation range. Using calculated temperatures 

522 and the experimental flux values, the permeability of the membrane was computed for both 

523 water samples with ultrasound application (Figure 9). An enhancement ratio was estimated 

524 after dividing by the permeability found in the case without ultrasound. Clearly, the higher the 

525 vibration power the higher the permeability. It can also be noticed that permeability 

526 enhancement was better for water with higher salinity (RO reject), and this becomes more 

527 obvious at higher power level. This might be attributed to the better performance of ultrasound 

528 with removing cake filtration fouling as opposed to pore blocking fouling [81] and more 

529 tangible effect on concentration polarization given the higher salt content in RO reject as 

530 opposed to groundwater. It is important to note that the temperature profiles exhibit only a 

531 slight change compared to the case without ultrasound, which means that the driving force 

532 expressed by the difference of the vapour pressures changes only slightly from one case to the 

533 other. Hence, it is clear that the flux enhancement is mainly attributed to the improvement in 
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534 membrane permeability due to ultrasonic vibration, which suggests that classical approach of 

535 predicting fluxes based on a combination of Knudsen, molecular diffusion and Poiseuille flow 

536 cannot explain the flux enhancement brought by ultrasound. 

537

Figure 9: Permeability enhancement ratio vs applied ultrasonic intensities.

538

539 4.4. Membrane structure integrity examination

540 SEM analysis was applied in this study to examine the membrane integrity before and after 

541 ultrasound treatment. Figure 10 shows the surfaces of virgin, fouled with RO reject water and 

542 ultrasound-treated membranes. As seen in Figure 10b, a noticeable fouling layer was observed 

543 on the membrane surface after 35 h of operation as compared to the clean surface of virgin 

544 membrane (Figure 10a). The application of ultrasound facilitated fouling removal so that no 

545 fouling deposits were observed in the SEM virtualisation (Figure 10c). No sign of mechanical 

546 damage appeared on the membrane surface after ultrasonication treatment indicating that the 

547 maximum applied level of ultrasound power appears to be safe for AGMD cleaning purposes. 

548 Membrane damage normally occurs due to sever mechanical and chemical effects of acoustic 

549 cavitation. The cavitation is unlikely to occur in the case of this study due to the low power 

550 level applied. This was confirmed by calculating cavitation threshold of water for the applied 

551 experimental conditions using Blake threshold provided in Eq. (1) and the acoustic pressure 

552 generated by the applied ultrasonic intensity (Eq. (2)) [82,83]. The Blake threshold for the 

553 applied experimental conditions was found to be 140 kPa, while the acoustic pressure generated 

554 from the highest ultrasonic intensity was calculated to be 22 kPa. It can be concluded that 
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555 ultrasound vibration did not have negative effect on membrane structure at least for the short-

556 term tests conducted in this study, however, it would be useful to comprehensively examine 

557 membrane integrity for long-term test in future study.  

558

(a) (b)

(c)

Figure 10: SEM images (a) virgin, (b) fouled, (c) ultrasonically-cleaned PVDE membrane 

with RO reject water at 30 W (164.7 W/m2) of applied power.

559 4.5. Trade-off between energy and flux enhancement 

560 The energy associated with the incorporation of ultrasound into an AGMD system is discussed 

561 in this section. Only the electrical energy required for ultrasound operation is considered here. 

562 Figure 11 shows the normalized permeate flux as a function of the applied ultrasonic power for 

563 the two tested feedwaters. The best trends that fit the calculated normalised flux data are also 

564 presented. The normalised permeate flux follows an exponential decay, i.e. the lower the 

565 applied ultrasonic power is, the better energy utilisation of ultrasound application is achieved 

566 reflected by high normalised flux. However, the normalised permeate flux at a power intensity 

567 of 80 W/m2 deviated slightly from the general trend. Our initial suspicion was that this might 

568 be related to an anomaly in ultrasonic generator output power at this intensity. In order to 

569 understand the influence of ultrasound transducer output power level on system efficiency, we 
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570 analysed the performance of the ultrasound generator over the power range used in the 

571 experiment as explained in section 3.3. The power factor and efficiency of the generator for 

572 the examined transducer output power range is illustrated in Figure 12. The response clearly 

