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Abstract 15 

One of the main advantages of the membrane distillation (MD) process is its ability to treat highly 16 

saline feed waters such as thermal desalination brines at moderate temperatures. However, scaling 17 

remains one of the major obstacles, causing a significant flux decline and membrane pore wetting. 18 

Furthermore, antiscalant and antifoaming agents are commonly utilized in conventional thermal 19 

desalination to prevent scale formation, and their effects on MD operation are not yet well 20 

understood. This study explores a multi-effect distillation (MED) brine as a potential feed source 21 

for MD system with respect to process performance and membrane scaling. The influence of 22 

chemicals present in MED brine as well as feed temperature on the scaling process is addressed in 23 

terms of vapor flux and salt crystals formation. The scale formation was monitored with the non-24 

invasive optical coherence tomography (OCT) imaging, and results were validated by scanning 25 

electron microscopy (SEM). Additionally, the elemental composition of the scale was determined 26 

and its effect on membrane contact angle was evaluated. We found that depending on its 27 

concentration, the antiscalant prolonged the induction time of salt crystallization whereas 28 

antifoaming showed the opposite effect. Scaling mostly occurred due to calcium sulfate crystals 29 

formation with the large size needle-shaped crystals favored at higher feed temperature. However, 30 

no pore wetting was observed including locations where crystal deposition occurred. Results show 31 
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that thermal desalination brine, which is already preheated and chemically pretreated, could be an 32 

appropriate feed source for MD to further increase the overall water recovery and reduce the 33 

marine environmental impact by reducing the brine discharge volume and its temperature.  34 

 35 

Keywords: MED desalination brine, Direct contact membrane distillation (DCMD), Membrane 36 

scaling, In situ real-time monitoring, Optical coherence tomography (OCT), Needle-shaped 37 

crystals. 38 

 39 

1. Introduction 40 

Seawater desalination is extensively used in coastal regions where available freshwater resources 41 

are limited, especially in the Middle East and the Mediterranean basins [1, 2]. Large quantities of 42 

brine are produced at desalination plants, and its disposal becomes a serious environmental issue 43 

due to a number of associated environmental problems including high salinity, presence of 44 

antiscalants and antifoaming chemicals [3-5] and its relatively high temperature which may pose 45 

a significant environmental hazard [6, 7]. Methods commonly practiced for the brine disposal 46 

comprise evaporation ponds and deep-well injection [8]. However, these methods are neither 47 

sustainable nor environmentally friendly and exhibit high capital expenditures [8, 9]. There is still 48 

a growing concern regarding the long-term effects of brine on the environment and human health 49 

[10]. Therefore, brine management strategies have to be improved. 50 

The brine treatment technologies have been classified into two major categories, namely 51 

membrane-based and thermal-based, and are recognized as the most suitable alternatives for brine 52 

disposal [8]. Among these technologies, the brine concentrator and crystallizer processes are 53 

currently used in the full scale brine treatment [11]. However, they are still not viable economically 54 

because of the high capital investment and operating costs arising from an elevated energy demand 55 

[3]. Therefore, membrane distillation (MD) has become an attractive option for brine desalination 56 

as it exhibits a relatively low energy consumption, thus reducing CO2 emissions while producing 57 

high-quality drinking water [12, 13]. More importantly, MD can successfully handle high-salinity 58 

brines as there is no physical restriction such as the one imposed by the osmotic pressure in reverse 59 

osmosis (RO) [14]. Moreover, it is possible to effectively extract valuable materials from brines 60 

using MD techniques [15-17].  61 
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A key technical challenge that can impede the widespread application of MD for brine 62 

desalination is membrane scaling [18]. Scaling in MD causes a reduction in membrane flux and 63 

shortens membrane lifespan [19]. In a typical MD brine desalination, scaling generally occurs by 64 

formation and deposition of inorganic crystals (most commonly insoluble calcium carbonate 65 

