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ABSTRACT 

 

Availability of fresh and potable water is an essential prerequisite for the sustenance of life as well 

as the progress of civilization. With freshwater sources depleting with time, reclamation of 

wastewater will be crucial to fill the deficit. Handling huge volumes of industrial effluent and its 

subsequent treatment pose a critical challenge. Effective remediation of wastewater can solve 

problems related to wastewater disposal and also provide good quality water. Membrane based 

separation processes have gradually emerged as technologically advanced as well as commercially 

viable and are being increasingly applied for wastewater purification. Forward osmosis (FO) is a 

promising membrane based separation process which is applicable in dewatering wastewater 

thereby fulfilling the twin objectives of reduction in volume of wastewater and generation of good 

quality potable or usable water. Water is drawn from a low concentration feed solution (wastewater) 

through a semipermeable membrane using a high concentration (draw) solution by virtue of osmotic 

potential. Hence the membrane, draw solute and draw solute recovery process play crucial role 

towards making this technology a success. This research work focuses on the development of an 

integrated FO process for dewatering of wastewater using indigenous thin film composite (TFC) 

membranes and different draw solutions with a robust draw solute recovery system. Performances 

of three different types of polymeric TFC membranes were assessed. The membranes were 

characterized by advance analytical techniques for their structural and compositional analysis. A 

number of inorganic salts such as Na2SO4, MgCl2, KCl, mono-ammonium phosphate, and one 

natural deep eutectic solvent (choline chloride-glycerol, 1:2 mol) were examined to evaluate their 

performance as draw solutes. NaCl was used as a benchmark. The water flux, reverse solute flux 

(RSF) and ease of recovery of draw solute were checked using simulated and industrial wastewater 

feed. The effect of several physico-chemical parameters such as draw solute concentration, 

temperature, feed flow rate, membrane orientation on the water flux and reverse solute flux was 

investigated.  Results indicated that the water flux and RSF are not only dependent on membrane 

internal structure but also on the type of draw solutes used. Highly porous and thin support layer 

provided the required diffusivity for facile movement of draw solutes thereby reducing dilutive 

internal concentration polarization effect, leading to high water flux. The membranes could 

effectively reject feed solutes for all wastewater feed, allowing only water to pass through. Among 
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the inorganic draw solutes used, MgCl2 gave the best results in terms of highest flux and lowest 

RSF followed by Na2SO4, NaCl, KCl and MAP. Divalent draw solutes like MgCl2 and Na2SO4 were 

found to be efficient as draw solutes due to their favorable physico-chemical properties and could 

be easily recovered by using low pressure (< 10 bar) nanofiltration process. KCl and MAP can be 

energy efficient if the draw solute recovery can be completely avoided or partial recovery may be 

undertaken using less energy. Solute retention was around 98%, producing very good quality 

permeate water with low TDS content (<1000 mg L
-1

). The increase in concentration, temperature 

and flow rate of draw solute had a positive effect on water flux. Membrane fouling was found to be 

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

Due to reversible membrane fouling, the membranes could perform even after multiple washing 

cycles. 20% (v/v) choline chloride-glycerol (1:2 mol) NADES was found to be an efficient, low-

cost, nontoxic draw solution for reclaiming good quality water from industrial wastewater streams 

displaying high water flux and low RSF which could be easily recovered by chilling. Specific 

energy consumption of the FO process was very low. However, the draw solute recovery process 

consumed more energy as compared to the FO process itself. The structural parameters of FO and 

NF membrane were evaluated by a single-stage FO based test method using NaCl draw solute and 

determined at 722 μm and 2025 μm respectively. Reasonably good fit was obtained with model 

predicted water flux and RSF values compared to experimental values. Overall, the FO process 

coupled with a suitable recovery process may be extremely suitable for handling complex industrial 

wastewater streams due to low fouling tendency and could produce good quality water from 

wastewater with a prolonged membrane life.     
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CHAPTER - 1 
 

Introduction 
 

 

1.1 Need for wastewater purification 

Availability of fresh and potable water is an essential prerequisite for the sustenance of life as well 

as the progress of civilization. The number of people affected by severe water shortages is expected 

to increase worldwide, especially in the developing countries. With freshwater sources depleting 

with time, treated water from alternative sources like wastewater, brackish water, and seawater will 

be crucial to fulfill the requirement. On the other hand, the management of massive volume of 

industrial effluent for its effective remediation is a major issue for industrial units; especially for 

chemical plants. The harmful implications of discharging inadequately treated industrial effluents 

into the water bodies have led authorities to set stringent regulations to control the quantity and 

quality of effluent. Effective remediation of wastewater by end-of-pipe treatment processes can 

solve problems related to wastewater disposal and also provide good quality water. However, the 

capital investment and energy cost required for wastewater purification and/or desalination restrict 

the ability to exploit these resources. Also, it is very important to understand and estimate the risks 

of reusing wastewater. Hence quality assurance is very essential along with required adjustments in 

regulations for usage of wastewater as a water source. As a result, the production of good quality 

product water from wastewater is highly energy and resource intensive, with large associated capital 

and operational costs, which often makes the sustainability of the process uncertain. 

 

1.2 Membrane based separation processes  

Membrane based processes have gradually emerged as technologically advanced and commercially 

viable alternatives to the traditional equilibrium separation processes. They may be classified based 

on the driving forces employed and size of solutes separated. Some important and well-developed 

membrane processes include reverse osmosis (RO), nanofiltration (NF) ultrafiltration (UF), 

electrodialysis (ED), and so on. These processes are advantageous on several counts such as 

achievement of concentration and separation without a change of state, non-usage of chemicals or 

thermal energy, ambient operating conditions and less energy intensive. They are able to 



 

2 

 

supplement if not replace the traditional processes like distillation, evaporation, extraction, 

adsorption etc. Development of new membranes with improved transport properties along with 

better chemical and thermal stability has made their applicability even more attractive. Membrane 

based processes are being increasingly applied for wastewater purification with pressure driven 

membranes being commonplace in modern integrated wastewater treatment plants. Especially, 

when higher quality of product water is desired, RO is very common and frequently installed. RO is 

capable of treating wastewater to potable standards. However, applications are restricted to large-

scale zero discharge units with well-defined reuse opportunities, due to high capital and operating 

costs associated with such pressure driven membrane processes. As a result, research focus is 

shifted towards development of alternative processes that can substitute the electrical energy 

requirement, with low cost renewable energy sources. In addition, handling a copious volume of 

complex effluent streams becomes challenging for RO systems. A possible reduction in the volume 

of effluent will help in reducing the load of effluent treatment plant (ETP) and subsequently the size 

of ETP. This can help individual units immensely as they need to set up a small ETP requiring 

small space. Also it can help reduce the load on common effluent treatment plants (CETP), which is 

often the case in chemical industry (MSME) hubs. These CETPs receive a very complex mix of 

effluents from various industries resulting in a concoction which is very difficult to treat.  

 

1.3 Significance of forward osmosis 

Forward osmosis (FO) can be truly useful in dewatering wastewater while fulfilling the twin 

objectives of reduction in volume of wastewater and generation of good quality potable or usable 

water. Additionally, FO has proven to be effective in handling high fouling complex industrial 

effluent streams with the capability of operating with low energy consumption. It can be also 

suitable as a pre-treatment step for the development of hybrid systems. FO which is actually natural 

osmosis is old in its concept. Still it has spurred a renewed interest, both academically and 

commercially in the last two decades. Being a natural, clean and eco-friendly process, FO is 

endowed with remarkable potential in substituting or complementing many conventional separation 

systems. FO is an inherently simple, natural process, in which membrane and draw solution (DS) 

feature the two most important elements. A semi permeable membrane is positioned in between two 

solutions of different concentrations (more precisely of different osmotic pressure): a concentrated 
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solution (draw solution) and a dilute solution (feed solution) as shown in Fig. 1.1. The concentration 

difference between the two solutions generates the required osmotic potential which is the driving 

force to extract freshwater from a feed solution (such as seawater, brine, or any wastewater, dilute 

product solution) on the other side of the membrane. As a result the process can concentrate a 

wastewater feed solution of lower osmotic pressure and can pull/draw good quality water using a 

draw solution having higher osmotic pressure. In this way FO can be useful in reduction in volume 

of wastewater as well as generation of good quality water. Also in chemical and other process 

plants, concentration and dilution of process streams may occur simultaneously at different points. 

