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Abstract 16 

In this study, a novel integrated forward osmosis - membrane distillation (FO-MD) module 17 

equipped with an isolation barrier carefully placed between the FO and MD membranes is 18 

experimentally investigated, and its performance is compared with a conventional hybrid module. 19 

The function of the isolation barrier is to osmotically and thermally separate the FO draw 20 

solution (DS) and MD feed channels. A systematic approach is adopted to compare the flux 21 

through both modules under (i) different and similar hydrodynamic conditions, (ii) different DS 22 

concentrations and temperatures, and (iii) different feed solution concentrations. All experiments 23 

were performed for nine hours each in  batch mode using a custom-made compact module. New 24 

FO and MD membrane sheets were mounted for each experiment to ensure similarity in 25 

operating conditions. The proposed module design increased the flux by 22.1% using the same 26 

module dimensions but different hydrodynamic conditions. The flux increased by 16.6% using 27 

the same hydrodynamic conditions but different module dimensions. The FO/MD energy ratio 28 

reduced from 0.89 to 0.64 for the novel module, indicating better utilization of energy (primarily 29 

from MD). The gain output ratio (GOR) increased on average by 15.8% for the novel module 30 

compared to the conventional module, with a maximum increment of 20.7%. The temperature 31 

and concentration polarization coefficients in the MD operations showed improvements of 17.4% 32 
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and 2.6%, respectively. The presence of the isolation barrier inside the integrated module 33 

indicated promising improvements of the flux and internal heat recovery, and further significant 34 

enhancements are expected for larger scale modules. Additionally, the  novel module design  35 

offers unprecedented process integration opportunities for FO-MD as well as  other membrane 36 

hybrid systems.  37 

 38 

Keywords: Integrated forward osmosis - membrane distillation (FO-MD) module; Osmotic and 39 

thermal isolation; Energy efficiency; Performance improvement; Desalination and water 40 

treatment, concentration and temperature polarization. 41 

 42 

1. Introduction 43 

Water scarcity is an increasingly urgent issue as water demand grows with an expanding global 44 

population. Daily-life activities require high-quality water resources for various social and 45 

economic activities [1, 2]. Depending on the quality requirements of the treated water and the 46 

quality of the available feed water, different water treatment technologies have been developed 47 

and implemented in recent years. For instance, in reaction to stringent regulatory requirements 48 

for brine discharge from desalination plants, recent research has focused on the development of 49 

methods to treat highly saline waters [3]. These emerging methods include hybrid technologies 50 

that take advantage of two or more different processes by integrating them into one single system. 51 

The synergetic benefits of hybrid technologies reveal themselves in different ways, such as a 52 

higher energy efficiency or an improved water quality. Indeed, the number of research articles on 53 

hybrid desalination technologies has experienced a nearly four-fold increase in the last decade. In 54 

contrast, research growth on individual desalination technologies has only doubled during the 55 

same period [4-6]. 56 

The forward osmosis –membrane distillation (FO-MD) hybrid system has recently emerged 57 

as a promising method for water treatment [7-13]. The FO process utilizes the natural osmotic 58 

pressure difference between two streams as the driving force that transports water across an FO 59 

membrane. By using a saline solution, known as the draw solution (DS), freshwater may be 60 

recovered from a targeted feed solution (FS) stream with relatively lower salinity. Complex 61 

organic and inorganic contaminants present in the FO feed can also be removed using this 62 

process [14]. The energy consumption of FO is low because the FO process only consumes the 63 
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energy needed for the recirculation of the DS and FS streams. However, once the DS is diluted 64 

with extracted water, the re-concentration of the DS is critical for the continuous operation of FO 65 

systems [15]. 66 

Membrane distillation (MD) is a thermal-membrane process that is driven by the difference 67 

in vapor pressure between the two sides of a membrane to transport water vapor across the 68 

membrane. In MD, the water evaporated on the hot feed side (with a higher vapor pressure) 69 

condenses on the cold permeate side of the membrane (with lower vapor pressure). MD can 70 

produce water of nearly distilled-water quality, even for highly saline streams [16]. Among 71 

MD’s different configurations, direct contact MD (DCMD) is the most commonly used [17-19]. 72 

However, MD may have limited capacity to remove volatile compounds from the feed stream 73 

because these can be carried with water vapor across the membrane. In the FO-MD hybrid 74 

system, the drawbacks of both processes can be alleviated 1) through the regeneration of the DS 75 

of FO during the MD process, and 2) by removing evaporative contaminants and trace organics 76 

during the FO process [20, 21]. Moreover, specialized draw solutions have been investigated to 77 

advance FO-MD hybrid applications [22, 23]. 78 

The design of these hybrid systems can be complex and massive due to the inclusion of two 79 

or more processes. Integrated modules have been suggested to simplify combined membrane 80 

processes, but there are limited studies in the literature on integrated FO-MD hybrid modules 81 

[24-26]. Indeed, one recent study by Ricci et al. (2019) observed that integrated modules produce 82 

lesser water throughput, despite lower energy consumption and improved water quality [27]. 83 

This drawback has necessitated significant innovation in conventional hybrid module designs. In 84 

previous designs, the thermal and osmotic potential of DS was not appropriately employed 85 

because the driving forces in FO and MD are osmotic pressure and vapor pressure, respectively. 86 

However, integrated modules allow the FO DS to harness the potential of both FO and MD 87 

processes simultaneously [25].  88 

An innovative FO-MD hybrid module with an isolation barrier has been developed to 89 

maximize the thermal and osmotic potential of the DS [28]. The concept and modeling of this 90 

integrated FO-MD module have been reported in an earlier contribution [29]. The novel barrier 91 

design creates osmotic and thermal isolation between the FO and MD processes to enhance their 92 

efficiencies. The differences between conventional and novel hybrid modules are outlined in 93 

