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Abstract 

Handling huge volume of industrial effluent and its subsequent treatment pose a critical 

challenge. Forward osmosis (FO) helps us in concentration of effluent/wastewater by drawing 

out very good quality water through a semi-permeable membrane. This research work 

focuses on the development of integrated FO process for dewatering of wastewater using 

indigenous thin film composite (TFC) membranes and different draw solutions with a draw 

solute recovery system. Performances of three different types of polymeric TFC membranes 

were assessed. The membranes were characterized by FTIR, SAXS, Raman Spectra and SEM 

for their structural and compositional characteristics.  A number of inorganic salts such as, 

NaCl, KCl, mono-ammonium phosphate, Na2SO4, MgCl2 and one natural deep eutectic 

solvent (choline chloride-glycerol 1:2) were examined to evaluate their performance as draw 

solutes. The water flux, reverse solute flux and ease of recovery of draw solute were checked 

for industrial wastewater and saline water feed. Effect of various parameters like 

concentration, temperature and flow rate of the draw solution along with membrane 

orientation on water flux and RSF were determined using pure water feed. Results indicated 

that the water flux and RSF were not only dependent on membrane internal structure but also 

on the porosity and the type of draw solutes used. Membrane fouling was found to be 

reversible and more than 90% water flux could be easily restored by cleaning with deionised 

water. Specific energy consumption of the FO process was very low. The membranes could 

effectively reject feed solutes for all wastewater feed, allowing only pure water to pass 

through. Good quality of water was generated using a low pressure nanofiltration process. 

However, the draw solute recovery process consumed more energy as compared to FO 

process itself.  Overall, the FO process coupled with a suitable recovery process could 

produce good quality pure water from industrial wastewater with a prolonged membrane life.     

 

Brief description on the state of art of the research topic 

Forward osmosis (FO) is steadily emerging as a popular membrane process with the 

potentials of less energy consumption and capability to treat complex and difficult aqueous 

streams [1]. FO is an inherently simple, natural process, in which membrane and draw 

solution (DS) feature the two most important elements. The concentrate (draw) solution pulls 

water from its dilute (feed) counterpart by virtue of the concentration difference through a 

semi-permeable membrane. At present remarkable research activities are underway in FO to 

make the technology commercially competitive with other conventional pressure driven 

membrane processes. However, a number of core issues such as water flux enhancement, 

feed solute rejection, controlling reverse solute flux (RSF) and mitigation of internal and 

external concentration polarization (CP) needs to be addressed. A key aspect in FO 

membrane development lies in creating a structure for the facile diffusion of draw solutes 
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through the support layer and efficient feed solute rejection by the active layer. 

Correspondingly the draw solute should have high osmotic potential together with desirable 

properties like low cost, low toxicity, low reactivity, wide availability and so on. There is a  

strong interdependence between selection of draw solute and membrane development [2]. 

Moreover, an energy efficient recovery of draw solute and subsequent generation of good 

quality water needs to be carried out to make the overall system commercially 

implementable.  

FO membranes generally contain two layers: a selective active thin layer and a porous 

support layer. The active layer is mainly responsible for salt rejection and the support layer 

provides the necessary mechanical strength to engineer the module. The two major desirable 

features of a successful FO membrane are high solute rejection propensity and high water 

flux. However, it is very difficult to achieve both of these simultaneously. Other desirable 

properties include minimal concentration polarization, long term mechanical strength 

stability, resistance to high and low pH etc. Most of the commercial FO membranes 

developed by HTI Inc., Modern Water PLC., Porifera Inc., etc. are proprietary by nature and 

are not easily available in the open market. This probably underscores a timely need for 

research and development of such low cost, indigenously developed, locally available 

membranes with or without modification for FO application. Hence, locally available 

commercial RO or NF membranes, modified or otherwise, which have considerable structural 

as well as functional similarity, could be tested for FO application. Also the performance of 

indigenously developed TFC FO membranes needs to be ascertained before their commercial 

implementation.  

Another key challenge is to find/develop a perfect draw solute with all required properties. 

Inorganic salts are widely investigated as draw solutes for FO process and are found to be 

effective due to their favourable physico-chemical properties. Simple inorganic salts are still 

most popular draw solute for numerous applications [3]. They could be safely used in FO 

without risk of scaling and are locally produced, low cost, high consumption commodity 

chemical. However, detailed performance evaluation and applicability of some inorganic salts 

as draw solutes for specific applications need to be done. Deep eutectic solvents (DES) which 

belongs to a class of ionic liquids (IL) are considered environment friendly and have multiple 

applications. Some of the favourable properties of IL/DES make them prospective to be used 

as draw solute in FO process. When natural compounds like primary metabolites comprise 

the DES it is termed as natural deep eutectic solvents (NADES). NADES have similar 

characteristics to ILs but are comparatively cheaper, low in toxicity and often biodegradable. 