FO may be suitable for doing both these operations in one step with very low energy consumption. 

For example, FO process can be used for dewatering of effluent streams by using a concentrated 

stream from the same industry (which needs dilution). In case fertilizer solution is used as a draw 

solution for effluent concentration, the diluted fertilizer solution can be used for farming.  

 

 

Fig. 1.1 Forward osmosis process 

 

FO has established its advantages and prospects in the versatility of applications in the areas of 

desalination, irrigation, power regeneration, pharmaceutical and protein concentration, water reuse, 

osmotic membrane bioreactor and enhanced oil recovery which is well documented in literature 

[1,2]. FO with its benefits like high salt rejection, less susceptibility to membrane fouling and above 
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all no requirement of hydraulic pressure makes it competitive with other conventional and 

membrane based separation processes. Still further research work needs to be carried out to resolve 

some issues related to this technology. Good results can be expected by intelligent use of this 

technology.  

The selection of a safe, efficient and inexpensive draw solution plays an important role in the 

progress of the FO process. A good draw solution should not only be capable of generating high 

osmotic potential but also be easily recoverable. However, to make FO process commercially 

competitive with other established separation processes, some of the key issues like low water flux 

rates, reverse solute flux (RSF), concentration polarization (CP) and energy efficient recovery of 

draw solutes also need to be addressed adequately. Interestingly most of the issues related to CP and 

RSF are dependent on both membrane structure and draw solute properties. There is a strong 

correlation between the choice of draw solutes and progress of FO membranes research [3]. Both 

natural compounds and synthetic compounds with tailor-made properties are being regularly 

developed and tested for their suitability as draw solutes [4,5]. Nonetheless, most of these 

compounds have shown potential but suffer from some or other drawbacks. Also the draw solute 

needs to be recovered and recycled back to the FO process in an energy efficient manner which is a 

challenging task. Therefore, the search for a “perfect and efficient” draw solution assumes great 

importance in view of the broad industrial acceptance of forward osmosis.    

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 and resistance to high and low 

pH etc. Most of the commercial FO membranes developed by international water solution providers 

are proprietary by nature and are not easily available in the open market. This perhaps 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 
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indigenously developed TFC FO membranes needs to be ascertained before their commercial 

implementation.  

 

1.4 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 fulfill 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 components 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 draw solute 

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 the 

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.   

 

1.5 Scope of the research work 

Based on the preceding background the scope of the present research incorporates development of 

an effective FO system capable of generating high water flux and low reverse solute flux capable of 

dewatering of industrial effluent to generate good quality water. Locally available indigenous 

membranes will be checked and ascertained for their suitability in FO process. Various solutions 

will be explored in terms of necessary properties for their suitability as draw solutes. The effect of 
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various operating parameters like concentration, temperature and cross flow velocity of draw solute 

on water flux and reverse solute flux will be assessed. Detailed study of the intrinsic membrane 

structural properties will be carried out to ascertain solute/solvent transport mechanism in the FO 

system. A suitable draw solute recovery process will be identified which in combination with FO 

will work effectively as an integrated system. 

 

1.6 Presentation and layout of the thesis 

 

This thesis contains seven chapters with appropriate sections, subsections, references, appendices 

and the list of research publications. The first chapter of this thesis deals with the introduction and 

significance of the forward osmosis process in effluent treatment along with its advantages and 

limitations in comparison to conventional separation techniques. It also describes the definition of 

problem and objectives of the present research work. The second chapter deals with the basic 

working principle of FO process with a detailed insight of the role of membrane and draw solute 

along with the factors which decide the success of this technology. The potential of FO technology 

and its possible application is discussed. An overview of the research work on FO that has been 

carried out till recently is provided. A comprehensive literature survey has been carried out on 

application of ionic liquids and deep eutectic solvents as draw solute in FO process. The objective 

of the research work and the motivation of selecting the membranes and draw solute have been 

explained. The third chapter describes the experimental setup in detail along with the membrane 

used that has been used in performing the experiments. The methodologies of performing the 

experiments are explained. The specifications of different chemicals and measurement devices used 

to carry out the present research work are provided. Characterization techniques that are used to 

determine the structural and compositional analysis of the membranes used in this research work are 

elucidated. The methodologies used for the analysis of the feed and permeate sample used to 

determine the effect of various physico-chemical parameters on the FO performance are also 

discussed. The fourth chapter highlights the theoretical aspects starting from the basic solution-

diffusion theory that are used to describe the solute and solvent flow through the membrane and 

modeling the water flux and reverse solute flux. The validation of the models is also carried out in 

the research work. Chapter 5 discusses the experimental results obtained using different types of 

membranes and draw solutes towards developing an energy efficient system. The chapter also tries 

to give a detailed explanation of the possible phenomenon happening inside the membrane which 
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controls the important parameters like water flux, reverse solute flux, solute rejection propensity 

that decide the success of the FO process. Also the effect of various external parameters like 

temperature, flow rate, concentration and membrane orientation has been studied in depth. 

Recovery of draw solute by suitable separation process was carried out. Performance evaluation 

using industrial wastewater to determine the potential of FO in actual industrial application for 

development of effective hybrid systems was performed. Chapter 6 summarizes the findings and the 

major conclusions that have been drawn from this investigation followed by the future scope in this 

area of research work along with few recommendations for further study. 
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CHAPTER - 2 
 

Literature Review 
 
 

Forward osmosis (FO) holds much promise as a possible alternative for reclamation of high fouling 

wastewater at the expense of lower energy compared to conventional pressure driven membrane 

processes. It has demonstrated considerable potential across a wide spectra of applications 

encompassing  desalination of brackish water, pharmaceutical and protein solution concentration, 

fertigation, power regeneration, wastewater concentration and many more [1,2,6]. In this process, 

the osmotic driving force is generated by using a concentrated solution (referred as draw solution 

(DS) on one side of the membrane and dilute solution (feed solution (FS)) on the other side of the 

membrane. The transport of solvent from low concentration FS side towards the high concentration 

DS side is accomplished by natural osmosis due to osmotic pressure difference thereby eliminating 

the need of external hydraulic pressure. The DS becomes diluted and loses its osmotic pressure 

gradually.  In order to reuse the DS, the draw solutes must be separated and recycled back to the FO 

unit using a suitable post treatment process (Fig. 1.1). The purity of the water thus generated, 

depends on the separation efficiency of the post treatment process which is essential yet energy 

consuming. Therefore, the selection of the draw solute is of paramount importance for the success 

of FO.  

Numerous research activities in the area of FO are in progress to make it a successful and 

commercially implementable technology. Over and above it has to prove its worthiness compared to 

other conventional pressure driven membrane processes. A number of fundamental issues such as 

water flux augmentation, feed solute rejection, minimizing reverse solute flux (RSF) and mitigation 

of internal and external concentration polarization (CP) need further study to make progress in this 

technology. A key aspect in FO membrane development lies in creating a structure for the facile 

diffusion of draw solutes through the support layer (SL) and efficient feed solute rejection by the 

active layer (AL). Correspondingly the draw solute should have high osmotic potential together 

with desirable properties like low cost, low toxicity, low reactivity, and wide availability and so on. 

The strong interdependence between selection of draw solute and membrane development has been 

widely recognized [3]. Moreover, an energy efficient recovery of draw solutes and subsequent 

generation of good quality potable water needs to be carried out to render the overall system 
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commercially implementable. Hence, membrane, draw solute and recovery process are three 

important pillars which need to be addressed to make the technology a success. 