Figure 1. In the novel hybrid FO-MD module, the high-temperature DS (which is the feed of 94 
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MD) engages with the MD process and maximizes the thermal efficiency of the system. 95 

Subsequently, the concentrated DS with higher osmotic pressure leaving the MD compartment 96 

improves the performance of the FO process. The presence of the barrier may also help to 97 

mitigate membrane fouling and produce an overall reduction in energy consumption.  98 

 99 

 100 

Figure 1: Design and schematic stream flow of the FO-MD integrated module with (a) novel 101 

design with an isolation barrier, and (b) conventional design without a barrier. 102 

 103 

The objective of this study is to experimentally evaluate the impact of an isolation barrier in a 104 

novel FO-MD hybrid module by comparing the novel module to a conventional module without 105 

a barrier. The water production and energy efficiency are analyzed for both systems. The fluxes 106 

of both FO and MD processes are compared in terms of (i) the different hydrodynamic 107 

conditions (e.g., flow channel depth and cross-flow velocity) and (ii) the different driving forces 108 

behind FO and MD, which are osmotic pressure and temperature differences, respectively. 109 

Because thermal energy is used for water production in the MD process, energy efficiency is 110 

compared between the modules with and without a barrier. To investigate the thermal and 111 

osmotic isolation effects in the developed module, the extent of both concentration and 112 

temperature polarization for the individual operations is analyzed. Since the FO-MD hybrid 113 

system is receiving attention for various applications of desalination and wastewater treatment, 114 

the results of this study can be used to design and scale-up the proposed hybrid module. An FO-115 

MD hybrid system is expected to offer feasible solutions for challenging feed water, such as oily 116 

wastewater and acidic wastewater [20]. 117 
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 118 

2. Materials and methods 119 

2.1. FO and MD membranes  120 

For the FO experiments, thin-film composite membranes with polyamide (TFC-PA) active layers 121 

were used. The thicknesses of the active and support layers were 0.86±0.1 and 99.14±1.3 µm, 122 

respectively. The support layer porosity was 63±5%. The water permeability of the FO 123 

membrane (AFO) was 2.472E-7 m/s/bar, the solute permeability (BFO) was 5.444E-8 m/s, and the 124 

structure parameter (SFO) was 3.28E-4 m. More details on this membrane can be found elsewhere 125 

[30]. In all FO experiments, the active layer faced the feed solution (AL-FS).  126 

In the MD experiments, polytetrafluoroethylene (PTFE) hydrophobic micro-porous 127 

membranes were used. The measured nominal pore size and porosity were 0.39±0.2 µm and 128 

34.0±4.5%, respectively. The thicknesses of the active layer (PTFE) and the support layer (PP) 129 

were 20±0.4 and 80±1.6 µm, respectively, and the liquid entry pressure (LEP) was 3.74 bar. The 130 

surface areas of the FO and MD membranes inside the integrated module were identical at 0.002 131 

m2 (10 cm × 2 cm). 132 

 133 

 134 

Figure 2: Picture of the FO-MD integrated module with the isolation barrier. 135 

 136 

2.2. FO-MD integrated modules 137 
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The designs of the conventional and novel FO-MD integrated modules are shown in Figure 1 138 

and Figure 2, respectively. The novel FO-MD module was designed and fabricated in-house. 139 

The hybrid module system consisted of three plates, where individual channels were tooled for (i) 140 

the feed stream of FO, (ii) the DS stream of FO (feed of MD), and (iii) the permeate stream of 141 

MD. Three different plates for DS were prepared to investigate the effect of the isolation barrier 142 

and different hydrodynamic conditions. The plate for the novel design with a barrier was 143 

fabricated with a 6 mm DS channel depth and 13.5 mm total thickness. The other two plates for 144 

the DS stream without a barrier were made with two different thicknesses, namely 6 mm and 145 

13.5 mm. The channel depth in each plate is the same as the module thickness. The channel 146 

depth for both the feed solution (FS) and the permeate solution (PS) was 3 mm each. The FO and 147 

MD membranes were placed in their respective positions to cover the channel areas. The length 148 

and width of the module were designed according to the membrane effective area of 100 mm and 149 

20 mm, respectively. A membrane spacer, made of polypropylene (PP), was employed in all 150 

stream channels. The spacer thickness for the FO feed and MD permeate solution channels was 151 

the same at 2.3 mm, while for the DS channel, the spacer thickness was 5 mm. As provided by 152 

the manufacturer, the hydrodynamic angle and mesh size were 42 degrees and 4 mm, 153 

respectively. 154 

 155 

2.3. Experimental set-up and operations matrix 156 

The experimental set-up, as shown in Figure 3, was established to operate and control three 157 

different streams of the integrated hybrid FO-MD system. The weight changes of all three 158 

solution tanks (FS, DS, and PS) were measured for water flux calculations in both FO and MD 159 

processes. At the same time, the initial volumes were prepared to 1200, 400, and 400 L for FS, 160 

DS, and PS, respectively, for all experiments. The in/out temperatures of all streams across the 161 

module were recorded simultaneously using RTD sensors (PT100, Omega Engineering, USA) to 162 

investigate the energy usage of the hybrid system during operation. Similarly, the inlet 163 

temperatures of FS, DS, and PS were controlled using a water bath (AD07R-20-A13D, 164 