Being thermally responsive, the NADES-water separation required for recovery of draw 

solute can be carried out easily by increasing or decreasing the temperature of dilute DS with 
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a possibility of energy efficient recovery. Considering the vast world of IL/DES, only a few 

has been tried as draw solute and reported in literature. 

 

Definition of the problem 

The management of massive volume of industrial effluent for its effective remediation is a 

big issue for chemical and allied industry. Wastewater concentration by FO helps to fulfil 

twin objectives of reduction in volume of effluent and generation of good quality water. FO is 

an inherently simple membrane based separation process mimicking natural osmosis process 

with potentials of less energy consumption and ability to concentrate high fouling aqueous 

streams. Draw solution and membrane are the two important component of the process. The 

two major desirable properties of a FO membrane are high solute rejection propensity and 

high water flux which are contradictory in nature. Membrane fouling while handling effluent 

is also a major concern. A good DS should not only be capable of generating high osmotic 

potential but also be easily recoverable. These two requirements are conflicting as high 

osmotic potential needs strong affinity between the draw solute and water molecules, e.g., via 

hydration or ionization, which subsequently renders recovery process difficult. Hence, a 

number of core issues such as water flux enhancement, feed solute rejection, controlling RSF 

and mitigation of internal and external concentration polarization (CP) along with energy 

efficient recovery of draw solutes need major attention to render the overall system 

commercially implementable. This research work attempts to test the performance of several 

draw solutes and locally available indigenous/commercial membranes in FO process based 

on several parameters with subsequent efficient recovery of draw solute. This work further 

intends to shed some light on the complex interaction between the membrane and solute 

coupled with theoretical inputs to have a better understanding of the process to make it 

commercially implementable.   

   

Objectives and Scope of work 

 To develop effective FO system with high water flux and low reverse solute flux. 

 To explore various solutions for their suitability as draw solute. 

 To determine the effect of various operating parameters on water flux and reverse 

solute flux. 

 To study the intrinsic membrane structural properties to ascertain solute/solvent 

transport mechanism in FO system. 

 To develop/identify draw solute recovery process and combine with FO to develop 

effective hybrid systems.  

 To apply FO system for concentration of effluent and other application. 
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Original contribution by the thesis 

The present research provides useful insights to the various aspects of FO process and its 

application in wastewater concentration. Detailed performance analysis of inorganic salts like 

sodium sulfate (Glauber salt), magnesium chloride, KCl and MAP (fertilizers) as draw solute 

is reported. Complete review of prospect of ionic liquids and deep eutectic solvents as new 

generation DS in forward osmosis process has been carried out. A novel natural deep eutectic 

solvent namely Choline chloride-Glycerol (1:2) has been synthesized and its performance as 

draw solute is explored. Feasibility of locally available commercial TFC low pressure RO/NF 

membrane and an indigenously developed FO membrane has been explored. Characterization 

of the membranes was carried out to understand the membrane structure and composition. 

Performance evaluation of these membranes in FO process has hitherto not been reported in 

literature. Draw solute recovery by nanofiltration (for inorganic salts) and chilling (for 

NADES) has been checked. The applicability of established FO model for water flux 

behavior was assessed after comparing the predicted and experimental equilibrium data. The 

research work presents and corroborates some fundamental and applied aspects of forward 

osmosis, which could be useful for development of FO based hybrid systems for commercial 

implementation.  

 

Methodology of research 

Experimental set up 

FO experiments were performed in a custom designed laboratory scale experimental set up 

(Fig. 1). A flat sheet membrane piece was placed between two close ended flanged pipe 

arrangement with proper inlet and outlet completed with gasket and screw joints. Active layer 

of membrane faced feed solution (FS) and support layer faced draw solution (AL-FS 

orientation). No spacers were used. Feed and draw solution were circulated from the 

respective storage tanks by means of submersible centrifugal pumps. A fresh membrane 

swatch was soaked in pure water prior to its use for every new set of experiment. The 

reduction in weight of the FS tank was recorded using a digital weighing balance at regular 

intervals. All experiments were performed at constant temperature in batch mode where both 

the solutions, after coming in indirect contact through the membrane, were recycled back to 

their respective tanks. All experiments were carried out for 4 h except long duration 

experiments which were carried out for 24 h.  