 

2.1 Membrane 

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

layer, similar to RO membrane. The active layer is mainly responsible for salt rejection and the 

support layer provides the necessary mechanical strength to engineer the module. The support layer 

design has an important role in controlling the diffusion of the draw solute i.e. the ICP phenomenon 

which contributes to effective FO membrane performance. The two major desirable properties of a 

successful FO membrane are high solute rejection propensity and high water flux. High water flux 

is desirable for successful commercial implementation as higher amount of water can be drawn 

using smaller modules. However, it is very difficult to provide these two properties at the same 

time. The other desirable properties include minimal internal concentration polarization, long term 

mechanical strength, chemical stability etc. Apart from these the cost and availability also dictates 

the selection of FO membrane. Some of the important features of FO membrane are provided in 

Table 2.1. 

 

Table 2.1 Salient features of FO membrane.  

Forward osmosis membrane 

Categories Cellulosic membranes, TFC membranes, bio-mimic 

membranes, chemically prepared membranes. 

Factors affecting performance Material, morphology, roughness, porosity, structural 

parameter, orientation, surface charge. 

Selection factors Internal concentration polarization, water permeability, 

selectivity, mechanical strength, chemical stability, eases 

of cleaning, cost, availability. 

Materials Cellulose acetate, aromatic polyamide, polysulfone, 

polyethersulfone, poly(amide-imide), polybenzimidazole. 

Synthesis methods Phase inversion; interfacial polymerization; electro 

spinning; Layer by Layer assembly (LBL).  

Module Flat sheet, hollow fiber. 

Orientation FO mode, PRO mode. 

Major commercial 

manufacturers 

Hydration Technologies Inc., Porifera Inc., Modern Water 

Plc., Oasys Water Inc., Aquaporin A/S. 
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Initially researchers utilized commercial RO membranes in the FO process but gained little success 

due to the presence of thick support layers resulting in very low water permeation rates. In the late 

1990s, for the first time, Hydration Technologies Inc. (HTI, Albany, OR) developed and marketed 

commercial forward osmosis membranes. HTI Inc. is widely acknowledged as the pioneer. The 

membrane is believed to consist of cellulose-based polymers with a woven fabric mesh within the 

porous support layer [7]. It is credited with high water flux performance but reportedly suffered 

from high RSF in case of smaller solutes [8]. CTA membranes are also reported to be chlorine 

resistant and are reasonably robust in terms of thermal, chemical and biological degradation. 

Unfortunately, these properties also limit the flux performance of the membrane as the thickness of 

the support layer reduces the osmotic driving force as a result of internal concentration polarization 

(ICP). Since its availability a lot of research work has been reported in literature using their 

membrane [9]. Researchers have also synthesized FO membranes using various manufacturing 

methods. Qasim et. al.; 2015 classified FO membranes based on the method of fabrication: phase 

inversion-formed membranes, thin film composite (TFC) membranes, and chemically modified 

membranes [10]. The most common methods employed for membrane manufacture include phase 

inversion method, interfacial polymerization, electro spinning, layer by layer assembly (LBL) and 

numerous other methods employed towards improvement of one feature or other namely water flux, 

reverse solute flux, fouling, salt rejection and ICP. A summary of various FO membranes developed 

using different methods and materials is given in Table 2.2. To mitigate the problems that bogged 

the existing FO membranes, several organizations including HTI, Inc., like Porifera Inc., Modern 

Water Plc., Oasys Water Inc. etc. have developed and commercialized the thin film composite 

(TFC) FO membranes, which have reduced the extent of ICP resulting in enhanced flux. Usage of 

materials like polyamide/polyether sulfone in active layer and polysulfonate/polyester in support 

layer improved performance of FO membrane. Also they have reduced RSF to a much greater 

extent without compromising the water flux [11,12]. The TFC membrane also provides increased 

permeability and a wider pH tolerance. Researchers have been working actively in developing TFC 

membranes for enhancing the performance of FO processes further [13]. 
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Table 2.2 Summary of various FO membranes developed using different materials and synthesis techniques. 

Membrane Synthesis method Material used Remarks Reference 

Flat sheet TFC Phase inversion, 

interfacial 

polymerization 

Polysulfone (PSf) support, 

polyamide active layer 

Moderate water flux (18 

LMH) with 1.5M NaCl 

DS, >97% salt rejection 

[12] 

NF hollow fiber Dry-jet wet spinning 

method, interfacial 

polymerization 

Polyamide active layer 

Polyethersulfone (PES) 

substrate 

High water flux (32.2 

LMH) and low RSF with 

0.5M NaCl DS. 

[14] 

Double skinned 

flat sheet 

Phase inversion, 

thermal annealing at 

85°C for 15 min 

Cellulose acetate High water flux and low 

RSF with MgCl2 DS. 

[15] 

NF hollow fiber Dry-jet wet phase 

inversion 

Polybenzimidazole (PBI) Low water flux (9 

LMH), good salt 

selectivity. 

[16] 

Hollow fiber Dry-jet wet-spinning 

process 

Cellulose acetate Low water flux (5 LMH) 

and low RSF with MgCl2 

DS. 

[17] 

Flat sheet (TFC) Layer-by-layer (LbL) 

assembly method 

PAH/PSS with PAN 

substrate 

High water flux with 

very high RSF  

[18] 

Flat sheet NF-like 

membrane 

Phase inversion, 

chemical post-

treatment 

Torlon polyamide-imide 

(PAI) material substrate, 

PEI for post-treatment 

Moderate water flux (16 

LMH) and low RSF with 

0.5M MgCl2 DS. 

[19] 

Flat sheet (TFC) Dopamine 

polymerization 

RO membranes (SW 30-

XLE and BW 30, Dow 

Water & Process 

Solutions) support layers 

modified with 

polydopamine (PDA) 

4-6 fold increase in FO 

flux compared to 

unmodified RO 

membrane. 

[20] 

Positively charged 

hollow fiber 

Chemical modification Polyamide-imide (PAI)  

substrate, treated by PEI 

Moderate water flux (14 

LMH), moderate RSF 

(5.2 gMH) 

[21] 

Flat sheet (TFC) Phase inversion, 

interfacial 

polymerization 

Polyamide active layer, 

PSf–TiO2 nanocomposite 

substrate 

 

High water flux (40 

LMH) using NaCl DS. 

[22] 

Polyamide TFC Electro spinning, 

interfacial 

polymerization 

Polyamide active layer, 

Polyvinylidene fluoride 

(PVDF) nanofiber 

substrate 

High water flux (30 

LMH) and low RSF 

(0.21 g L
-1

) with 1M 

NaCl DS. 

[23] 

Polyethylene 

(TFC) 

Interfacial 

polymerization process 

Polyamide permselective 

layer over a porous 

polyethylene (PE) support 

used as lithium ion battery 

separator. 

High water flux, low 

S~161µm. 

[24] 

Flat sheet (TFC) Phase inversion, 

interfacial 

polymerization 

Polyamide active layer, 

Silica–polysulfone 

substrate 

 

High water flux (32 

LMH) and moderate RSF 

(7 gMH) with 1M NaCl 

DS. 

[25] 

Nanofiber thin 

film composite 

(NTFC) 

Electrospinning, 

chemical cross-linkage, 

interfacial 

polymerization 

Polyamide active layer, 

hydrophilic cross-linked 

PVA nanofiber support 

High water flux (27 

LMH), low S~67µm. 

[26] 
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Flat sheet (TFC) aromatic solvent 

(toluene)-based 

interfacial 

polymerization (TIP) 

Polyamide selective layer 

over polyacrylonitrile 

(PAN) support 

High water flux and low 

S~80µm. 

[27] 

Polyamide TFC Electro spinning, 

interfacial 

polymerization 

Polyamide active layer, 

PSf–TiO2 nanocomposite 

fiber substrate 

 

High water flux and low 

RSF. 

[28] 

Polyketone TFC Phase separation and 

subsequent interfacial 

polymerization 

Polyketone microfiltration 

membranes as support 

substrate 

High water flux (29 

LMH) and low RSF 

(0.065 molMH) with 

0.6M NaCl DS. 

S<300µm. 

[29] 

 M: mol L
-1

, LMH: L m
-2

h
-1

, molMH: mol m
-2

h
-1

, gMH: g m
-2

h
-1

. 