(CaCO3) and calcium sulfate (CaSO4)) on the membrane surface [18, 20, 21]. The deposited 66 

crystals further cause a reduction in the active membrane area and increase of the heat resistance 67 

between the feed solution and membrane surface, thereby resulting in the reduction of the overall 68 

water vapor transfer across the membrane. Furthermore, the hydrophobicity of the membrane 69 

surface covered with crystals would be reduced eventually leading to membrane wetting and brine 70 

passage to the distillate side which impairs permeate quality [22, 23]. 71 

MD scaling can be controlled by different methods such as reducing feed pH [24], increasing 72 

membrane hydrophobicity [25] and adding antiscalants [26]. One of the widely used techniques to 73 

control and prevent scaling formation in industrial desalination units is dosing antiscalant into feed 74 

water w/wo injecting acid [27]. This method is preferred for its low cost and usually requires low 75 

concentrations, i.e. less than 10 mg/L [27]. 76 

Antiscalants prevent membrane scaling via the following mechanisms: (1) delaying crystal 77 

nucleation, (2) reducing precipitation rate of the salt crystal, and (3) distorting crystal structure 78 

[26, 28]. Commercial antiscalants that are widely used in the conventional RO desalination contain 79 

polyphosphates, organophosphates and polyelectrolytes [29]. However, these phosphate-based 80 

organics which are already available in the brine water, tend to decrease the surface tension of the 81 

solution, eventually leading to membrane wetting during the MD process [26]. He et al. [29] 82 

reported that a polyacrylic acid and sodium polyacrylate-based commercial antiscalants showed 83 

better performance, compared to organophosphorus-based antiscalants, in preventing membrane 84 

scaling under CaSO4 supersaturated conditions (equals to a 8-fold concentrated seawater). 85 

Moreover, antiscalants used in their study were reported not to cause MD membrane wetting [29]. 86 

Zhang et al. [27] studied the efficiency of the organic phosphonate-based commercial antiscalant 87 

Flocon 190 in preventing MD scaling while treating seawater RO (SWRO) brine. Similarly, 88 

membrane wetting was not observed in their experiments, but a flux decline was recorded due to 89 

a possible organic fouling of membrane surface [27]. Besides this scaling phenomenon, Warsinger 90 

et al. [26] stated that a risk of calcium phosphate scaling can also be expected when phosphate 91 

compounds, typically present in most SWRO antiscalants, are used [30]. Despite the wide research 92 
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on MD scaling, little is known regarding the antiscalant effect on MD scaling during seawater 93 

brine treatment. Moreover, as discussed above, previous studies were predominantly focused on 94 

investigating phosphate-based antiscalant, which is used in SWRO but not in thermal desalination.  95 

Besides antiscalants, antifoaming agents are commonly used to lower the surface tension at the 96 

vapor/liquid interface in thermal desalination processes [31]. These chemicals may impact the 97 

antiscalant performance or be inadequate for MD membranes thereby affecting MD operation. To 98 

the best of our knowledge, no investigations of simultaneous effects of thermal antiscalants and 99 

antifoaming agents on MD performance have been reported yet. It is expected that rejected brines 100 

from thermal processes such as multistage flash (MSF) desalination or multi-effect desalination 101 

(MED), which already contain antiscalant and antifoaming chemicals, could be an ideal feed 102 

source for the MD process. In addition, thermal antiscalants show excellent performance against 103 

scaling phenomena, especially at high temperatures [32]. However, MD scaling mechanisms 104 

exhibit high complexity because they are influenced by various conditions such as feed 105 

composition, temperature, and supersaturation degree [33]. The effects of thermal brine that 106 

contain antiscalants and antifoaming agents on MD performance are therefore not clear and remain 107 

a major research gap in the literature.  108 

Accordingly, this study investigates the effects of thermal desalination brine containing 109 

antiscalant and antifoaming agents on MD scaling and performance. The DCMD process has been 110 

utilized in this study for its simple configuration and high permeate fluxes. Experiments were 111 

conducted with a real MED brine collected from a commercial desalination plant in Saudi Arabia 112 

as well as with a simulated thermal brine containing different concentrations of antiscalant and 113 

antifoaming agents. The effect of feed temperature on scale formation was investigated at different 114 

feed water temperatures ranging from 50°C to 80°C. In order to better understand how the scaling 115 

phenomenon occurs during thermal brine treatment, optical coherence tomography (OCT) was 116 

employed for the real-time monitoring of crystal formation on the membrane surface. In addition, 117 

a scanning electron microscope (SEM) coupled with an energy dispersion spectroscopy (EDS) was 118 

used to validate OCT analysis as well as to map the elemental composition of deposits on the 119 

surface of the membranes after different scaling conditions. Contact angles were also measured to 120 

evaluate changes in hydrophobicity/hydrophilicity of the membrane surface upon scale formation. 121 