The water flux, Jw was measured as follows:  

    
        

     
            

where wi and wf are the initial and final weight of FS respectively, ρ is the density of FS, Am is 

the membrane area and t is the time of operation.  
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RSF was determined using pure (DI) water as FS. The RSF, Js was measured as follows: 

   
       

    
            

where Ct and Vt are the DS concentration and volume of FS, respectively, at any time t. 

 

Fig 1: (a) General schematic outline of a forward osmosis process (b) Schematic of the experimental set-

up used in the present study 

 

Membrane characterization: 

Three types of thin film composite (TFC) polymeric membrane were used in this research.  

TFC RO Membrane: 

The membrane was taken out from pristine domestic RO spiral module (Vontron make, 

model-ULP1812-75) and incorporated into the test cell as a FO membrane. The membrane 

was made of aromatic polyamide compound which could work under low pressure of about 4 

atm. in RO mode. The rationale for selection of this particular membrane stems from its low 

cost, easy availability and because it is specifically developed for low pressure RO operation 

(loose membrane) makes it fairly suitable for FO application. 

TFC NF Membrane: 

The membrane, named “HFN 300″ (MWCO 300) was procured from M/s Permionics 

Membrane Pvt. Ltd, Vadodara, India. It is cross linked TFC membrane with polysulfone 

support substrate over polyester fabric (total thickness ~ 200 μm) and has the ability to 

withstand up to 60°C temperature, 41.37 bar pressure and 2–10 pH. SEM images of NF 

membrane are shown in Fig. 2 to understand the membrane structure. Images of top layer of 

the pristine membrane revealed compact surface with visible scattered pores with intermittent 

bright spots attributed to the presence of proprietary additives to increase hydrophilicity. 

Cross-sectional images showed the typical asymmetric structure of the PES top layer 

composed of a thin sponge-like skin layer (~1 μm thickness) and a porous bulk having 

straight finger-like pores of 3-5 μm diameter with spongy walls. The support substrate is a 

highly porous 50 μm thick polysulfone layer cast over a non-woven polyester fabric. 

Together the porous PES top layer and highly porous support substrate tend to increase the 

water permeability even at low pressure NF operation rendering the membrane suitable for 

FO applications. SAXS analysis indicated pore size of 4-5 µm.      
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Fig 2: SEM image of thin film composite polyethersulphone nanofiltration membrane used in forward 

osmosis (a) top layer (4K×), (b) top layer (8K×), (c) cross section showing various layers (450×), (d) 

magnified active layer (3.5K×), (e) polyester support layer bottom surface (200×), (f) magnified 

bottom layer (2K×). 

 
TFC FO Membrane: 

This membrane is developed and kindly provided by Indian Institute of Chemical Technology 

(IICT), Hyderabad under Council of Scientific and Industrial Research (CSIR), India and is 

manufactured by interfacial polymerization technique. It has a polyamide active layer with 

polyethersulfone support substrate over polyester fabric having total membrane thickness of 

70 µm. Dimethyl sulfoxide (DMSO) was added to increase pore size and number of pores 

during interfacial polymerization to promote water flux. SEM images (Fig. 3) of the active 

layer exhibited a ridge-and-valley structure. Cross-sectional image shows presence of a dense 

nanoporous polyamide layer over the ultraporous PES substrate which is attached to a 

polyester nonwoven fabric layer. The upper polyamide layer is selective forbidding 

movement of solute molecules (active layer), whereas both PES and polyester layer act as a 

support layer to provide the necessary mechanical strength and allow passage of both solvent 

and solute molecules.  

 

Fig 3: SEM image of thin film composite polyamide forward osmosis membrane. 
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Fig 4: (a) ATR-IR spectroscopy and (b) Raman spectroscopy of thin film composite polyamide 

forward osmosis membrane. 

ATR-IR spectroscopy (Fig. 4a) and Raman spectroscopy (Fig. 4b) was carried out for surface 

analysis to confirm the presence of various functional groups. The contact angle of the 

membrane was found to be 68.7
0
 which show good wettability of the membrane surface.   

Permeability and diffusivity 

The water flux, Jw, across membrane is directly proportional to the difference in osmotic 

potential between the feed and draw solution as shown in Eq. 3. 