 

As the FO membranes have an asymmetric structure, two types of membrane orientation exist. 

When the active layer faces the feed solution, then it is referred as FO mode or AL-FS mode and 

when the active layer faces the draw solution, then it is referred as pressure retarded osmosis (PRO) 

mode or AL-DS mode. Membrane orientation plays a significant role on FO performance in terms 

of flux behavior and membrane fouling. When the FO system is operated in PRO mode then higher 

water flux can be observed as the draw solution is in contact with the active layer and therefore is 

not affected severely by ICP. However membrane fouling is more prominent in PRO mode as the 

support layer is in contact with the feed solution. Usually, AL-DS orientation is favored in case of 

low concentration/low fouling feed solutions like brackish water in desalination applications. In 

case of high fouling/scaling feed solution, AL-FS mode provides a more stable and higher water 

flux [30].  

The commercial FO membranes produced by international water solution providers are proprietary 

and not openly available for sale. Hence, the membranes which are widely available and 

inexpensive require study for their suitability in FO application. The idea of using a RO or NF 

membrane, either directly or modified, as an improvised FO membrane stems from the premise that 

both share a considerable structural as well as functional similarity. Literature cites a number of 

studies to explore the suitability of existing RO or NF membranes for FO applications. Some of 

these include direct performance check of similar membranes [31–33], casting a thin active layer on 

an existing membrane using as a support layer [21] and altering the pore structure of existing 

membrane by chemical [34], heat treatment [17] or by other means. RO membranes having high 

structural parameters (anywhere between 1000 and 10000 µm) are reported to produce low water 

flux in FO process with low RSF and appreciable (> 80%) feed solute rejection [20]. 
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Table 2.3 An overview of performance of different nanofiltration membranes applied in FO process with DI 

water feed and AL-FS membrane orientation. 

 

Make Membrane 

Type 

Mod

ule 

MW 

CO 

(Da) 

MOC Draw 

Solution 

Water 

flux 

(L m-2h-1) 

RSF 

(g m-2h-1) 

Js/Jw 

(g L-1) 

Ref. 

Proprietary NF membranes 

Dow 

Filmtec 

NF90 

TFC 
F/S 

90-

100 
Polyamide 

35g L
-1

 RSS 1.0 0.33 0.33 

[31,32] 2M MgCl2 0.9 0.85 0.94 

2M MgSO4 0.4 0.75 1.87 

Dow 

Filmtec 

NF270 

TFC 
F/S 300 Polyamide 2M MgSO4 1.25 1.4 1.12 [31] 

Pentair 

 

 

HF Nano T4 

Asymmetric 
H/F - Polyether sulfone 

35 g L
-1

 RSS 6.5 136 20.9 

[32] 
0.5M MgCl2 11.5 2.3 0.2 

Koch 

Membrane, 

UK 

SR2 

TFC 
F/S - Proprietary 

90 g L
-1

 

Glucose 

1.4 

 
2.6 

1.86 

[33] 
170 g L

-1
 

Sucrose 
2.75 - 

Fabricated NF membranes 

Fabricated by spinning 

method 
H/F 993 

Poly 

benzimidazole 

2M MgCl2 9.02 - - 

[16,34] 
2M NaCl 3.84 - - 

2M Na2SO4 7.74 - - 

2M MgSO4 5.65 - - 

Fabricated by phase 

inversion followed by heat 

treatment 

H/F 186 Cellulose acetate 
2M MgCl2 

 
5 - - [17] 

Fabricated by layer by layer 

assembly 
F/S - 

PAH/PSS with 

PAN substrate 

2M MgCl2    

[18] 
1# LBL 40 92.35 2.3 

3# LBL 37 23.8 0.64 

6#LBL 30 9.52 0.31 

Fabricated by phase 

inversion followed by 

Polyethyleneimine casting 

modification 

F/S - Polyamide-imide 

2M MgCl2    

[19] 
PAI 1# 24 21.5 0.89 

PAI 2# 27.5 35.7 1.3 

PAI 2#- 15 525 35 

Fabricated by spinning 

method followed by PEI 

chemical and heat treatment 

 

 

Polyamide-imide 

2M MgCl2    

[21] 23 ST #2 13 5.2  

< 6 ST #3 14 5.6  

Fabricated by Dry jet wet 

phase inversion method 

followed by chemical 

treatment 

H/F 528 
Poly 

benzimidazole 

2M MgCl2 

 
10 - - [34] 

Dual layer membrane 

fabricated by coextrusion 

technology 

H/F 338 

Polybenzimidazo

le-polyether 

sulfone 

2M MgCl2 

 
14 0.4 0.03 [35] 

Fabricated by Singapore 

Membrane Technology 

Centre 

F/S 
400-

600 
Polyamide 

0.5M SDS 3.5 8.07 2.3 

[36] 
0.5M TEAB 

3.8 

(AL-DS) 
7.07 1.86 

Da-Dalton, M-mol L
-1

, F/S: Flat sheet, H/F: Hollow fiber 
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NF membranes by virtue of their increased porosity and ability to work at reduced pressure are 

suitable for FO application where no external pressure is applied. A short overview of the 

performance of different NF membranes in FO process is presented in Table 2.3. However, RO and 

NF membranes usually with thick support layers to withstand high pressure could become a severe 

bottleneck when used as a FO membrane resulting in diminished water flux due to internal 

concentration polarization (ICP) [7,8]. As the FO process works in the absence of external pressure, 

the support layer can be reduced/optimized. Recently developed polyethersulfone (PES) based loose 

nanofiltration hollow fiber membranes having ultrahigh water permeability and well-defined 

nanopores with application in low-pressure water softening might be amenable to FO applications. 

The cross linked PES membranes are also favoured due to their high temperature tolerance, 

chemical resistance, ease of fabrication, wide range of pore size and lower costs. In some FO 

applications NF membranes have reportedly performed better than existing FO membranes [36].  

Most of the commercial FO membranes developed by HTI Inc., Modern Water PLC., Porifera Inc., 

etc., which generate higher water flux 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, locally available NF membranes for FO application.  

 

2.2  Draw solution 

Draw solution has another dominant role to play in FO processes. A good draw solution should be 

capable of generating high osmotic pressure [37] and simultaneously be easily recoverable. These 

two requirements are self-conflicting as good osmotic potential needs strong affiliation between the 

draw solute and water molecules, e.g., via hydration or ionization, which subsequently makes the 

recovery process difficult [38]. On the other hand, it should also have essential solvent 

characteristics like wide availability, high solubility, minimal toxicity, non-reactivity and above all 

low cost. Search for an ideal draw solution is still on. Considering the diversity of feed streams to 

be treated, it may not be possible for a single universal draw solution to become a panacea to treat 

all types of feed streams.   

Draw solutes are broadly classified into two groups; compounds that are commercially available 

and structurally modified synthetic compounds. The commercially available compounds include 

inorganic salts like NaCl, MgSO4, NaHCO3, KHCO3, K2SO4, (NH4)2SO4, and Na2SO4 etc.; organic 

salts like sodium acetate, sodium formate, magnesium acetate, sodium propionate, etc.; volatile 
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compounds like NH3-CO2 gas mixture, SO2 etc.; nutrient compounds like glucose and fructose; 

fertilizers like urea, NH4Cl, etc. and polymers. The synthetic compounds are developed by 

researchers and show great potential as draw solutes. They include hydrophilic magnetic 

nanoparticles (MNPs); polyelectrolytes like polyacrylic acid sodium (PAA-Na) salts; hydroacid 

complexes, switchable polarity solvents (SPSs) like mixtures of carbon dioxide, water and tertiary 

amines; deep eutectic solvent (DES) like choline chloride-ethylene glycol, choline chloride-glycerol 

etc.; polymer hydrogels; dual responsive polymers etc. More and more synthetic compounds are 

being tested for application in FO as draw solutes.  