 122 

2. Material and Methods 123 
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2.1.  Membrane  124 

A commercial hydrophobic polytetrafluoroethylene (PTFE) membrane (Membrane Solutions, 125 

China) with a polypropylene (PP) support layer was used in all experiments. According to the 126 

vendor, the membrane has a nominal pore size of 0.22 µm, porosity of 40 ± 5%, contact angle of 127 

140 ± 2° and liquid entry pressure (LEP) of 640 kPa. 128 

 129 

2.2. Feed water 130 

Both thermal desalination brine and simulated brine were used as feed water to the DCMD system. 131 

MED brine was collected from a local commercial plant located in Jeddah, Saudi Arabia. The 132 

simulated brine was prepared by concentrating real Red Sea water by using a rotary evaporator 133 

(brand: Buchi, model: RE-150X), to a total dissolved solids (TDS) concentration of 61,000 ± 1 134 

mg/L to reach an equivalent concentration of the MED brine [34]. The characteristics of the Red 135 

Sea water can be found elsewhere [35]. The characteristics of the concentrated brine are 136 

summarized in Table 1. Thermal antiscalant, UniSal TH and antifoam Albrivap were added to the 137 

concentrated brine at various concentrations in the range of 2.5 mg/L -10 mg/L and 0.1 mg/L - 0.4 138 

mg/L, respectively. This range of concentrations was determined according to practical 139 

applications in thermal desalination plants, and a uniform distribution within this range was 140 

utilized in MD experiments. 141 

 142 

Table 1. Characteristic properties of the concentrated brine obtained by the Red Sea water 143 

evaporation. Evaporation temperature was set to 30 °C and pressure to 30 mbar to prevent any 144 

scaling.  145 

Parameter, mg/L Value 

Ca²+ 592  

Mg²+ 2,180  

Na+ 18,850  

K+ 687  

B+ 7  

Cl¯ 34,120  

SO42- 4,140  

TOC 1.27  

pH 7.72 

Conductivity, ms/cm 78.00 

TDS 61,000 ± 1 

 146 

2.3.  DCMD setup and operating conditions 147 



6 

 

The schematic diagram of the DCMD unit used in this study is shown in Fig. 1. The experiments 148 

were conducted on a custom-made laboratory-scale cell having an active membrane area of 9 cm2 149 

(length x width: 6 cm x 1.5 cm). The top wall at the feed side of DCMD module was made thin 150 

enough to enable the observation of scaling through the OCT camera. A new membrane coupon 151 

was used for each MD experiment. To maintain a constant volume flow rate (500 mL/min) on both 152 

feed and permeate sides, two gear pumps (brand: Cole-Parmer, model: l 72,211–70) were used. 153 

Feed water was heated up to the desired temperature (50-80 °C) with an accuracy of ± 1 °C using 154 

a hot plate (accuracy: ± 0.1 °C, brand: IKA, model: C-MAG HS7) connected to a temperature 155 

sensor (accuracy: ± 0.1 °C, brand: IKA, model: ETS-D5), while permeate water was kept at 30 ± 156 

1 °C by using a circulating chiller (accuracy: ± 0.1 °C, brand: LAUDA, ECO1050) endowed with 157 

a coil heat exchanger into the feed tank. The temperature sensors were connected to a Key sight 158 

34970A data logger system to record and check temperatures at both feed and permeate streams. 159 

Each experiment started with 500 mL of brine and 1000 mL of RO water (supplied by KAUST 160 

SWRO plant) in the feed and permeate tanks, respectively. Membrane wetting was controlled 161 

through the continuous measurement of the permeate conductivity using a conductivity meter 162 

(brand/model: WTW Cond 3310) with an accuracy of ±1 µS/cm. Condensed permeate water was 163 

continuously weighed using an electronic balance (brand: Mettler Toledo, model: ML3002) with 164 

a resolution of 0.01 g and data were collected using data acquisition system (National Instruments, 165 

LabVIEW), were employed to estimate the water vapor flux in kg/m2h. Experiments were 166 

replicated three times to ensure their reproducibility. The average values are presented in the sequel 167 

and error bars are within 5% in all tests.  168 

 169 
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 170 

Fig. 1. Schematic flow diagram of the DCMD system. 171 

 172 

2.4.  Analytical methods 173 

In order to characterize the concentrated brine, cations were measured by a Perkin Elmer Optima 174 