                     

where, A is water permeability coefficient (L m
-2

h
-1

bar
-1

), σ is reflection coefficient and Δπ is 

the osmotic potential difference. The value of reflection coefficient can be taken as unity 

when membrane rejects the solute completely. RSF is affected by concentration difference 

between FS and DS and can be described by Fick’s Law as follows: 

                    

where, B is solute permeability coefficient (L m
-2

h
-1

) and ΔC is concentration difference 

across the membrane (g L
-1

). In actual case, for an asymmetric membrane the RSF can be 

separated across active layer and support layer. Overall, the mass transport across a 

membrane in FO process can be expressed in terms of the characteristic properties of 

membrane, the hydrodynamics in the membrane flow cell and experimentally accessible 

parameters. For membranes with high salt rejection, the water flux, Jw in FO can be estimated 

using Eq. (5) [4]: 

      
       

   
          

  
 

 

   
 
  

     
  
 

        
   
   

            

where, πD and πF is bulk osmotic pressure of the DS and FS respectively, k is feed solute 

mass transfer coefficient and D is bulk diffusion coefficient of the DS. S is membrane 

structural parameter     
   

 
  which is a critical intrinsic parameter dependent on membrane 
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thickness ts, tortuosity τ and porosity ε. Similarly, the solute flux can be estimated by Eq. (6) 

[4]. 

      
       

   
          

  
 

 

   
 
  

     
  
 

        
   
   

            

where, cD and cF is solute concentration of the DS and FS respectively. The transport 

equations 5 and 6 are only valid for FO operation under AL-FS mode [5]. Diffusion 

coefficient (D) can be expressed by Stoke-Einstein equation as:  

   
   

    
           

where KB is Boltzmann constant (1.381 × 10
-23 

J K
-1

), T is absolute temperature, η is solvent 

viscosity and r represents the radius of spherical particles. Stoke-Einstein equation is 

generally applicable only for dilute solutions [6].  

 
Draw solute selection: 

The performance of inorganic salts NaCl, Na2SO4, KCl, MAP, MgCl2 and a deep eutectic 

solvent (Choline chloride-Glycerol (1:2)) as draw solute were evaluated. The draw solutes 

were selected carefully considering various factors. The impetus for the selection of Glauber 

salt was stimulated firstly by its abundant local and cheap availability as a by-product of 

textile industry. MgCl2 is locally produced, low cost, high consumption commodity chemical. 

Both the draw solutes have appreciable osmotic potential other required properties for a draw 

solute. Also being divalent they achieve low RSF and could be easily recovered by 

nanofiltration. The fertilizers KCl and MAP were shortlisted based on their low cost, ease of 

availability and other essential properties required for FO. High solubility and partial 

recovery made them suitable for fertigation techniques such as drip irrigation and 

hydroponics. Choline chloride-glycerol (1:2) is a UCST type NADES. The reason for 

choosing this NADES is its novelty and that both its components are easily available, low in 

cost, non-toxic and environmentally benign (green) compared to other ionic liquids. The 

NADES was synthesized by heating at 80
0
C for 2 hours with continuous stirring and 

characterized for its interaction with water. NaCl is used as reference draw solute. 

Water flux analysis: 

The water flux profile for 4h operation using deionized (DI) water feed were checked (Fig 

5a). The water flux decreased with time and almost similar profile was observed in all cases. 

Sharp decline in water flux was noticed in the first hour itself. Water flux decreased to about 

60-80% of initial flux after 4 h of operation depending on the membrane. Thereafter the water 

flux was more or less maintained as displayed in the flattish profile with a very low (~15%) 

drop till 24 h of operation (Fig 5b). 
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The magnitude of reduction of water flux is decided by concentration polarization (CP) 

which occurs due to gradual build-up of solutes near the membrane surface on both sides and 

contribute to decrease in the net driving force i.e. osmotic pressure. Two types of CP occur, 

external CP (ECP) and internal CP (ICP). At AL-FS orientation, concentrative ECP and 

dilutive ICP form the major resistances [7]. When pure water is used as FS, the effect of 

concentrative ECP is negligible. ICP phenomenon takes place inside the support layer of 

membrane due to water transport from FS to DS resulting in dilution of DS which is difficult 

to eliminate.  

 

Fig 5: Water flux profile with time for (a) 4 h and (b) 24h operation using 1 mol L
−1

 MgCl2 draw solution 

and DI water FS in AL-FS mode. 