 

 

Fig. 2.1 Classification of draw solutes  

 

Yet another classification of draw solution can be made on the basis of the recovery methods of 

draw solute. Here the draw solutes are classified as responsive and non-responsive [38] to some 

external stimuli. The non-responsive draw solutes mostly include the commercially available 

compounds mentioned above, while the responsive draw solutes are mostly the synthetic 

compounds which give response to some kind of stimuli. These can be further categorized based on 

type of stimuli like thermal, pressure, magnetic field etc. (Fig. 2.1).   
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Table 2.4 An overview of different types of draw solutes used in the FO process. 

 

Draw solutes Selected examples Remarks Reference 

             COMMERCIALLY AVAILABLE COMPOUNDS 
Inorganic salts NaCl, MgSO4, 

NaHCO3, KHCO3, 

K2SO4, Na2SO4, 

MgCl2, Ca(NO3)2, 

KHCO3, CuSO4 

 

Useful for basic study; helpful in understanding 

membrane solute interaction and various parameters 

affecting FO performance; NaCl is used as 

benchmark; non-responsive; regeneration by RO/NF 

process; energy inefficient recovery; limited 

application. 

[39–44] 

Metathesis precipitable 

salts 

CuSO4, MgSO4, 

Al2(SO4)3 

 

Low water flux, additional chemicals required for 

regeneration; tedious regeneration steps; byproduct 

formation; concerns of toxicity; no clear viable 

application 

[45,46] 

 

Fertilizers KCl, NH4H2PO4, 

Urea, (NH4)2SO4 

No regeneration required; need further dilution before 

actual farm application; energy efficient; low flux; 

non-responsive. 

[4,43,44,47–

49] 

 

Organic compounds sodium acetate, 

sodium formate, 

magnesium acetate, 

sodium propionate 

Moderate water flux; mainly focused on lowering 

RSF; non-responsive; limited application. 

 

[39,50] 

NH3–CO2 combination Ammonium 

bicarbonate, 

carbonate and 

carbamate 

 

High osmotic pressure; widely studied; incomplete 

removal of NH3; not suitable for 

potable water; serious RSF; scaling; commercially 

implemented; complex regeneration process 

involving both liquid-to-gas and gas-to-liquid 

transitions. 

[51,52] 

Dissolved gases or 

volatiles 

SO2, NH3, CO2, 

dimethyl ether 

High osmotic pressure possible; draw solutions 

prepared under pressure; complex 

operational issues; severe RSF expected; toxicity 

issue; more studies required. 

[51–54] 

Polymers PSA, poly(aspartic 

acid), 

copolymers 

 

Non-responsive; high viscosity; low water flux but 

low RSF; copolymers with non-ionic monomers 

producing even lower water flux; limited application. 

[39,55] 

                   SYNTHETIC COMPOUNDS 

Magnetic nanoparticles 

(MNP) 

Carbon quantum dots 

and Fe3O4 

with surface 

modification 

Ease of regeneration applying magnetic field; 

moderate water flux; low RSF; issue of particle 

agglomeration; possible special applications. 

[40,56–59] 

Organic compounds zwitterions, 

hydroacid complexes 

Moderate water flux; very low RSF; complex 

synthesis procedures; non-responsive; limited 

application. 

[60,61] 

Thermally responsive 

hydrogels 

 

PNIPAm, copolymers 

with PSA, semi-IPNs, 

polyionic liquids 

Distinct auto-regeneration characteristics; negligible 

RSF; low to moderate water flux polyionic liquids 

demonstrated good potential; many possible 

applications. 

[62–65] 

Switchable polarity 

solvents (SPS) 

Tertiary amines-CO2, 

N,N-

dimethylcyclohexyla

mine  

High osmotic potential; CO2 used for protonation; 

liquid–liquid phase separation during regeneration; 

possible damage to membranes; more investigation 

necessary. 

[66,67] 
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Thermally responsive 

organic 

compounds 

 

PPG, PEI, glycol 

ether, ionic liquids, 

deep eutectic solvents 

Both LCST and UCST type molecules are explored; 

high water flux possible; thermally responsive ionic 

liquids outperforming the rest; significant saving on 

energy cost possible; pilot scale studies required. 

[5,68–73] 

 

An overview of different types of draw solutes used in the FO process is provided in Table 2.4. 

Despite the extensive research efforts put in the search of novel draw solutes, simple dissolved 

inorganic and thermolytic salts (e.g., NaCl [39–41], MgCl2 [42] etc.) are most popular and widely-

used for various applications. Also, they are probably the most effective draw solute [6]. Other 

inorganic solutes like CaCl2, KCl, KHCO3, MgCl2, MgSO4 and NaHCO3 are also considered as 

promising candidates as draw solutes [43,74]. The most popular inorganic salt NaCl can generate 

high osmotic pressure and continues to be the benchmark for the performance of draw solutes [4]. 

Around 40% of research work has been reported using NaCl as a draw solution because of its 

abundant availability, high solubility, non-toxicity and being inexpensive [2]. NaCl generate high 

osmotic pressures at low solution viscosities and have high diffusivities but suffer from RSF 

problems.  Researchers are still trying to improve the performance of NaCl draw solutes [74]. 

Nevertheless, NaCl (2 and 3 mol L
-1

) remains the benchmark for the performance of draw solutes. 

As none of the commercially available non-responsive draw solutes could show satisfactory 

performance with respect to all the above mentioned parameters and recovery method, the research 

focus has now been shifted to the development of synthetic draw solutes with tailored properties.  

Synthetic materials which are highly soluble in water and form homogeneous solutions show better 

performance as draw solutions. However, the RSF should be maintained within the acceptable 

limits [3]. 

 

2.2.1  Concentration Polarization 

Concentration polarization (CP) is one of the major reasons which contribute to decrease in the net 

driving force (osmotic pressure). Based on the position where CP occurs, it can be classified into 

two categories: external concentration polarization (ECP) and internal concentration polarization 

(ICP). ICP phenomenon occurs inside the porous support layer due to the opposite diffusion of 

water and solutes. It is the most challenging phenomenon which occurs in FO processes as it cannot 

be easily eradicated. The decline in water flux in FO process is predominantly caused by ICP [75] 

and the flux reduction can be very high, in some cases up to 80% [3]. ICP is caused by the gradual 

dilution of the draw solution and the gradual concentration of the feed solution inside the 
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membrane. With solvent permeating from the feed side to the draw solution continuously and in 

absence of any external turbulence, the draw solute concentration at the surface of membrane 

gradually becomes lower than its bulk concentration, and correspondingly the feed concentration at 

the surface of membrane increasingly becomes higher than its bulk concentration. This leads to net 

reduction in concentration difference between the two sides. As the concentration difference 

between the draw and feed solution is the only driving force, hence any reduction in the net 

concentration difference tends to slow down the process. This effect is somewhat analogous to the 

reduction in available temperature difference (driving force) in an evaporator due to boiling point 

elevation of the solution. To alleviate the problems of ICP, the support layer for FO membrane 

should be as thin as possible, should have high porosity and have low tortuosity [76]. One of the 

major focuses in FO research is development of FO membranes with high permeability and high 

hydrophilicity combined with low structure parameters to tackle the issue of CP [77]. Draw solutes 

that have high diffusivities give rise to higher water flux thereby decreasing the effect of ICP. On 

the contrary ECP phenomenon develops at the outer surface of the membrane active layer. It merits 

mentioning that incorporating methods like increase of flow turbulence or calculated augmentation 

of water flux can substantially alleviate the effect of ECP on permeate flux [78].  

 

2.2.2  Reverse solute flux 

The occurrence of RSF adversely affects the performance of the FO process and leads to other 

problems. It is one of the major parameters which determine the selection of draw solute. It not only 

diminishes the driving force [2] but also contaminates the feed solution (e.g. dewatering). In 

addition it also causes loss of precious draw solute. The loss of DS per unit volume of water 

permeation across the membrane is known as specific RSF (Js/Jw). This ratio helps estimate the salt 

loss by reverse diffusion from DS side to FS side during the FO process. The ratio can be used to 

calculate replenishment cost. High specific RSF tends to increase the replenishment cost of the 

draw solute. Moreover, if FO technology is applied in dewatering of dilute proteins or 

pharmaceuticals using brine as a draw solution, the RSF phenomenon may contaminate these 

products. Salt sensitiveness may even denature the product. Also, high RSF could lead to severe 

membrane fouling [79]. Although small molecular size draw solutes generate high water flux, these 

suffer from high RSF. Small size solutes like NaCl are more prone to RSF while large solutes like 

polymer and nanoparticle based draw solutions, have the advantage of essentially eliminating RSF. 
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While selecting draw solutes, the process designer generally does a trade-off between small solute 

size to limit ICP and large solute size to decrease RSF [78]. The advent and expected 

commercialization of highly selective TFC-FO membranes may promote the use of small, highly-

mobile solutes and decrease the need for exploring large molecule draw solutes. A major part of 

research in FO process constitutes exploring draw solutes with low RSF [55,80]. 