PolyScience, USA) with heat exchangers. Micro-gear pumps (75211-70, Cole Parmer, USA) 165 

were used for maintaining a constant flow-rate during experiments, which was monitored by 166 

flow meters. Conductivity meters (TetraCon 325 with LF 298, WTW, USA) were installed to 167 

observe the concentration and dilution of solutions. The FS and PS conductivities were utilized 168 
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to calculate the reverse salt flux (RSF) of FO and salt rejection of MD, respectively, and 169 

deionized (DI) water was used as the FO feed and MD permeate solutions. In all operations, 170 

trans-membrane pressure was maintained at zero with 1 psig error to avoid the influence of 171 

pressure on both FO and MD processes. Thus, the inlet pressure to the membrane module was 172 

monitored for each stream using pressure transducers (PX309-050GI, Omega Engineering, USA). 173 

The NI-DAQ system (cDAQ-9174, NI, USA) connected to the LabVIEW program with a 174 

desktop computer was employed for acquisition and data storage  including temperature, weight, 175 

pressure, and conductivity.  176 

 177 

 178 

Figure 3: Schematic diagram of the experimental set-up for FO-MD integrated modules 179 

 180 

The experimental operations matrix was built to investigate the impact of the isolation barrier 181 

in the FO-MD integrated module. All experiments were conducted in batch mode over roughly 182 

nine hours. New FO and MD membrane sheets were used in each experiment to avoid any 183 

variation in the flux due to concentration polarization or other variations caused byprevious 184 

experiments. Two sets of experiments were designed for investigating the effects of (i) 185 

hydrodynamic conditions (Set #1 and #2), and three individual sets were conducted for (ii) FS 186 

concentrations (Set #3), (iii) DS concentrations (Set #4), and (iv) DS temperatures (Set #5). 187 

Detailed operational parameters for all five experimental sets are presented in Table 1. In the 188 
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first set of experiments, because the DS channel depth (DD,ch) was different between the two 189 

modules, the flow-rate of DS was controlled to achieve the same cross-flow velocity (vD). 190 

Double flow-rates were applied for the conventional module because the DS channel depth was 191 

twice the thickness (THDM) of the novel module. Identical flow-rates were employed for both 192 

designs in Set #2 because the DS channel depth was the same between the two modules. The 193 

baseline of FS and DS concentrations (CF,ini, and CD,ini) were 0 and 70 g/kg, respectively, and 194 

experiments were conducted in different concentrations in Set #3 and #5 according to the 195 

parameters in Table 1. The temperatures of FS and PS (TF,in, and TP,in) were fixed at 30 ºC, and a 196 

DS temperature (TD,in) of 60 ºC was employed in most of the experiments. However, the effect of 197 

DS temperature variation was studied in set #4 A DCMD configuration was used for the MD 198 

process, and the FO process was operated in the AL-FS configuration. NaCl solutions were used 199 

in all experiments for both FS and DS. 200 

 201 

Table 1: Experimental operations matrix 202 

 203 
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 204 

2.4. Analytical methods 205 

2.4.1. FO performance analysis 206 

The impact of using a barrier on the concentration and temperature polarization was 207 

experimentally and theoretically evaluated in the FO-MD hybrid system. The polarization effect 208 

in membrane processes plays a significant role in  system performance. It extent is often defined 209 

by the balance beween the effective driving force of the processes,  and the rate of mass and heat 210 

transport from the bulk streams to the membrane [31, 32]. In the FO process with TFC 211 

membranes, the concentration polarization is expressed either as internal concentration 212 

polarization (ICP) or as external concentration polarization (ECP). The ICP occurs inside the 213 

support layer, and the ECP occurs on the boundary layer between the membrane and bulk 214 

solution. To present the degree of the concentration polarization of the FO process, the 215 

concentration polarization coefficient, CPCFO, is defined as: 216 

, , , ,

, , , ,

CPC D m FO F m FO D m FO F m FO
FO

D b F b D b F b

C C

C C

π π
π π

− − − −− −
= =

− −
 (1) 

where C and π are the concentration and osmotic pressure of streams, respectively, and the 217 

subscripts, D, F, b, and m are for the DS, FS, bulk, and membrane, respectively. The definition 218 

of CPCFO is modified to include both ECP and ICP in the coefficient from the general form of 219 

the modulus counting ECP only [33]. This modification is beneficial when evaluating the FO 220 

performance practically and leads to an expression of the water flux JW,FO of FO, viz 221 

, ,
, ,

,

, ,

,

exp exp

1 exp exp

W FO FO W FO
D b F b

NaCl f

W FO FO

W FO W FO FOFO

W FO f NaCl

J S J

D k
J A

J J SB

J k D

π π
  ⋅ 
 ⋅ − − ⋅         = ⋅ 

   ⋅  + ⋅ − −           

 (2) 

 222 

where  kf and D are the mass transfer coefficient of FS and species diffusion coefficient, 223 

respectively. The properties of the FO membrane, embedded in A, B, and S values, were adapted 224 

from a previous study [30]. The diffusion coefficient is defined for NaCl, and the correlation of 225 

diffusion coefficient according to the temperature within the 0.05-2 M range is expressed as :  226 
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( )( ) 9 2
, ,0.0419 2 0.4797 [10 ]NaCl D b F bD T T m s−= ⋅ + +  (3) 

The mass transfer coefficient (kf) can be derived from Sherwood number (Sh = k dh/D ), for 227 

flows in rectangular channels with spacers [33]. 228 

( )0.36
Sh 0.46 Re Sc= ⋅ ⋅  (4) 

The FS and DS osmotic pressure of bulk solutions were measured during the experiments for 229 

CPCFO analysis. To calculate the osmotic pressures of FS (πF,m-FO) and DS (πD,m-FO) at the FO 230 

membrane surface,  the following equations were used [27]: 231 

, ,

,

expF m FO W FO

F b F

J

k

π
π

−  
=  

 
 (5) 