 

In AL-FS orientation and DI water feed, the water transport from the feed side towards DS 

leads to dilution of DS inside support layer. Average RSF was less for RO and NF 

membranes but was little high in case of FO membrane. As the TFC membranes evidently do 

not reject 100% solutes, the solute which diffused through the membrane from draw side to 

feed side in AL-FS mode might have been retained near the active layer and did not diffuse 

into the bulk solution. It is possible that there was some interaction between the membrane 

and draw solute which does not liberate the solute ions easily. Also the majority of reverse 

solute transport across the membrane perhaps occurred during the first hour itself owing to 

maximum osmotic differential across selective layer. All these factors led to a sharp drop in 

net osmotic potential across the active layer during the initial stage. 

Nevertheless, it must be noted that in all cases after an initial major dip in water flux the 

system gained some sort of equilibrium and thereafter water flux was maintained for a 

sufficiently long duration. Even though the final flux was much less compared to initial flux, 

this phenomenon holds true even for industrial wastewater feed. The complex interaction 

between the membrane and solutes and the hydrodynamics results in an almost stable system 

with respect to water flux [8]. The water flux was low in case of TFC RO membrane due to 
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the thicker support layer as explained above. The FO membrane provided higher water flux 

due to optimal support layer.   

In case of Choline chloride-Glycerol (1:2) DES, the water flux ranged between 12-15 LMH 

for 15-28.5 (v/v) concentration. In this case, a mild peak in the water flux was observed with 

20% DES at 14.98 LMH. Thereafter the water flux remained flat with marginal decrease with 

increase in concentration which might be due to increase in the viscosity of DS which 

negated the effect of increase in osmotic potential. The increase in viscosity had a detrimental 

effect on the movement of solutes in the support layer. Also it was noted that the RSF 

increased with increase in concentration. 

 

Reverse solute flux analysis 

Reverse solute flux is undesirable as it causes loss of precious draw solutes resulting in high 

replenishment costs and contamination of FS. It reduces the driving force and also causes 

membrane fouling [9]. The FO and NF membrane show lower RSF compared to FO 

membrane as the thick layer act as a barrier to the mobility of solute ions. The divalent 

solutes like Na2SO4 and MgCl2 showed lower RSF compared to monovalent solutes like 

NaCl and KCl because of their large hydrated diameter. As the PES membrane is negatively 

charged, it tends to repel the cations. The RSF increased with concentration of DS for pure 

feed water in all the cases of inorganic salts due to increase in concentration difference 

(driving force) between DS and FS as explained by Fick’s law. Though the larger solute size 

of Na2SO4 and MgCl2 helps in achieving low RSF, this is at the expense of low diffusivity 

which tends to increase dilutive ICP resistance resulting in lower water flux.  

Table 1: Comparison of water flux and reverse solute flux for all draw solutes using 

various membranes with DI water feed. 

 

Name of draw solute 

Concentration: 1M  

Type of Membrane  Water flux 

(L m
-2

h
-1

) 

RSF 

(g m
-2

h
-1

) 

NaCl Polyamide TFC RO membrane 4.86 0.65 

Na2SO4  Polyamide TFC RO membrane 4.6 0.42 

KCl  Polyamide TFC RO membrane 3.56 1.35 

MAP  Polyamide TFC RO membrane 2.71 0.74 

NaCl  Polyethersulfone TFC NF membrane  5.79 0.76 

MgCl2  Polyethersulfone TFC NF membrane  7.63 0.17 

NaCl  Polyamide TFC FO membrane 18.64 3.99 

NADES (20% v/v) Polyamide TFC FO membrane 14.98 0.12 

 

The low Js/Jw ratio for Na2SO4 and MgCl2 DS in case of RO and NF membrane indicated low 

replenishment cost. Js/Jw ratio increased with DS concentration which somewhat contradicts 
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the literature findings [10,11]. When fertilizer solutions are used as DS, the leakage of NPK 

nutrients to feed water may cause additional post processing/disposal problems due to 

eutrophication. A comparison of water flux and RSF for all draw solutes for various 

membranes is shown in Table 1. 

 

Effect of various parameters on water flux and reverse solute flux  

The effect of concentration, temperature and flow rate of the DS along with membrane 

orientation on water flux and RSF was determined. In case of all inorganic salts, the water 

flux increased with concentration of salt in draw solute (Fig. 6a) due to increase in osmotic 

potential of salt solution as shown by Van’t Hoff equation. But, the increase in water flux was 

not proportional to osmotic potential and was severely affected by dilutive ICP. Increasing 

concentration does not help much in improving water flux beyond a certain extent. In case of 

DES, the water flux remained flat with marginal decrease with increase in concentration 

which might be due to increase in the viscosity of DS. 