 

2.2.3  Recovery of draw solute 

The recovery and recycling of draw solute is of prime importance as it requires energy. This is the 

area where FO loses its competence and is being actively researched upon. Recovery of draw solute 

is necessary because of two important reasons viz. loss of draw solute needs costly replenishment 

and in most applications good quality water is recovered as a product. So, a high level of separation 

is an essential prerequisite of a commercial FO process. This can be achieved by using thermal 

separation process like heating; membrane process like reverse osmosis (RO) [9], nanofiltration 

(NF) [39,81], ultrafiltration (UF) [40], membrane distillation (MD) [41,55], electrodialysis (ED) 

[82]; precipitation using chemicals like Ca(OH)2, Ba(OH)2 [83]; external stimulus like magnetic 

field[56],, sunlight, heat combined with hydraulic pressure. In addition, a synergic combination of 

two or more processes like precipitation-magnetic field [84], precipitation-thermal, hot-

ultrafiltration [85], integrated electric field NF system [86] etc. is also being explored to optimize 

the overall energy consumption. 

Numerous methods for draw solute recovery have been tried by researchers [87]. The choice of 

recovery methods depends largely on two major factors namely the amount of energy required and 

the extent of separation of draw solutes from the solution. A highly efficient recovery method 

demands minimum energy consumption and maximum draw solute recovery which in turn ensures 

maximum water recovery. All the recovery methods reported in literature could achieve fairly high 

degrees of separation however at the expense of high energy consumption. It has been fairly agreed 

that the conventional separation methods would not help in making solute recovery energy efficient. 

In order to make FO competitive, alternative options are being suggested in the form of responsive 

draw solutes which may consume less direct energy [84] or less expensive form of energy like low 

grade heat or solar energy [87]. This is possible in an industry where a lot of waste heat is available. 

The other way is to make an optimum economic balance between draw solute recovery cost, 

replenishment cost and cost of fresh water generated. In remote applications like treatment of 
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effluent generated on site during oil and gas drilling operation, FO has been demonstrated to be 

effective in osmotic dilution mode [9,88]. FO is used to recover part of water from drilling waste 

streams. A balance is made in generating local, reusable water source onsite thereby limiting fresh 

water and wastewater transport. NaCl is used as draw solute which does not need costly 

replenishment [89,90]. In fertigation process, fertilizers like urea, NH4Cl, NH4NO3, KCl, 

NH4H2PO4 etc. are being used as a drawing agent and the dilute fertilizer is not recovered but used 

for irrigation purpose instead (osmotic dilution mode) [91,92]. In the commercial application of FO 

the focus is more on making FO process economically competitive by harping on the drawbacks of 

other technologies (in most cases Reverse Osmosis) rather than improving the FO process itself. 

Also intelligent process design and optimization have enabled hybrid FO systems commercially 

implementable [93]. Researchers in the FO community are convinced that a breakthrough in either 

membrane side or draw solute side can be made in near future which will make FO process directly 

competitive with other separation processes. Exploration of ILs and DESs as potential draw solutes 

may be a step towards that direction.          

 

2.2.4  Draw solutes used in this research 

 

2.2.4.1  Glauber salt as draw solute  

Albeit a lot of research has been undertaken in search of draw solutes with desired properties, 

simple inorganic salts remains to be the most sought-after and widely used draw solute for 

numerous applications [6]. Being a divalent inorganic salt, Na2SO4 is credited with certain 

advantages which make it technically suitable to be considered as a draw solute. As a salt of strong 

base and strong acid, it dissociates almost completely in water to give 2 ions of Na
+
 and one ion of 

SO4
2-

 making the Van’t Hoff factor i = 3 as shown in Van’t Hoff equation π = iCRT. Apparently the 

osmotic pressure is a function of solute concentration, molecular weight of the solute, number of 

species formed by dissociation in the solution and temperature of the solution. A low MW solute 

with high water solubility will be able to generate higher osmotic pressure (on equal mass basis) 

resulting in high water fluxes [94,95].  For example, the osmotic potential of NaCl and Na2SO4 is 

almost the same (osmotic potential of 2 mol L
-1 

NaCl and 2 mol L
-1 

Na2SO4 being 100 atm. and 95.2 

atm. respectively as measured by OLI stream analyzer [4]). Apart from having the ability to 

generate high osmotic potential, Na2SO4 has a large hydrated diameter which helps in reducing RSF 
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which is a major advantage. Also it has been reported that divalent salts like Na2SO4 can be 

efficiently rejected by NF membranes [96]. A low pressure NF process using alternative energy 

sources can do this using minimum energy. Hence the recovery of Na2SO4 draw solute can be 

economically achieved. 

Gujarat state being a textile hub is a major consumer of Glauber salt and generates huge quantities 

of wastewater. Glauber salt (sodium sulfate decahydrate, Na2SO4.10H2O) is consumed in the textile 

industry as a leveling agent for imparting evenness to the final color of the fabric. Presence of 

inorganic salts increases the affinity of the dye towards the cellulosic substrate. Glauber salt is 

preferred as it is non-corrosive and easier to recover post treatment which is essential in a zero 

liquid discharge (ZLD) unit [97]. It is obtained from Mirabilite and recovered as a byproduct of 

other industrial processes as well. It is cheap (bulk price less than $100 per metric Ton) and widely 

available. Some of the properties of Glauber salt are presented in Table 2.5. 

  Table 2.5 Properties of Glauber salt (sodium sulfate decahydrate) 

 

Chemical Formula Na2SO4.10H2O 

 

Molar mass (g mol-1) 322.20 

M.P (K) 304.7  

Density (kg m-3) 1464 

Heat of fusion (kJkg-1)  251.2 

Solubility in water 4.76 g/100 ml (0°C) 

42.7 g/100 ml (100°C) 

 

 

2.2.4.2  MgCl2  as draw solute 

Magnesium Chloride, MgCl2 is considered highly effective as a draw solute on various counts for 

wastewater applications [43,98,99]. Being a divalent salt it can achieve high rejection efficiency 

when NF membranes are used for recovery [81].  MgCl2 has low molecular weight (95.211 g mol
-

1
), high water solubility (54.3 g/100 mL at 20°C), low viscosity (0.05 kg m

-1
s

-1
 at 1.0 mol L

-1 

concentration at 25
o
C) and thus can achieve higher osmotic pressure (256.5 atm. at 2.0 mol L

-1
 

concentration), favourable for FO application. Although Mg
2+

 is classified as scale precursor ion 

which is likely to cause mineral salt scaling, Mg(OH)2 precipitates out only at high alkaline 

conditions (pH>9) [100]. Hence MgCl2 could be safely used in FO without risk of scaling [43]. Itis 

a locally produced, low cost (~ $70/Ton) high consumption commodity chemical and is widely used 
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as dressing and filling of cotton fabrics in textile units, polishing abrasive bricks for marbles, tiles 

etc. in the ceramic industry and numerous other applications. Gujarat being an industrial hub 

generates a lot of textile wastewater with high colour content where MgCl2 is often used as a 

coagulant during the treatment process for disposal. Integrated FO-NF systems using divalent salts 

like MgCl2 and Na2SO4 have been reported in recent times for potential energy and cost efficient 

application in desalination and wastewater treatment [96,98].   