, ,

,

expD m FO W FO FO

D b NaCl

J S

D

π
π

− ⋅ 
= − 

 
 (6) 

 232 

2.4.2. MD performance analysis 233 

The MD process is driven by the difference in vapor pressure between the two streams in 234 

accordance with their temperatures (hot feed and cold permeate streams). Ideally, the MD water 235 

flux should increase linearly with an increase in the temperature difference in bulk solution 236 

streams. However, in practice, the real driving force is the temperature difference on the 237 

membrane surface. Therefore, the actual MD water flux can be expressed as [34, 35]: 238 

( ), _ , _ ,W MD MD v D m MD v P m MDJ A p p− −= ⋅ −  (7) 

where the subscripts D and P are DS (i.e., feed of MD) and PS, respectively, in the proposed FO-239 

MD hybrid system. The gap between the operation bulk and effective temperatures is due to 240 

temperature polarization across the boundary layers between the bulk solution and the membrane 241 

surface. The thickness of the temperature polarization layer is mainly determined by the 242 

convective heat transport and fluxes across the membranes. Several studies have been conducted 243 

to minimize  temperature polarization [36, 37]. The temperature polarization coefficient (TPCMD) 244 
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is used to analyze the temperature polarization of the MD process in the FO-MD hybrid system, 245 

as given by [38]: 246 

, ,

, ,

TPC D m MD P m MD
MD

D b P b

T T

T T
− −−

=
−

 (8) 

The coefficient represents the ratio of the temperatures at the membrane surface and the bulk 247 

streams. From Eq. (7), the temperatures of the membrane surfaces are calculated with the 248 

measured water flux of MD from the experiments. The overall mass transfer resistance model, 249 

given by the dusty gas model, is used to analyze the water permeability (AMD) of the MD process 250 

in the integrated FO-MD module, which can be expressed as [34]: 251 

( ) 11 1
MD K M PA R R R

−− −= + +  (9) 

where the model consists of Knudsen diffusion (K), Molecular diffusion (M), and Poiseuille flow 252 

(P) resistances in series and parallel configurations. The individual resistances can be written as: 253 

0.5

82

3
W

K
g m MD

Mr
R

R T

ε
τ δ π −

 ⋅= ⋅  ⋅ ⋅ 
  (10) 

W
M

aM g m MD

D M
R

P R T

ε
τ δ −

 ⋅= ⋅  ⋅ ⋅ ⋅ 
 (11) 

2
_v m MD W

P
g m MD

p D Mr
R

R T

ε
τ δ µ

−

−

 ⋅ ⋅⋅= ⋅  ⋅ ⋅ ⋅ 
 (12) 

The membrane structure parameters, mean pore size (r), thickness (δ), porosity (ε), and 254 

tortuosity (τ) are included in the equations, and the molecular weight of water and the real gas 255 

constant are MW and Rg, respectively. Moreover, PaM is the log of the mean  air pressure in the 256 

membrane. The vapor pressure (pv) and the diffusion coefficient (D) are calculated from the 257 

modified Antoine equation and the Fuller-Schettler-Giddings empirical equation given by Eq. 258 

(13) and Eq. (14), respectively. 259 
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3816.44
exp 23.1964

46.13

1 0.57357
1000

v

T
p

C
C

 − − =
 + ⋅ − 

 (13) 

( )4 1.751.19 10 m mD T p−= × ⋅  (14) 

The CPC in the MD process is evaluated according to Eq. (15). The concentration 260 

polarization in the PS of the MD process is neglected as the salt rejections of MD are above 99% 261 

in all experiments. 262 

, , , ,

, , , ,

CPC D m MD P m MD D m MD D m MD
MD

D b P b D b D b

C C C

C C C

π
π

− − − −−
= = =

−
 (15) 

 263 

2.4.3. Energy efficiency in FO-MD hybrid system 264 

In the FO-MD hybrid system, the efficient use of energy can be determined by analyzing the 265 

consumed energy for each of the FO and MD processes. Using inlet and outlet temperatures of 266 

all three streams, the energy change of each stream was calculated. The FO/MD Energy Ratio is 267 

defined to present the influences of the thermal isolation in the novel module and is expressed as: 268 

, _ , , _ ,

, _ , , _ ,

(    )
/    

(    )
F out T F out F in T F inF

P P out T P out P in T P in

m H m HEEnergy use for FO
FO MD Energy Ratio

Energy use for MD E m H m H

⋅ − ⋅∆= = =
∆ ⋅ − ⋅

& &

& &
 (16) 

where m&  and H are the mass flow rate and enthalpy, respectively. The FO/MD Energy ratio 269 

tends to be one if the energy is equally utilized in the two separate processes. The energy 270 

efficiency of the hybrid system is calculated in terms of gained output ratio (GOR) as [31]: 271 

, _ , , _ ,

vap v

D in T D in D out T D out

m H
GOR

m H m H

⋅∆
=

⋅ − ⋅
&

& &
 (17) 

where the enthalpy of vaporization is ∆Hv. The FO and MD performance results are presented for 272 

each set of experiments. The energy efficiency and polarization analysis are followed to 273 

investigate the impact of the novel design on the osmotic and thermal isolation. 274 

 275 
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3. Results and discussion 276 

3.1. Effect of different hydrodynamic conditions  277 

Different hydrodynamic conditions were applied to assess the performance of the new hybrid. 278 