 

Fig 6: Effect of (a) concentration (b) temperature (c) membrane orientation and (d) cross flow 

velocity of draw solution on water flux in forward osmosis process with pure water as feed. 

 

The water flux increased with temperature in all the cases. For example, in case of 1 mol L
-1

 

MgCl2 solution, there was more than 50% increase in water flux with an increase in DS 

temperature from 25 to 55
o
C (Fig. 6b). This could be attributed to net increase in osmotic 

potential to increase in temperature [12]. The reduction in viscosity of DS caused by elevated 

temperature also enhanced the movement of water molecules resulting in increased diffusion 
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of draw solutes through the support layer towards the membrane surface as shown by Stoke-

Einstein equation (Eq. 7) thereby increasing the net osmotic potential across active layer.  

The water flux increased with an increase in the circulation flow rate of DS from in all cases 

(Fig. 6d). Change in cross flow velocity influence dilutive ECP at the surface of support 

layer. Dilutive ECP work as a barrier at the outside surface of membrane support layer to the 

incoming draw solute and outgoing permeate water. Higher cross-flow velocities reduce 

thickness of the boundary layer, making the permeated water move and mix faster in bulk 

DS. The contribution of dilutive ECP towards decreasing net osmotic pressure is much less 

(~10-20%) compared to dilutive ICP in AL-FS mode, nevertheless it cannot be neglected 

especially at lower cross flow velocities [13]. The increase in cross-flow velocity at the draw 

side increased the water flux albeit in a subdued manner and more prominent at lower cross 

flow velocities.  

The effect of membrane orientation in FO process was checked. Water flux was higher in 

case of AL-DS mode compared to AL-FS mode for pure water feed in all cases (Fig 6c). This 

occurred because the draw solute faced resistance in the support layer (AL-FS mode) which 

resulted in dilutive ICP. It has been established that dilutive ICP is the major cause of the 

decrease in net osmotic pressure drop in AL-FS mode. Absence of draw solute in the support 

layer at the AL-DS mode did not result in dilutive ICP. This advantage gets nullified when 

wastewater is used as feed. The flux profile with pure water feed in AL-DS orientation 

showed a similar downward albeit a flatter initial flux profile. 

Application in industrial wastewater concentration 

The FO system using 1.5M Na2SO4 as DS and industrial wastewater as FS was operated for 

24 h at 307.15 K using RO membrane. Comparison was done with DI water feed. The water 

flux for industrial wastewater and DI water as FS with 1.5 M Na2SO4 as DS were 1 and 4.5 

L.m
-2

h
-1

 respectively. The difference in net flux was due to difference in osmotic potential of 

the feed and draw solution. As the industrial wastewater had 8269 mg.L
-1

 TDS, this caused 

some osmotic potential which reduced the net available osmotic potential as driving force for 

FO process. For the DI FS there was a gradual decline in flux which was mainly due to 

dilutive ICP effect.  The role of concentrative ECP was minimal due to external turbulence 

provided by circulation of FS.  The sudden decline in water flux after 6 h run in case of 

industrial wastewater FS was mainly due to the fouling deposition on the membrane surface. 

However, after 11h the difference in water flux was more or less uniform at 3.5 L.m
-2

h
-1

. This 

demonstrated the gradual deposition of loose foulants on the membrane surface in case of 

industrial wastewater feed always keeping some space for water permeation which could be 

confirmed by SEM images (Fig 7). The flux could be recovered after membrane cleaning 

with DI water. 
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Fig 7: SEM micrographs of (a) fresh membrane (b) fouled membrane after 24h operation using 

industrial wastewater feed (c) membrane after cleaning with DI water wash. 

 

The performance of the FO system was also checked for synthetic and industrial wastewater 

feed with 1 mol L
-1

 MgCl2 as DS for 4h operation at 30
o
C using NF membrane. The water 

flux for synthetic and industrial wastewater was 6.6 and 7.58 L m
-2

h
-1

 respectively, compared 

to 7.63 L m
-2

h
-1

 with pure water feed. The water flux profile was almost similar in all cases. 

A 24h study of the FO system performance with industrial wastewater feed and 1 mol L
-1

 

MgCl2 DS was carried out without membrane cleaning. The average water flux reduced to 

5.74 L m
-2

h
-1

. Good quality water was successfully drawn out, resulting in concentration of 

FS which could be observed by the increase of all major water quality parameters. 