 

2.2.4.3  Fertilizers as draw solute 

Fertilizer-drawn forward osmosis (FDFO) process uses concentrated fertilizer solution as draw 

solute (DS) for drawing fresh water from sea water and other impaired feed water (Fig. 2.2). The 

dilute fertilizer solution thus generated can be used for fertigation thereby eliminating the need of 

energy intensive recovery process. Several fertilizers have been tested for their potential as DS in 

FDFO process. Inorganic fertilizers like urea, ammonium sulfate, ammonium chloride, 

diammonium phosphate, potassium nitrate etc. [4,43,48,91,101];  blend of various fertilizers 

[102,103]; liquid fertilizers [104,105] have been used as DS for desalination. FDFO can draw water 

from other impaired water sources [102,105,106]. Practically the dilute draw solution generated 

needs further dilution to decrease the concentration level required for fertigation purposes [91]. 

Different methods have been demonstrated for adjusting the final nutrient concentration of dilute 

draw solution such as microfiltration [107], nanofiltration [108] and pressure retarded osmosis 

[109]. 

In this research work, two inorganic fertilizers potassium chloride (KCl) and mono ammonium 

phosphate, NH4H2PO4 (MAP) are checked for their amenability as DS. The fertilizers are 

shortlisted based on their low cost, ease of availability and other essential properties required for FO 

[49] . KCl (also known as muriate of potash) is the most widely used K fertilizer due to low cost 

and because it contains more nutrient (59–61 % K2O) than most other sources. KCl is highly 

effective as draw solute due to its high osmotic potential (92.27 bar at 2 mol L
-1 

concentration). 

Hence it can generate higher water flux compared to other inorganic salts [43] and fertilizers 

[91,103,110]. MAP containing 12% Nitrogen (NH4
+
) and 61% Phosphorous as P2O is widely used 

P fertilizer and has demonstrated very low reverse solute flux compared to other fertilizers 

[91,110,111]. Both the fertilizers are highly soluble in water which aids to their osmotic pressure [4] 

and also makes them suitable for fertigation. The fertilizers do not have scale precursor ions which 
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is a great advantage. India being an agrarian based country, both fertilizers is locally produced and 

available at low cost (less than $1/kg). This work does not intend to encourage the use of fertilizers 

rather the concept is based on the fact that the chemical fertilizers are anyway used extensively for 

the production of crops. Besides making irrigation water available at lower energy cost, FDFO will 

be more adaptable for those farms which are adopting fertigation as a means of applying fertilizers 

with irrigation system. It will be possible for them to easily integrate FDFO within their existing 

fertigation system. Industrial units can employ FDFO system to dewater their wastewater and use 

them for internal gardening and plantation. Also it will advantageous in those regions where 

farming activity occurs nearby industrial hubs and/or coastal area. The overall aim is to demonstrate 

the ability of low cost integrated FDFO-NF system using locally available membranes and common 

fertilizers as draw solute to generate good quality water from brackish and wastewater feed for 

direct application in fertigation techniques like drip irrigation and hydroponics. 

 

 

Fig. 2.2 Concept of fertilizer drawn forward osmosis (FDFO) process. 
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2.3  Ionic Liquids (IL) and Deep eutectic solvents (DES) as draw solute 

Ionic liquids and deep eutectic solvents have been studied extensively in many applications due to 

their favorable properties. They have shown good promise as a draw solute in the FO process with a 

possibility of energy efficient recovery.  A detailed literature survey about their potential as a draw 

solute and their possible application in FO process is presented below. 

 

2.3.1  Ionic liquids (IL) 

Ionic liquids (ILs) are salts that have low melting point making them liquid at low temperature, 

typically less than 100°C at atmospheric pressure. They have favorable properties such as negligible 

vapor pressure (non-volatile), high ionic conductivity, high solubility, non-flammability, chemical 

and thermal stability [69] making them ideal candidates for numerous industrial applications. Being 

non-volatile they have potential to replace many harmful traditional volatile organic compounds as 

solvent thus earning the tag of “green solvent” [112,113]. Some of the undesirable properties of ILs 

like high viscosity, combustible character, poor biodegradability and high cost of production has 

been reported and discussed in literature [69]. However, the major advantage that made ILs popular 

is the numerous structural possibilities that can be achieved by tweaking the alkyl chain and the 

anionic precursor. In fact, by suitable selection of cations and anions they can be tailored for 

specific applications.  

Ionic liquid and water can form homogeneous solutions and exhibit unique phase behavior. There 

are two types of IL-water mixture based on the temperature at which mixture undergoes phase 

separation – lower critical solution temperature (LCST) and upper critical solution temperature 

(UCST). In LCST type mixture the phase separation occurs at temperature above the LCST point, 

while in the UCST type mixture the phase separation occurs at temperature below the UCST point. 

The phase separation generally results in an IL rich phase and water rich phase. 

ILs are applied as electrolytes in battery and fuel cells [114,115]; as catalytic agent in various 

chemical synthesis like biodiesel production [116]; as solvents in extraction process [113,117] like 

separation of heavy metals [118,119], aromatics from pyrolytic sugars in bioethanol production 

[120]; absorbents in gas separation [121].In membrane based separation processes, ILs have been 

reportedly used as mobilizer in pervaporation membranes [122]; as liquid membranes [123]for 

various separation processes; lithium recovery from seawater using dialysis [124] and numerous 



 

25 

 

other applications. ILs being a broad family, its successful development as well as use is also 

marred with controversies in regard to toxicity and environmental concerns [125].  Hence, 

developing new ILs needs careful environment impact assessment. In not doing so, their industrial 

utilization may be restricted due to stringent environmental regulations [126]. In the quest to 

develop green solvents which are also commercially viable, a new class of ILs known as deep 

eutectic solvents has come into limelight.  

 

2.3.2  Deep Eutectic Solvents (DES) 

Deep eutectic solvents are a class of ILs. They cannot be strictly defined as ILs as they are mixtures 

whereas ILs are single salt.  They are eutectic mixtures of Lewis or Bronsted acids and bases that 

can contain a variety of anionic and/or cationic species having melting point significantly less than 

the individual components. For example, the melting point of pure choline chloride (Ch-Cl) and 

urea is 302°C and 134°C respectively, whereas Ch-Cl + urea mixture in 2:1 molar ratio which forms 

an eutectic solvent has freezing point of 12°C (Fig. 2.3) which is substantially less than the 

individual components [127]. They are obtained by the complexation of a quaternary ammonium 

salt with a metal salt or hydrogen bond donor. Different categories of DES are summarized in Table 

2.6. 

 

 
Fig. 2.3 Phase diagram of choline chloride and urea in 1:2 molar ratio [72]  
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Table 2.6 Category of deep eutectic solvents. 

 

Category Types Example Ref. 

Type 1 Metal salt + 

organic salt 

[AgCl, CuCl, LiCl, CdCl2, CuCl2, SnCl2, ZnCl2, 

LaCl3, SnCl4] + [Choline Cloride, N-ethyl-2-

hydroxy-N,N-dimethylethanaminium chloride; 2-

(chlorocarbonyloxy)-N,N,N-tri 

dimethylethanaminium chloride; N-benzyl-2-

hydroxy-N-N- dimethylethanaminium]. 