Previous studies generally considered a balanced FO and MD module [24, 25, 27]. However, in 279 

this study, operating conditions are varied to gain an in-depth understanding of the FO-MD 280 

hybrid module. In practical scenarios during operation, the concentration of FS and DS changes 281 

actively over time. The performance of FO and MD processes were compared between the two 282 

modules while maintaining the same module dimensions (thickness and areas). The barrier in the 283 

novel design occupied half of the volume to the channel in the DS stream. In other words, the 284 

hydraulic volume of the DS stream without the barrier was double the hydraulic volume with the 285 

barrier, with the same thickness of the DS channel. Therefore, the specific energy consumption 286 

of the electrical pumping in the novel module was reduced by half compared with the 287 

conventional design [29]. On the other hand, with an identical flow-rate in the DS stream, the 288 

novel module created a two-fold higher cross-flow velocity and hence mitigated fouling in both 289 

FO and MD membrane processes [39]. 290 

 291 

 292 

Figure 4: (a) FO flux, (b) MD flux and (c) FO/MD flux ratio in time with the same thickness of 293 

the DS module (THDM). Experimental conditions: DS channel depth w/barrier (DB,D,ch) = 6 mm, 294 

DS channel depth w/o barrier (DN,D,ch) = 13.5 mm, middle plate thickness (THDM) = 13.5 mm, FS 295 

initial concentration (CF,ini) = 0 g/kg, DS initial concentration (CD,ini) = 70 g/kg, FS inlet 296 

temperature (TF,in) = 30 ºC, DS inlet temperature (TD,in) = 60 ºC and PS inlet temperature (TP,in) = 297 

30 ºC. 298 

  299 
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Figure 4 shows the improvement in both the FO and MD fluxes with the barrier in place at 300 

two different cross-flow velocities. At the higher cross-flow velocity (6.94 cm/s), both the FO 301 

and MD fluxes in the novel module were enhanced by 10.6 and 23.6%, respectively. However, in 302 

both modules, the trend of the FO flux declined, primarily due to the dilution of DS. Note that 303 

the initial FO flux was higher than the MD flux, which caused an imbalance in the FO and MD 304 

fluxes. In contrast, the moderate changes of the MD fluxes indicate that there was limited vapor 305 

pressure variation within these operating conditions. In all experiments, the MD flux variations 306 

were less than 8%. In the batch experiment, the imbalance in the FO and MD fluxes brought a 307 

dynamic change in the DS concentration, which played a key role in the operation over time. The 308 

FO/MD flux ratios are also presented along with the separate FO and MD fluxes in Figure 4C. 309 

Both FO and MD fluxes were enhanced with the barrier with the same dimensions as those of 310 

the modules. However, the impact of the osmotic and thermal isolation barrier on the fluxes was 311 

not conclusive because the hydraulic residence times were longer in the module without the 312 

barrier but with the same cross-flow velocity. Moreover, different depths of DS channels can 313 

cause changes in the transport of mass and heat in the module. Thus, another set (Set #2) of 314 

experiments was conducted to investigate the impact of the novel design under different 315 

hydraulic conditions. The FO flux, MD flux, and ratio results of the experiments are presented in 316 

Figure 5. 317 

The full effect of the isolation barrier on the FO-MD hybrid process is observed in the results 318 

of Set # 2, which were performed under identical hydrodynamic conditions. We employed the 319 

same DS channel depth and cross-flow velocity in all experiments, and mass and heat transport 320 

were duplicated in both modules. In addition, the specific electrical consumption (SEC) was also 321 

identical, with the same flow-rates of the FO-MD hybrid systems. The novel design improved 322 

the MD fluxes by 12.4% and 13.5% at DS cross-flow velocities of 3.47 and 6.94 cm/s, 323 

respectively. However,  no significant enhancement  was observed in FO performance in the 324 

experiments because the DS concentrations entering the FO were nearly identical in both 325 

modules. The difference in FO flux between the two designs was only 0.3% on average, where 326 

the individual values were 43.7 and 44.2 kg/m2/h with and without the barrier, respectively. Thus, 327 

due to the smaller size of the lab-scale modules, the impact of osmotic isolation on the FO 328 

performance was constrained by the limited MD recovery. The flux trends for both FO and MD 329 

at higher DS cross-flow velocities were consistent with previous studies [35, 40]. There was no 330 
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significant difference in the specific RSF (SRSF) [29] between both sets of experiments, which 331 

remained at 0.162 and 0.165 g/L for the conventional and novel modules, respectively. It is 332 

expected that the benefits of this novel module will be much more significant for the larger 333 

scaled-up module because the variation of the DS concentration at the outlet of the MD feed will 334 

be higher and the temperature will be lower, which are both beneficial for the FO DS.  335 

 336 

 337 

Figure 5: (a) FO flux, (b) MD flux, and (c) FO/MD flux ratio as a function of operating time 338 

with the same DS channel depth (DD,ch). Experimental conditions: DS channel depth (DD,ch) = 6 339 

mm, DS module thickness w/ barrier (THB,DM) = 13.5 mm, DS module thickness w/o barrier 340 

(THN,DM) = 6 mm, FS initial concentration (CF,ini) = 0 g/kg, DS initial concentration (CD,ini) = 70 341 

g/kg, FS inlet temperature (TF,in) = 30  ºC, DS inlet temperature (TD,in) = 60 ºC, PS inlet 342 

temperature (TP,in) = 30 ºC. 343 

 344 

3.2. Effect of different feed solution concentrations 345 

In these experiments, the effect of different feed solution concentrations was investigated on the 346 

FO-MD hybrid system, while the FO feed solution concentration was set at 35 g/kg (Figure 6). 347 

Compared to the flux with 0 g/kg FS concentration, the initial FO fluxes were reduced by 348 

roughly 79%, which is consistent with existing literature [41]. The underlying cause of the 349 

reduced initial flux was the lower osmotic pressure difference between the two streams. 350 

Interestingly, the SRSF showed a reduction from 0.163 to 0.138 g/L on average for both 351 

integrated modules. We observed no significant FO flux advantage with the barrier in place. 352 