Concentration of sulfate, nitrate and ammoniacal-N in the DS were below detection limit 

indicating good feed rejection capacity of the membrane.    

Performance with 0.25 mol.L
-1

 NaCl (brackish water) and 0.6 mol.L
-1

 NaCl (sea water) as FS 

was checked for KCl and MAP DS using RO membrane. The water flux was very low for 0.6 

mol.L
-1

 NaCl as FS against 1 mol.L
-1

 KCl and MAP as the differential osmotic driving force 

was very less. Comparatively water flux was considerable at 4.4 L m
-2

h
-1

 for brackish water 

FS against 1.5 mol.L
-1

 KCl due to higher osmotic differential.  

 

Membrane regeneration and water flux recovery 

Fouling of membrane is inevitable while handling industrial wastewater which results in a 

further decrease in water flux during long period of operation. In order to avoid fouling 

cleaning of membrane at regular interval assumes paramount importance. The performance of 

the FO system with industrial wastewater feed and 1 mol L
-1

 MgCl2 as DS was checked with 

membrane cleaning at regular intervals. An arrangement of feed tank, with proper piping and 

valve was set up which ensured alternate 4h of FO operation followed by 1h pure water 

circulation in the feed side. The cycle was repeated multiple times without changing 

membrane and addition of small quantity (makeup) draw solute to maintain the DS 

concentration. Flux recovery after membrane cleaning is shown in Fig. 8. Low flux recovery 

during the first cycle was a one-off occurrence was due to usage of the fresh membrane piece 

and non-development of CP effect. In the subsequent cycles, water flux could be restored to 

almost previous cycle levels and the decrease was less than 5% each time. The flux profile 
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was also similar each time. This indicated that particles were deposited loosely on the 

membrane surface in the absence of any external applied pressure which could be easily 

removed.  Even after 10 cycles the membrane could still be used. The results implied that 

membrane fouling in the process was reversible for industrial wastewater feed and water flux 

could be restored by standard cleaning protocols.  

 

Fig 8. Water flux profile after 4 h FO operation followed by 1 h pure water circulation in feed side of 

FO process (multiple washing cycles) with industrial wastewater as feed solution and 1 mol L−1 

MgCl2 as draw solution  

 

Draw solute recovery  

Recovery of draw solute in forward osmosis is of paramount importance in order to reuse 

draw solutes and concurrent separation of water in pure form using minimal energy. High 

molecular size divalent ions like Na2SO4 and MgCl2  could be separated from water with a 

suitable NF membrane [14,15]. Being loose in nature, NF membrane requires less hydraulic 

pressure and hence consumes less energy compared to RO. The NF setup was operated 

between 3 - 11 atm. pressure using 0.5 M Na2SO4 solution as feed. It was observed that the 

TDS of permeate decreased with increase in applied pressure (Fig. 9a). The commercial NF 

membrane performed well showing permeate flux of 55 L.m
-2

h
-1

 containing 100 mg.L
-1

 TDS 

at 9 atm. trans-membrane pressure. Permeate containing TDS less than 150 mg L
-1

 could be 

generated even at applied pressure as low as 5 atm. Thus, potable quality water could be 

generated using NF at very low pressure making it low energy intensive process.  

In case of MgCl2 draw solution the pilot scale NF setup was operated within the range of 3 – 

10 bar pressure using 0.5 mol L
-1

 MgCl2 solution as feed. Permeate flux increased from 30 to 

111 L m
-2

h
-1 

as pressure increased from 3 to 10 bar (Fig. 9b). At 5 bar trans membrane 

pressure the flux was around 65 L m
-2

h
-1

 and
 
solute retention was around 98%. Very good 

quality permeate water was produced with TDS content less than 1000 mg L
-1

. 

Concentrations of sulfate, nitrate and ammoniacal-N were found below detection limits. In 

essence the NF process demonstrated generation of good quality water at low pressure, which 

may be used for unrestricted irrigation purposes. In both cases, the concentrate stream of NF 

process having high salt content was recovered and reused as DS in the FO process with 
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necessary make up. No noticeable change was observed in the water flux of FO process using 

recycled solute. 

Fig 9. Variation of (a) permeate TDS and permeate flux using 0.5 mol L
−1

 Na2SO4, (b) permeate flux and 

% salt retention using 0.5 mol L
−1

 MgCl2 feed solution with increasing transmembrane pressure in 

nanofiltration process. 