8300 inductively coupled plasma - optical emission spectrometry (ICP-OES) instrument and 175 

anions were analyzed with a Dionex ICS1600/5000 ion chromatography system. TDS analysis was 176 

performed according to the APHA 2540 C standard method (TDS dried at 180°C). Liquid 177 

chromatography-organic carbon detection (LC-OCD) (brand: DOC-Labor LC-OCD-OND, model: 178 

8) was carried out to determine organic deposition on the membrane surface [36]. A CyberScan 179 

6000 pH meter was used for pH measurements.  180 

 181 

2.5.  OCT monitoring  182 

A spectral-domain optical coherence tomography SD-OCT system device (brand: Thorlabs 183 

GmbH, model: Ganymede II) provided with LSM03 scan lens was employed for a non-invasive 184 

real-time evaluation of scaling formation on the membrane surface. The MD module was fixed 185 

under the OCT probe to allow monitoring the membrane cross-section at different time intervals. 186 

The two-dimensional (2D) OCT scans were acquired by ThorImage OCT software (Thorlabs 187 

GmbH) with a resolution of 666 × 408 pixels corresponding to 4.0 mm x 1.2 mm (width × 188 

depth). The 2D OCT scans were visualized using FiJi software (National Institute of Health). The 189 
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brightness and the contrast were adjusted and the scans were filtered to reduce the noise. The 190 

original scans were cropped for visualization purposes. Afterwards, the OCT scans were exported 191 

in a “.tiff” format and then analyzed by a customized code in MATLAB. The code was specifically 192 

developed by our group for the analysis of the 2D OCT membrane cross-section. The code is based 193 

on an edge-detection algorithm that allows detecting the membrane and the fouling layer. The 194 

average thickness of the scaling layer was calculated using a procedure reported elsewhere [37]. 195 

 196 

2.6.  SEM-EDS imaging 197 

The observation of crystals deposited on the membrane surface was performed using a high-198 

resolution FEI Teneo Vs SEM device. Samples collected after OCT monitoring were dried at room 199 

temperature for 24 h then coated with 5 nm of platinum layer using a Q150T sputter coater (brand: 200 

Quorum Technologies Ltd) to eliminate electron charging issues during imaging procedure. ETD 201 

and T1 detectors were used to detect secondary and backscattered electrons. The SEM images 202 

were taken at 5 kV of accelerating voltage and 10 mm working distance. The composition of the 203 

scale deposits on the membrane surface was determined by elemental analysis and surface 204 

mapping using energy-dispersive (EDS) detector. 205 

 206 

2.7.  Contact angle analysis 207 

Contact angle analyses to determine changes in surface hydrophobicity were carried out according 208 

to the sessile drop technique using a Theta Optical Tensiometer (brand: Attension) [38]. The 209 

membrane samples were dried at room temperature and cut into appropriate sizes. An ‘I’-shaped 210 

needle was used to carefully put a 5 µL distilled water drop on the membrane surface immediately 211 

followed by frame recording at a 30 sec frequency using automatic baseline detection. A minimum 212 

of three measurements were performed to ensure that steady-state is reached. Samples were taken 213 

from different areas on the surface of each membrane and the contact angles are reported as an 214 

average value ± standard deviation. 215 

 216 

3. Results and discussion  217 

3.1.  Effect of antiscalant and antifoaming agents on DCMD flux 218 

Permeate flux measurements provide information on membrane fouling/scaling impact on process 219 

performance. Fig. 2(a) shows the effect of antiscalant concentrations on permeate flux over time. 220 
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The presence of the antiscalant in the bulk solution at different concentrations prolongs the 221 

operation time to different extents, further concentrating the feed solution to a volume 222 

concentration factor (VCF) of 3.2 (Fig. S1). Compared to experiments conducted without 223 

antiscalant, it was found that antiscalant dosage of 10 mg/L increases induction time of salt 224 

crystallization by more than 300 minutes, which is in agreement with previously reported values  225 