However, the MD fluxes increased by 48.9% because the DS was concentrated due to the 353 

impaired FO flux with the high FS salinity (35 g/kg). 354 

 355 
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 356 

Figure 6: (a) FO flux, (b) MD flux, and (c) FO/MD flux ratio as a function of operating time 357 

with different initial FS concentrations (CF,ini). Experimental conditions: DS channel depth (DD,ch) 358 

= 6 mm, DS module thickness w/ barrier (THB,DM) = 13.5 mm, DS module thickness w/o barrier 359 

(THN,DM) = 6 mm, DS cross-flow velocity (vD) = 3.47 cm/s, DS initial concentration (CD,ini) = 70 360 

g/kg, FS inlet temperature (TF,in) = 30 ºC, DS inlet temperature (TD,in) = 60 ºC, PS inlet 361 

temperature (TP,in) = 30 ºC. 362 

 363 

The advantage of using a barrier in the integrated module was more evident in the MD 364 

performance. The MD fluxes in the novel module increased by 12.4% and 23.4% for 0 and 35 365 

g/kg initial FS concentrations, respectively. The observed trends of MD fluxes were opposite to 366 

FO due to the reduced vapor pressure. On average, the MD process lost 14.3% of its initial flux 367 

with an FS concentration of 35 g/kg and gained 9.2% with 0 g/kg in both modules. Because the 368 

imbalance of FO and MD fluxes was severe but with a limited difference in the osmotic 369 

pressures (CF,ini = 35 g/kg), the FO/MD flux ratio reduced to 0.44 on average. This represents a 370 

reduction of 63.5% from the values of Sets #1 and #2, and the DS was concentrated by 1.48 371 

times the initial volume. The DS volumes were diluted by 16.2% on average during the 372 

experiments with the 0 g/kg of the initial FS concentration (Sets # 1 and # 2). 373 

 374 

3.3. Effect of different draw solution concentrations 375 

We investigated the impact of different DS concentrations on the integrated module performance. 376 

As shown in Figure 7, the overall FO fluxes increased with increasing DS concentration due to 377 

the higher osmotic gradient. However, when operating with DS 90 g/kg, a rapid drop in the FO 378 

flux is observed, which implies an accelerated DS dilution in the batch system of the hybrid FO-379 

MD. The reductions in the FO fluxes were 16.8% and 27.8%, with initial DS concentrations of 380 
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70 and 90 g/kg, respectively. The impact of the isolation barrier on FO fluxes was not significant, 381 

increasing the fluxes by only 1.5% and 2.3% while operating with DS concentrations of 70 and 382 

90 g/kg, respectively. The SRSF showed the same tendency as the average FO fluxes, which 383 

were reduced from 0.167 to 0.138 g/L at lower values. 384 

 385 

 386 

Figure 7: (a) FO flux, (b) MD flux, and (c) FO/MD flux ratio as a function of operating time at 387 

different initial DS concentrations (CD,ini). Experimental conditions: DS channel depth (DD,ch) = 6 388 

mm, DS module thickness w/barrier (THB,DM) = 13.5 mm, DS module thickness w/o barrier 389 

(THN,DM) = 6 mm, DS cross-flow velocity (vD) = 3.47 cm/s, FS initial concentration (CF,ini) = 0 390 

g/kg, FS inlet temperature (TF,in) = 30 ºC, DS inlet temperature (TD,in) = 60 ºC, PS inlet 391 

temperature (TP,in) = 30 ºC. 392 

 393 

The MD results highlight the primary advantage of thermal isolation in the novel design. The 394 

MD fluxes improved by 12.4, 13.7, and 18.9% with the isolation barrier with initial DS 395 

concentrations of 70, 80, and 90 g/kg, respectively. All MD fluxes improved over time by about 396 

7.9% on average. The average value of the FO/MD flux ratios was between 1.21 and 1.85 due to 397 

the higher FO flux. This implies that initiating the FO-MD hybrid system in the balanced 398 

operating condition (i.e., FO/MD flux ratio of about 1.0) can reduce unwanted load on the 399 

system, such as a rapid FO flux change. 400 

 401 

3.4. Effect of different draw solution temperatures 402 

Because temperature is the driving force in MD, a major change in the DS temperature is 403 

expected to mainly affect the MD flux. Figure 8 shows that the MD fluxes increased by 14.8% 404 

with the isolation barrier, whereas FO fluxes did not show any significant improvement. The MD 405 
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flux improvement was more significant at 50 ºC than 70 ºC with a 19.0 and 13.1% increase, 406 

respectively. The MD flux trends were almost straight lines, unlike previous experiments where 407 

the fluxes increased or decreased over time. In both module designs, the MD fluxes increased 408 

between 2.2 and 2.3 times for DS temperature changes from 50 to 70 ºC [31]. 409 

The FO fluxes declined over time due to the dilution of the DS. The advantages of the higher 410 

DS temperature in the FO process, as reported in the literature, is  an enhanced water 411 

permeability in the FO membranes [30, 42]. The average FO flux at a DS temperature of 70 ºC 412 

was 8.2% higher than the flux at 50 ºC (TD,in). Similarly, the SRSF values also increased from 413 

0.153 g/L to 0.179 g/L for experiments at 50 ºC and 70 ºC, respectively.  414 

 415 

 416 

Figure 8: (a) FO flux, (b) MD flux, and (c) FO/MD flux ratio as a function of operating time at 417 

different DS temperatures (TD,in). Experimental conditions: DS channel depth (DD,ch) = 6 mm, 418 

DS module thickness w/ barrier (THB,DM) = 13.5 mm, DS module thickness w/o barrier (THN,DM) 419 