573 shows significant efficiency gains at higher output levels, due to the relatively high no-load 

574 losses in a typical class C audio amplifier. System losses increase as the current squared as 

575 expected and are accurately modelled by a second order polynomial (R2 >0.999). There is no 

576 abnormal behaviour detected in the system performance. This indicates that the observed 

577 anomaly is not attributed to a malfunction in ultrasonic generator. Other possible explanation 

578 could be the effect of fouling removal on flux improvement. It is believed that the fouling 

579 negatively affected the flux enhancement at the first two power levels, however, a complete 

580 dislodgement of fouling might have occurred at power intensity of 80 W/m2 and hence a higher 

581 than expected flux was achieved. 

582 In addition to the inverse correlation between normalised flux and applied ultrasonic power 

583 highlighted in Figure 11, high ultrasonic power has the potential to damage the membrane 

584 structure through the generation of cavitating bubbles [84]. Thus, it is recommended that 

585 vibrating AGMD ultrasonically should only be applied at a power level much lower than the 

586 cavitation threshold.

587

Figure 11: Normalized permeate flux as a function of ultrasonic intensity.
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Figure 12: Power factor % and efficiency of ultrasonic generator at various levels of 
transducer outpower.

589

590 5. Conclusions
591 The effect of directly applied ultrasound on membrane fouling and permeate flux enhancement 

592 using AGMD was investigated in the applied power range of 3.5 W - 30 W, theoretically and 

593 experimentally. Two types of saline feedwaters, RO reject, and natural groundwater were 

594 tested. RO reject water had a lower permeate flux compared to that of natural groundwater due 

595 to its higher ionic content. Fitting the experimental vapour flux data to available fouling models 

596 showed that concentration polarization exhibited the best fit followed by standard and 

597 intermediate pore blocking, cake filtration and then complete pore blocking. This indicates that 

598 the dominant flux decline mechanisms in this study were concentration polarization and pore 

599 blocking. The application of ultrasound showed a significant improvement in permeate flux of 

600 fouled membrane for both feedwaters. Thus, permeate flux increases of 400% and 250% were 

601 achieved with RO reject and groundwater, respectively when 30 W (I = 164.7 W/m2) of 

602 ultrasound power was applied. Permeate flux increased with increasing the ultrasonic power. 

603 System modelling revealed that ultrasound improved the flux mainly through mass transfer 

604 enhancement mechanisms. The major contributors to flux enhancement with ultrasound 

605 application were found to be membrane cleaning, improvement in membrane permeability as 

606 well as alleviation of concentration polarization effect. Temperature and heat transfer 

607 coefficients changed only slightly except for the heat transfer coefficient for the condensate 

608 film which significantly decreased due to the pronounced increase in film thickness. 

0

5

10

15

20

25

30

35

40

45

50

0

5

10

15

20

25

30

35

40

45

50

0.0 20.0 40.0 60.0 80.0 100.0
Transducer output power (W)

Po
w

er
 F

ac
to

r %

Ef
fic

ie
nc

y 
%



28

609 Morphological examination of membrane surface showed that ultrasound cleaned the 

610 membrane without affecting its integrity. When the flux was normalized by the amount of 

611 ultrasonic power applied, the lower power level appeared to be more feasible for the 

612 implementation at a full-scale plant when compared to higher power level, largely due to 

613 energy requirements. The analysis presented in this study provides a clear insight into the main 

614 mechanisms of ultrasonically vibrated spacers for flux enhancement in AGMD. However, the 

615 nature of the ultrasonic waves interaction with the dynamics of moving vapour through a 

616 vibrated membrane is still unknown and further studies are required to address this aspect. The 

617 effect of ultrasonic vibration on biofouling development in MD is another aspect recommended 

618 for future research. It would also be beneficial to confirm that membrane integrity is not 

619 degraded with long-term experimental runs.   

620
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842

843 Highlights:

844  Air-gap membrane distillation flux improved using ultrasonically vibrated spacers.
845  Flux improvement was 400% and 250% for RO reject and groundwater, respectively. 
846  Flux increase is mainly due to membrane permeability improvement with ultrasound. 
847  Main fouling mechanisms were CP, intermediate pore blocking and cake filtration.
848  Low ultrasonic power resulted in higher normalised flux compared to higher power.
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