[27]. 226 

A gradual 25% flux decline until the saturation point was observed for experiments without 227 

antiscalant (Fig. 2(a)). This phenomenon occurred similarly in all experiments and could be 228 

attributed to salinity increase in the feed channel. Zhang et al. [27] reported similar observations 229 

when investigating scaling reduction in SWRO brine inside the DCMD unit. It is known that 230 

salinity increase leads to both a decrease in vapor pressure and an increase in temperature 231 

polarization, resulting in vapor flux decrease [27].  232 

An identical flux trend was obtained for all experiments conducted in this study. However, the 233 

addition of antiscalant led to a slight flux decrease depending on the concentration applied. This 234 

is likely due to the organic nature of the antiscalant which reduces the solution surface tension to 235 

some extent and creates a thin layer on the membrane surface, resulting in a decrease of permeate 236 

flux [26]. As soon as the brine solution reached its saturation point, permeate flux instantaneously 237 

declined and the experiment was terminated when permeate flux reached zero. 238 

Another set of experiments was conducted with the simulated brine containing 5 mg/L of 239 

antiscalant and various concentrations of antifoam ranging from 0 mg/L to 0.4 mg/L. The effect 240 

of antifoam agent on the permeate flux over DCMD time is shown in Fig. 2(b). Compared to 241 

antiscalant, the use of antifoam shortens the induction time to different extents depending on its 242 

concentration, thereby leading to a lower VCF (Fig. S2). Furthermore, before the saturation level 243 

was achieved, the flux in the experiments which were conducted without the antifoam, showed a 244 

gradual decrease while the flux in the experiments conducted with the antifoam showed an increase 245 

at the beginning followed by a constant decrease. This difference can be attributed to the 246 

hydrophobic nature of the antifoam additive which is surface active. As a result of its interactions 247 

with the membrane material, the liquid/vapor equilibrium at a pore entrance would be shifted 248 

leading to a partial pore wetting and increased salinity in the feed channel which eventually offset 249 

permeate flux [39].  250 
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 251 

Fig. 2. Effect of antiscalant (A) and antifoam (B) concentrations on the water vapor flux using 252 

concentrated seawater equivalent to MED brine (78 mS/cm), (feed temperature 60 °C). 253 

 254 

The effect of varying feed water temperatures (50 °C – 80 °C) on permeate flux using a feed 255 

solution of concentrated brine with 5 mg/L antiscalant and 0.2 mg/L antifoam is reported in Fig. 256 

3(a). Increase of the feed water temperature while keeping a coolant temperature constant, led to 257 

an increase in transmembrane vapor pressure (i.e., process driving force), resulting in an increase 258 

in permeate flux. The relation between the vapor pressure and temperature is described by 259 

Antoine’s equation for pure substances and can be corrected for saline solutions [40, 41]. An 260 

increase in the feed inlet temperature from 50 °C to 60 °C led to an increase in initial permeate 261 

flux from 12.5 kg/m2h to 20.5 kg/m2h, while an increase in the feed temperature from 70 °C to 80 262 

°C significantly enhanced the initial permeate flux from 34 kg/m2h to 58 kg/m2h. This is due to 263 

the exponential relationship between the temperature and vapor pressure, which is widely reported 264 

in the literature and observed for different module sizes [42]. Permeate fluxes for experiments with 265 

the real MED brine at feed temperatures ranging between 50 °C and 80 °C are shown in Fig. 3(b). 266 
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The permeate flux patterns obtained as well as scaling times were similar to those with simulated 267 

brine. It is worth mentioning that a lower feed temperature of 50 °C results in a higher VCF due 268 

to the dependence of inorganic salts solubility on temperature (Figs. S3 and S4). The results shown 269 

in Figs. 2 and 3 indicate that antiscalant and antifoaming chemicals as well as feed temperature, 270 

play an important role in thermal brine treatment by MD.  271 

 272 

Fig. 3. Effect of feed inlet temperatures on permeate flux for (a) simulated thermal brine 273 

(includes concentrated brine + 5 mg/L antiscalants + 0.2 mg/L antifoam) and (b) real MED 274 

brine. Coolant inlet temperature: 30 oC.  275 

 276 

3.2.  Membrane characterization  277 

3.2.1. OCT monitoring  278 

The OCT has been recently proposed as an in-situ non-invasive technique to monitor the fouling 279 

development in membrane filtration systems and this approach has been successfully employed in 280 
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different processes and membrane configurations [43-45]. The OCT is based on the use of 281 

backscattered light that enables acquiring non-destructively cross-sectional scans of the membrane 282 

surface. Therefore, the use of OCT allows linking the fouling developed on the membrane surface 283 

to process performance. In this study, the OCT was mounted on top of the DCMD cell, allowing 284 

to monitor scaling formation under continuous operation. The 2D OCT cross-sectional scans were 285 

acquired with a certain frequency in order to assess time-dependent crystals formation. A similar 286 