= 6 mm, DS cross-flow velocity (vD) = 3.47 cm/s, FS initial concentration (CF,ini) = 0 g/kg, FD 420 

initial concentration (CD,ini) = 70 g/kg, FS inlet temperature (TF,in) = 30 ºC, PS inlet temperature 421 

(TP,in) = 30 ºC. 422 

 423 

3.5. Impact on energy efficiency 424 

To evaluate the overall system efficiency, the performance of the MD process is monitered, 425 

which is important because it dominates the system and regulates the water production in the 426 

FO-MD hybrid system. Because MD is a thermally driven process, the operating temperatures of 427 

each stream (FS, DS, and PS) were monitored to calculate the energy balance (Figure 9) and the 428 

GOR (Figure 10) of the system. Both average values are given in Figures 9 and 10, and the 429 

measured values over time are presented in Figures S1-S5. The experimental labels can be found 430 
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in the previous table (Table 1). The energy losses within the module were approximately 1% of 431 

the total energy input. Note that the average FO/MD energy ratios were 0.89 (nearly 1.0) in the 432 

conventional module without a barrier and 0.64 with a barrier. This smaller energy ratio indicates 433 

that more energy was used for the thermal MD process, which enhanced the overall system 434 

efficiency. Hence, the difference in the lower FO/MD energy ratio may be attributed to the 435 

inclusion of the thermal isolation effect caused by the barrier. The FO/MD energy ratio was 436 

reduced by 29.0% on average with the barrier, with a maximum of 36.2%, which represents an 437 

increase of 8.4% in the total energy utilized for the MD process. 438 

 439 

 440 

Figure 9: Comparison of FO/MD energy ratio in the FO-MD hybrid system with (I) and without 441 

(II) the isolation barrier. 442 

 443 

The thermal isolation induced by the barrier contributed to a higher GOR for the hybrid 444 

module by using energy more efficiently. Figure 10 demonstrates that the GORs of the FO-MD 445 

module were enhanced by the barrier by 17.3% on average. The improvements varied under 446 

different operating conditions. The maximum was 20.5% with a DS temperature of 70 ºC in 447 

experiments under the same hydrodynamic conditions. The GORs were 0.537 and 0.454, 448 

respectively, with and without the isolation barrier under these conditions, and the novel design 449 

improved by 18.3%.  450 
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In the hybrid system, the changes in energy efficiency mostly followed the trends described 451 

in previous studies on the MD process [31, 43, 44]. The GOR values increased with lower 452 

concentrations of MD feed, higher cross-flow velocity, and higher temperatures. Similar trends 453 

are observed for both types of modules with and without the isolation barrier. Under the 454 

operating conditions for the conventional module (where the FO/MD energy ratio was calculated 455 

to be maximum (1.1)), the energy performance of the hybrid system (GOR= 0.35) was weaker 456 

without the barrier. In contrast, the maximum GOR of the novel integrated system was 0.54, with 457 

a minimum FO/MD energy ratio of 0.59. 458 

 459 

 460 

Figure 10: Comparison of GOR in the FO-MD hybrid system with (I) and without (II) the 461 

isolation barrier. 462 

 463 

3.6. Impact on concentration and temperature polarizations 464 

The CPC and TPC for both modules were calculated using Eq. (1), (8), and (15). To estimate the 465 

impact of osmotic isolation in the FO process, CPCs and the average values are calculated, 466 

giving 0.22 and 0.21 for conventional and novel modules, respectively (Table 2). The CPCFO 467 

only increased on average by 1.9% because osmotic isolation of FO tends to have a bigger 468 

impact and a higher recovery than MD. However, the limited flux of MD with a smaller module 469 

did not deliver a significant difference. The potential of osmotic isolation on CPCFO was 470 
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enhanced by 3.8% for the experimental sets with high DS concentrations. The difference in 471 

osmotic pressure was greater for the same degree of dilution, which had a greater impact on CP 472 

with a high concentration of DS with a barrier. 473 

 474 

Table 2: Comparison of concentration and temperature polarization in the FO-MD hybrid 475 

system 476 

  
Polarization Coefficient WITH Barrier  Polarization Coefficient WITHOUT Barrier  

% Increase of Polarization 

Coefficients with Barrier 

  

 
CPCFO TPCMD CPCMD  

 
CPCFO TPCMD CPCMD  CPCFO TPCMD CPCMD 

Set 

#1, 2 

 

(a) 0.213 ± 0.02 0.680 ± 0.02 1.159 ± 0.01 

 (c) 0.209 ± 0.02 0.539 ± 0.01 1.100 ± 0.00  1.7% 26.0% 5.4% 

  (d) 0.208 ± 0.01 0.609 ± 0.02 1.140 ± 0.00  2.3% 11.6% 1.6% 

 

(b) 0.196 ± 0.02 0.706 ± 0.02 1.134 ± 0.00 

 (e) 0.201 ± 0.02 0.558 ± 0.01 1.083 ± 0.00  -2.6% 26.4% 4.7% 

  (f) 0.198 ± 0.02 0.634 ± 0.01 1.117 ± 0.00  -0.8% 11.4% 1.5% 

Set 

#3 

 
(g) 0.323 ± 0.04 0.708 ± 0.02 1.151 ± 0.01  (h) 0.318 ± 0.03 0.611 ± 0.02 1.120 ± 0.01  1.4% 15.9% 2.8% 

Set 

#4 

 (i) 0.202 ± 0.04 0.653 ± 0.01 1.149 ± 0.00  (k) 0.195 ± 0.03 0.566 ± 0.01 1.128 ± 0.00  3.5% 15.4% 1.8% 

 (j) 0.148 ± 0.02 0.657 ± 0.02 1.148 ± 0.01  (l) 0.143 ± 0.02 0.554 ± 0.01 1.123 ± 0.00  3.8% 18.5% 2.2% 