 

Specific energy consumption (SEC) for FO process was determined. The energy required in 

FO process is only for pumping the feed and draw solution where two small laboratory scale 

centrifugal pumps were used. In case of MgCl2 as DS with industrial wastewater feed using 

NF membrane, the SEC of FO process was calculated at 0.21 kWh m
-3

. For 24h timeframe 

without membrane cleaning, the SEC increased to 0.28 kWh m
-3

. When the same FO process 

was carried out with membrane cleaning a reduction in the SEC was observed at 0.26 kWh 

m
-3

. This indicated that additional energy input in membrane cleaning could be compensated 

with higher average water flux. The NF process used for draw solute recovery and generation 

of pure water consumed much more energy than the FO process itself. At 10 bar feed 

pressure and permeate flow of 111.6 L m
-2

h
-1

, the SEC was 8.8 kWh m
-3

. Together, the SEC 

of integrated FO-NF system was around 9.06 kWh per m
3
 of pure water produced.  

In case of NADES draw solute, the recovery of draw solute could be performed by chilling 

the DS at -10
o
C using the UCST property of NADES. The ice contained 95% water whereas 

the liquid part contained 73% NADES. The NADES concentrate could be recycled with 

necessary makeup.  

 

Achievement with respect to objectives  

 Integrated FO-NF system and FO-chilling system was developed for the reclamation 

of wastewater with moderate water flux and low reverse solute flux. 

 Six different draw solutes were examined for their suitability with respect to water 

flux, reverse solute flux and ease of recovery. 

 Effect of various parameters such as draw solute concentration, temperature, flow 

rate, membrane orientation on the water flux and reverse solute flux was investigated. 
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 Structural and compositional analysis of three different polymeric (polyamide, 

polyether sulfone, PES with added dimethyl sulfoxide) thin film composite 

membranes were carried out following FTIR, TGA, SAXS, Raman spectra and 

FESEM techniques. Membrane parameters like water permeability coefficient A, 

solute permeability coefficient B and membrane structural parameter S have been 

calculated. 

 Recovery of draw solute by nanofiltration and chilling process was checked for their 

suitability and compatibility to develop an integrated system along with energy 

consumption study. 

 Application in concentration of industrial wastewater, synthetic wastewater and other 

FS like brackish water, sea water was studied along with fouling mitigation 

techniques to recover water flux and prolong membrane life.  

 

Conclusion  

The performance of five inorganic salts and one natural deep eutectic solvent (NADES) as 

draw solute and three different membranes in FO process using wastewater feed was 

assessed. The membranes were characterized for their composition and pore structure 

analysis. SEM micrographs of the low pressure RO and NF membrane revealed porous PES 

top layer and porous but thick support substrate. Polyamide FO membrane had thin support 

layer with an overall membrane thickness of 70 µm facilitating water permeability essential 

for FO operation. The NF and RO membrane showed low water flux and low RSF. The FO 

membrane showed comparatively very high water flux but also high RSF. Structural 

parameter of the NF membrane was high compared to FO membrane. Na2SO4 and MgCl2 

showed good water flux with low RSF. The water flux was found to increase with draw 

solute concentration, temperature and flow rate in all cases for pure water feed. Water flux 

was higher in the AL-DS orientation compared to AL-FS orientation. With wastewater feed, 

the membrane could reject feed solutes efficiently and allowed only pure water to pass 

through. The FO process generated slightly lower water flux with industrial wastewater feed 

compared to pure feed water. Loose fouling deposition was observed in all cases, which 

could be removed by pure water wash and more than 90% flux could be restored. Low 

pressure NF process (≤ 10 bar) was found suitable for DS recovery. Solute retention was 

around 98%, producing very good quality permeate water with low TDS content. However, 

the recovery process required much more energy compared to FO process. Overall, the 

coupled FO-NF process could produce good quality pure water from industrial wastewater 

with a prolonged membrane life. NADES could generate high water flux with low RSF and 

could be easily recovered by chilling process producing good quality water. 
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Future scope of work 

More and more compounds could be explored for their suitability as draw solutes in FO 

process for effluent concentration. Further studies could be undertaken for optimizing the 

support layer and lowering the ICP effect, thereby increasing water flux which will expedite 

the FO process. Understanding the complex membrane-solute interaction and system 

hydrodynamics will help in developing sustainable higher water flux after the initial dip. 

Increasing energy efficiency of draw solute recovery can make the FO based hybrid system 

commercially viable. 
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