vapor flux trend was observed for all the feed solutions tested (Fig. 2). A minor and gradual 287 

decrease occurred in the first phase, followed by a drastic drop to a zero permeate flux. No crystals 288 

were observed on the membrane surface during the early stage for all experiments. However, it is 289 

worth noticing that despite the presence of any scaling in the systems, the gradual flux decrease 290 

led to a decrease in performance up to 20%-40% of the initial permeate flux (Fig. 2(a)). A similar 291 

trend was previously observed in the literature, where the OCT was employed to monitor the 292 

scaling in a DCMD treating Red Sea water [36], which might be a limitation of the OCT resolution 293 

limit. Indeed, the OCT enables assessing the formation of crystals bigger than its resolution limit 294 

(about 4 μm - 5 μm). The slight flux decrease occurring in the first phase is due to the continuous 295 

concentration of the feed and is attributed to the formation of a thin organic layer on the membrane 296 

surface [36]. Indeed, the MED brine employed in this work contains natural organic matter, 297 

antiscalants and antifoaming agent that are concentrated during the MD operation. The first period 298 

was followed by a sharp and instant decline in process performance. This phenomenon occurs 299 

when the MED brine becomes supersaturated with the calcium sulfate (CaSO4). The link between 300 

the real-time monitoring and process performance decrease for real MED brine is shown in Fig. 4. 301 

As highlighted by the OCT scans, in the first phase, no crystals were formed on the membrane 302 

surface. After 1210 min of operation corresponding to the beginning of the sharp flux decrease, it 303 

was possible to observe the formation of small crystals floating above the membrane surface. Once 304 

the supersaturation was reached in the bulk, the crystals started forming on the membrane surface, 305 

subsequently covering the whole surface and creating a thick layer that precluded the passage of 306 

water vapor. Crystal growth (see Fig. 4) occurred gradually, reaching maximum scaling deposition 307 

35 min after crystals induction and then remained constant until the end of the experiment. For the 308 

case of real MED brine, crystal growth in the monitored location lasted 35 min reaching an overall 309 

thickness of 45 µm, with a maximum thickness of about 130 µm. 310 

 311 
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 312 

Fig. 4. Vapor flux permeate decline for real MED brine. The in-situ monitoring was employed to 313 

assess the formation of the crystals in real-time by acquiring OCT cross-sectional scans under 314 

continuous operation.  315 

 316 

Besides its real-time monitoring capability, the OCT allows the acquisition of the structural 317 

information related to the scaling formed on the surface. The approach employed in this study 318 

makes it possible to integrate and compare the information acquired non-invasively over the time 319 

with a destructive analysis carried out at the end of an experiment. A comparison of the OCT scans 320 

with the SEM imaging are shown in Figs. 5 and 6. The two complementary techniques can be used 321 

to gain a better understanding of the scaling morphology by integrating the in-situ cross-section 322 

imaging (OCT) with high-resolution surface imaging (SEM).  323 

From the OCT cross-sectional scans of the scaling formed on the membrane surface for each 324 

test, a different morphology of crystals can be seen (Figs. 5 and 6). Scaling formed after the 325 

treatment of the concentrated seawater showed a sharp needle structure which is characteristic of 326 

gypsum (Fig. 5). Conversely, the scaling formed after treating the feed containing antiscalant and 327 

antifoam chemicals showed a different scaling morphology, where the crystals appear more 328 

rounded. The presence of organic additives and scaling inhibitors has been proved to impact the 329 

morphology of the scales [46]. The use of OCT images time-series enables to assess the delay in 330 
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the formation and the change in crystal morphology due to the increase of antiscalants 331 

concentration.  332 

 333 

Fig. 5. Comparison between OCT scans (top) and SEM images (bottom) acquired at the end of 334 

each experiment for simulated MED brine with different concentrations of antiscalants.  335 

 336 

A different morphology of scaling was observed with the increase of feed water temperature. 337 

The thickness of the crystal layer deposited on the membrane surface increased with increasing 338 

feed inlet temperature (Fig. 6). For a feed inlet temperature of 80 °C, the membrane scaling has an 339 

irregular morphology reaching an overall thickness of 180 µm, with a maximum thickness of 340 

approximately 500 µm. The results confirm the effect of temperature on CaSO4 formation, where 341 

the size of the crystals is affected by the induction time and the different thermodynamic stability 342 

of the calcium sulfate hydrated forms [47]. 343 

 344 
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100 µm  100 µm  100 µm  

100 µm  100 µm  100 µm  

500 µm  500 µm  
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 345 

Fig. 6. Comparison between OCT scans (top) and SEM images (bottom) acquired at the end of 346 

each experiment by treating real MED brine at different feed inlet temperatures. 347 