Set 

#5 

 (m) 0.207 ± 0.03 0.693 ± 0.01 1.105 ± 0.00  (o) 0.199 ± 0.03 0.587 ± 0.02 1.087 ± 0.00  4.3% 18.2% 1.6% 

 (n) 0.217 ± 0.01 0.505 ± 0.01 1.173 ± 0.01  (p) 0.210 ± 0.02 0.445 ± 0.01 1.151 ± 0.00  3.6% 13.6% 1.9% 

  
Avg. 0.215 ± 0.03 0.657 ± 0.02 1.146 ± 0.00  Avg. 0.209 ± 0.02 0.567 ± 0.01 1.117 ± 0.00  1.9% 17.4% 2.6% 

 477 

On the other hand, TPCMD with the isolation barrier was 0.66, which showed an average 478 

improvement of 17.4% relative to the TPCMD without the barrier. In both hybrid systems with 479 

and without the barrier, TPCMD values decreased with less hydrodynamic convection, which has 480 

been observed in previous studies [45, 46]. However, DS concentrations did not affect TPCMD 481 

considerably. CPCMD in the novel module was 1.15, which was slightly higher than the CPCMD 482 

without the barrier. The intense concentration polarization observed on the MD feed side was 483 

mainly due to the higher recovery of the MD process with the improved fluxes. The MD fluxes 484 

were enhanced significantly by the isolation barrier, while the improvement in the FO fluxes 485 
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remained limited. Figure 11 demonstrates the impact of the isolation barrier, as visualized by the 486 

experimental results on the temperature gradients. 487 

 488 

 489 

Figure 11: Temperature gradients of FO-MD modules in operation with (a) and without (b) the 490 

isolation barrier. Experimental conditions: DS channel depth (DD,ch) = 6 mm, DS module 491 

thickness w/ barrier (THB,DM) = 13.5 mm, DS module thickness w/o barrier (THN,DM) = 6 mm, 492 

DS cross-flow velocity (vD) = 3.47 cm/s, FS initial concentration (CF,ini) = 0 g/kg, DS initial 493 

concentration (CD,ini) = 70 g/kg, FS inlet temperature (TF,in) = 30  ºC, DS inlet temperature (TD,in) 494 

= 60 ºC, PS inlet temperature (TP,in) = 30 ºC.  495 

 496 

4. Conclusions 497 

In this study, a comparative experimental study is performed between a novel and conventional 498 

FO-MD integrated module design. We systematically investigated the effects of including an 499 

isolation barrier on the osmotic and thermal isolation. We found that the novel module design 500 

with the barrier enhanced the water flux by 22.1% using the same module dimensions (and 501 

different hydrodynamic conditions). However, a 16.6% flux improvement is observed under the 502 

same hydrodynamic conditions. The FO/MD energy ratio reduced from 0.89 to 0.64 using the 503 

conventional and novel modules, respectively. These energy ratios showed that more energy was 504 

consumed in the MD process, which is the main driving force in the hybrid system. According to 505 

the GOR analysis, the performance of the FO-MD hybrid system with an isolation barrier gave 506 
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rise to an average increment of 15.8%, with a maximum increment of about 20.7%, relative to 507 

the conventional module. The concentration and temperature polarization of the FO and MD 508 

processes were reduced overall due to the improvement in the concentration and temperature 509 

polarization coefficients of both membranes. The concentration polarization coefficient of FO 510 

improved by 1.3%, and the concentration and temperature polarization coefficients of MD 511 

improved by 17.4 and 2.6%, respectively. The presence of an isolation barrier impacted on MD 512 

more than FO, possibly due to the smaller size of the module. The inclusion of the isolation 513 

barrier in the novel hybrid FO-MD module highlighted some promising benefits in terms of flux 514 

increment and lower concentration and temperature polarization. We expect these benefits to be 515 

more pronounced for longer module channels due to the increased loss of both FO and MD 516 

driving forces compared to a conventional hybrid module. However, further investigation using a 517 

large-scale module is necessary to quantify the expected benefits of the isolation barrier 518 

compared to the conventional hybrid module.  519 
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Table 1: Experimental operations matrix 

  Isolation 
Barrier 

DD,ch 
(mm) 

vD 
(cm/s) 

THDM 
(mm) 

CF,ini 
(g/kg) 

CD,ini 
(g/kg) 

TD,in 
(˚C) 

Set #1 

(a) 
w/ 6 

3.47 

13.5 0 70 60 
(b) 6.94 
(c) 

w/o 13.5 
3.47 

(d) 6.94 

Set #2 

(a) 
w/ 

6 

3.47 
13.5 

0 70 60 
(b) 6.94 
(e) 

w/o 
3.47 

6 
(f) 6.94 

Set #3 

(a) 
w/ 

6 3.47 
13.5 

0 

70 60 
(g) 35 
(e) 

w/o 6 
0 

(h) 35 

Set #4 

(i) 

w/ 

6 3.47 

13.5 

0 70 

50 
(a) 60 
(j) 70 
(k) 

w/o 6 
50 

(e) 60 
(l) 70 

Set #5 

(a) 

w/ 

6 3.47 

13.5 

0 

70 

60 

(m) 80 
(n) 90 
(e) 

w/o 6 
70 

(o) 80 
(p) 90 
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Highlights 

� A new integrated FO-MD module with isolated barrier is investigated. 

� The barrier separates the FO-DS and MD feed channels. 

� The module depicted substantial water production and energy efficiency improvements. 

� The isolation barrier reduced temperature and concentration polarizations. 

� FO/MD energy ratio decreased and GOR increased with the novel module. 
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