 348 

3.2.2. EDS mapping and SEM imaging 349 

It is widely reported that MD scaling is attributed to CaSO4 and CaCO3 depositions [24, 48], with 350 

CaSO4 being reported to cause more severe scaling compared to other salts [22, 49]. The EDS 351 

imaging of the membrane surface taken after scale formation is shown in Fig. 7. The results 352 

indicate that the scale layer is mostly composed of calcium, oxygen and sulfur elements, 353 

confirming a dominance of CaSO4 deposit. A negligible amount of NaCl deposition seen in some 354 

areas of the membrane surface was also observed from the EDS map. Similar elemental 355 

compositions with the close proportions were obtained in all experiments, with scale formation 356 

exhibiting a homogeneous distribution in terms of salt composition. The observed results 357 

demonstrate that the elemental composition of the membrane deposits was not influenced neither 358 

by the feed temperature nor the antiscalant/antifoam concentrations in the thermal brine.  359 

 360 
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 361 

Fig. 7. EDS image of the membrane covered with scale layer (feed water: concentrated brine + 5 362 

mg/L antiscalant + 0.2 mg/L antifoam, feed inlet temperature = 60 °C). 363 

 364 

The effect of the antiscalant concentration on the structure of salt crystals formed during the 365 

DCMD process was investigated by SEM imaging technique. The SEM images taken at a high 366 

magnification are shown in Fig. 8(a). CaSO4 crystals identified with EDS analysis clearly changed 367 

its shape with the antiscalant concentration in the brine. Thus, CaSO4 crystals having a needle 368 

shape were distorted/damaged, thereby leading to formation of smaller size CaSO4 crystals, which 369 

refers to crystal inhibition. Similar studies reported that concentration of antiscalant alters the 370 

morphology of crystals formed during scaling [50, 51]. This morphology change is due to a 371 

modification of the antiscalant, which engages in growth sites and prevents the formation of the 372 

regular shaped crystals. Our results are consistent with observations from SEM images of scaled 373 

membranes reported in other studies [36]. The morphology of CaSO4 crystals is commonly 374 

identified as needle-shaped [33] while CaCO3 crystals are identified as round shaped [36]. Results 375 

from this study show that most of the crystals formed on the surface of the membranes during 376 

DCMD process are needle-shaped CaSO4 crystals, suggesting that presence of antiscalant in 377 



17 

 

thermal brine may inhibit CaCO3 crystal formation [26]. Although the presence of antiscalant and 378 

antifoaming chemicals in thermal brine may eliminate CaCO3 salts and change the morphology of 379 

CaSO4 crystals by distorting crystals during nucleation process, the deposition of the 380 

small/deformed crystals having different shapes on the membrane surface is likely resulting from 381 

co-precipitation of different salts [52], is eventually inevitable during the DCMD. 382 

Apart from the effect of antiscalant concentration, feed temperature also plays an important 383 

role in membrane scaling [53] since it affects solubility of inorganic salts [18]. The solubility of 384 

CaSO4 decreases with temperature increase [54], therefore CaSO4 crystallization would be 385 

intensified at higher feed water temperatures [55]. Another factor affecting MD scaling is 386 

temperature polarization, which lowers the feed water temperature at the membrane surface 387 

compared to its bulk values [56]. It is therefore expected that as temperature polarization increases, 388 

solubility of CaSO4 salts at the membrane surface may also increase due to their solubility 389 

inversion which alleviates CaSO4 crystallization but may also lead to other salts scaling [18, 26, 390 

52]. 391 

High magnification SEM images of the scaled membrane surfaces for the experiments with the 392 

feed water temperatures ranging between 50°C and 80°C are shown in Fig. 8(b). As seen in Fig. 393 

8(b), the membrane surfaces were completely covered by the salt crystals with different sizes. 394 

Although no significant difference in terms of crystal shape and size was observed at feed water 395 

temperatures of 50 °C and 60 °C, the crystals were notably smaller as compared to those formed 396 

at 80°C. The formation of large crystals at elevated feed water temperatures could be attributed to 397 

the aggravated scaling on the membrane surface due to increase in concentration and temperature 398 

polarizations. As a result, larger crystals would decrease an effective membrane area, leading to a 399 

reduction of water vapor transfer across the membrane. Consequently, it is inferred that the 400 

polarization effects, enhanced at higher feed temperature, would led to a massive flux decline, in 401 

accordance with earlier studies by Fard et al. [18] and Duong et al. [57]. Although large salt crystals 402 

formed at higher feed temperatures could contribute significantly to membrane wetting [48], no 403 

wetting occurrence was observed in either of our experiments. Apart from the feed temperature, it 404 

has been reported that membrane properties (e.g., pore structure, material) [48] and operation time 405 

[53] have also be considered to avoid wetting during the DCMD operation. 406 

 407 
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 408 

Fig. 8. SEM images of scaled membranes at high magnification: (A) effects of antiscalant 409 

concentration (feed inlet temperature = 60 °C), (B) effects of different feed temperatures (feed 410 

solution includes concentrated brine + 5 mg/L antiscalant + 0.2 mg/L antifoam). 411 

 412 

3.2.3. Hydrophobicity/hydrophilicity analysis 413 

Scaling/fouling has been reported to reduce membrane surface hydrophobicity which results in 414 

membrane wetting and water transport through it pores [18]. Contact angle measurement is a 415 

widely used method for the evaluation of the hydrophobicity/hydrophilicity changes of a 416 

membrane surface caused by scaling/fouling [58]. The contact angle of a virgin membrane was 417 

estimated to be 140° ± 2°. However, it was not possible to conduct the contact angle measurements 418 

of the scaled membranes because their surfaces were covered with the sharply-shaped crystals. 419 

Duong et al [57] observed a similar obstacle when measuring the contact angle of scaled 420 

membranes by the sessile drop technique. Instead, the contact angle (134.5° ± 0.5°) was measured 421 

on a surface of membrane from the DCMD experiment which was stopped before the saturation 422 

point was reached (i.e. flux decline: 25% and VCF: 2.5). This small decline was probably due to a 423 
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presence of the low molecular weight neutral organic molecules in the feed water (as detected by 424 

the LC-OCD technique) which were further absorbed by the membrane surface.  425 

Importantly, for all experiments carried out in this investigation, there was no increase in water 426 

conductivity (salt rejection 99.9%) for all operating conditions, thus no occurrence of membrane 427 

wetting. 428 

 429 

4. Conclusions 430 

Scale formation during the MD process is a complex phenomenon which is affected by various 431 

factors, such as water composition, chemical treatment, saturation degree and temperature. The 432 

effects of MED thermal brine on DCMD scaling were investigated in this study by applying 433 

different experimental and analytical methods. Two different feed waters were used, a real MED 434 

brine and synthetic brine solution obtained by concentrating seawater with the addition of different 435 

concentrations of antiscalant and antifoaming agents. Key findings from our study can be 436 

summarized as follows: 437 

1. The addition of antiscalant prolonged the scale formation time, whereas addition of antifoam 438 

showed an opposite effect. However, an increase in antiscalant concentration in thermal brine 439 

decreased initial permeate flux while increasing antifoaming concentration resulted in an 440 

increase of the initial permeate flux. 441 

2. In all experiments, before the induction time of salt crystals, about 25% gradual flux decrease 442 

was observed, probably due to the increase of ions concentration in the feed side. Whenever 443 

salt crystallization starts, a sharp flux decrease was observed, and fluxes rapidly dropped to 444 

zero, especially at higher feed temperatures. 445 

3. In situ monitoring allowed to relate formation of crystals on membrane surface with permeate 446 

flux decrease in the real time. No crystals were observed at the early stage corresponding to 447 

the initial gradual permeate flux decrease. OCT cross-sectional scans enabled assessing 448 

different crystal morphologies formed on the membrane surface as a function of antiscalants 449 

concentration and increase of MED brine feed temperature.  450 

4. SEM/EDS images revealed that CaSO4 scaling dominated other scaling types. The use of 451 

antiscalant caused deformation of CaSO4 crystal and this process depended on the antiscalant 452 

concentrations. In addition, CaSO4 scaling was intensified with higher feed temperature, 453 

thereby leading to the formation of larger needle-shaped crystals. 454 
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5. No pore wetting was observed during all experiments, including scaling phase. 455 
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