[128,129] 

Type 2 Metal salt 

hydrate + 

organic salt 

[CoCl2•6H2O, CrCl3•6H2O, CuCl2•2H2O, 

NiCl2•6H2O, FeCl3•6H2O] + [Choline Cloride, N-

ethyl-2-hydroxy-N,N-dimethylethanaminium 

chloride; 2-(chlorocarbonyloxy)-N,N,N-tri 

dimethylethanaminium chloride; N-benzyl-2-

hydroxy-N-N- dimethylethanaminium] 

[128,130] 

Type 3 Organic salt + 

hydrogen bond 

donor 

[Choline Cloride, N-ethyl-2-hydroxy-N,N-

dimethylethanaminium chloride; 2-

(chlorocarbonyloxy)-N,N,N-tri 

dimethylethanaminium chloride; N-benzyl-2-

hydroxy-N-N- dimethylethanaminium] + [urea, 

thiourea, benzamide, glycerol, ethylene glycol, 

benzoic acid, malonic acid] 

[69,129,1

31–134] 

Type 4 Metal salt 

(hydrate) + 

hydrogen bond 

donor 

[CuCl2, SnCl2, ZnCl2, ZnCl2, CoCl2•6H2O, 

CrCl3•6H2O, NiCl2•6H2O, FeCl3•6H2O] + [urea, 

thiourea, benzamide, glycerol, ethylene glycol, 

benzoic acid, malonic acid] 

[129,130,

135] 

 

 

 

The term deep eutectic solvent was coined initially to describe type 3 eutectics but has subsequently 

been used to describe all of the eutectic mixtures [128]. The wide array of choice of hydrogen bond 

donor makes it easier to develop DESs with required properties. The same characteristics and 

properties which make ILs attractive for industrial application are also shared by DESs. DESs 

exhibit negligible vapor pressure (non-volatile), high ionic conductivity, high solubility, non-

flammability, biodegradability, chemical and thermal stability making them highly acceptable as 

solvents, catalysts and absorbents for various applications (Table 2.8). Over and above, they are 

cheap, environmentally benign and easy to manufacture making them a viable alternative for many 

existing commercial applications [112,128,131]. Choline chloride (Ch-Cl) is the most common 

quaternary ammonium organic salt used as it is cheap, non-toxic and biodegradable. It has a choline 

cation with a chloride anion (IUPAC name: 2-hydroxyethyltrimethylammonium; chloride). It is 

regarded as a component of B-complex vitamins and can be extracted from biomass. Abbott was the 
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first to report DES based on Ch-Cl and urea (1:2 molar ratio) in 2003 [127]. Other salts, such as 

imidazolium-, ammonium-, and phosphonium-based ones, have also been studied, but to a lesser 

extent. Similarly a variety of hydrogen bond donors like ethylene glycol, acetic acid, glycerol, 

oxalic acid, malonic acid etc. other than urea has been studied and reported in literature (Fig. 2.4).  

It is to be noted that not all ratios of the individual components can form a DES. Some of the 

commercially available DESs are shown in Table 2.7. A lot of DESs is still being developed and 

reported in search of favorable properties which can be applied in suitable areas [129,130,132,136–

139] . 

  Table 2.7 Some commonly used DES [69,129,139] 

 

Trade 

Name 

Complexing agent 

(H-bond donor) 

(a) 

Quaternary 

Ammonium salt 

(b) 

Molar Ratio 

(a:b) 

Reline Urea Choline Chloride 2:1 

Maline Malonic acid Choline Chloride 1:1 

Oxaline Oxalic acid Choline Chloride 1:1 

Glyceline Glycerol Choline Chloride 2:1 

Ethaline Ethylene Glycol Choline Chloride 2:1 

Acetaline Acetic acid Choline Chloride 2:1 

 

 

 

Fig. 2.4 Chemical structure of some compounds that can be used to form DES. 
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DESs are being applied as solvents [71,140–148], entrainers [149,150], catalysts [151–154], in 

electrochemistry [155,156], as absorbents [157] and in numerous other ways to a wide variety of 

industries. Widespread application of DESs is continuously being explored and reported in 

literature. A short overview of the potential of DES in various fields is presented in Table 2.8. 

 

Table 2.8 Overview of application of DES in various chemical processes 

 

Application 

mode 

DES used Area of application Ref. 

Solvent Ch-Cl + thiourea Manufacture α-chitin nanofibers [71] 

Ch-Cl + EG Metal extraction via leaching [140] 

Ch-Cl + glycerol Alcohol–ester mixtures via LLE [141] 

Ch-Cl + oxalic acid Grape skin phenolics via UAE [142] 

Ch-Cl + urea Nanofibrillation of wood cellulose [143] 

Ch-Cl+ (ethanediol, urea, 

glycerol ) 

Enzyme catalyzed hydrolysis of chiral(1,2)-

trans-2-methylstyrene oxide 

[144] 

Ch-Cl  + (Urea, MA) Solubilizing poorly soluble compounds for 

enhanced bioavailability 

[145] 

Ch-Cl+ glycerol SO2 absorption [146] 

Ch-Cl+ (urea,glycerol) Production of agar films [147] 

Ch-Cl + urea Pretreatment of  Oil Palm Empty Fruit Bunch 

to increase yield in sugar production 

[148] 

Entrainer Ch-Cl + (lactic acid, glycolic 

acid) 

Azeotropic separation via ED [149] 

Ch-Cl + (EG, glycerol, levulinic 

acid) 

Azeotropic separation via LLE [150] 

Catalyst Ch-Cl + p-toluenesulfonic acid 

monohydrate 

Biodiesel production [151] 

Ch-Cl - Oxalic acid Furfural production from xylose and xylan [152] 

Ch-Cl + (urea,MA)  Synthesis of N-aryl phthalimide derivatives [153] 

Ch-Cl + SnCl2 Synthesis of quinoline derivatives via reactive 

chromatography 

[154] 

Electrochemistry Ch-Cl + urea Analytical method for determination of Cd
2+

. [155] 

Ch-Cl + EG Electrodeposition of Ni-Co-Sn alloy [156] 

Absorbent Ch-Cl+(glycerol, EG, diethylene 

glycol, triethylene glycol , urea, 

MA) 

Lead removal from water by functionalized 

carbon nanotubes 

[157] 

 

2.3.3  Natural Deep Eutectic Solvents (NADES) 

When the compounds that constitute the DES are primary metabolites, namely, amino acids, 

organic acids, sugars, or choline derivatives, the DES are termed as natural deep eutectic solvents 

(NADES) [132]. Over 100 combinations of NADES has been demonstrated which have useful 

properties especially in terms of solubility [133]. They also demonstrated the possibility of the 

formation of ternary deep eutectic solvents (TDES) which can be explored and tweaked to improve 
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their properties towards their targeted applications. Also, addition of water in small quantities to 

some NADESs exhibit favorable property change. e.g. Glycerol:Ch-Cl at 2:1 ratio has viscosity 222 

cP at 25
o
C whereas Glycerol:Ch-Cl:water at 2:1:1 ratio has viscosity of 51.3 cP at 40

o
C 

[72,128,133]. This shows that addition of small amounts of water to Glyceline reduced viscosity 

still preserving its essential characteristics. Over and above, the toxicity profile of NADESs in 

general seems to be relatively less acute than their DESs parents [134].  

 

2.3.4  Preparation of IL/DES/NADES 

The synthesis of ionic liquids is generally a two-step process. The first step constitutes the 

formation of the desired cation which is synthesized either by the protonation of the amine by an 

acid or through quaternization reactions of amine with a haloalkane followed by heating. In the 

second step anion exchange reactions are carried out by treatment of halide salts with Lewis acids to 

form Lewis acid-based ionic liquids or by anion metathesis [135]. The most extensively studied and 

used Lewis acid based ionic liquids are AlCl3 based salts. Such salts involve simple mixing of the 

Lewis acid and the halide salt which results in the formation of more than one anionic species. 

AlEtCl2 , BCl3, CuCl, InCl3 etc. are other Lewis acids used apart from AlCl3. Anion metathesis is a 

popular choice [158] for the preparation of water and air stable ionic liquids based upon 1,3-

dialkylimidazolium cations. This method involves the treatment of the halide salt with the Ag/Na/K 

salts of NO2ˉ, NO3ˉ, BF4ˉ, SO4
2
ˉ etc. with the free acid of the appropriate anion. Advanced 

techniques like microwave irradiation and ultrasound waves are used nowadays to enhance yield 

and shorten reaction time. Recent introduction of one pot synthetic protocols reduce the cost and 

improve efficiency [135]. 

The preparation method of each IL is different and more complicated than DES. The presence of 

heavy metal precursors creates toxicity concerns and environmental issues. In addition they may 

aggravate the RSF issue by contamination feed solution in dewatering applications. In this aspect 

DES has an advantage. Synthesis of DESs is almost 100% atom economic [69] , easy to handle and 

no purification is required, thus making their large-scale use feasible [128]. The preparation of DES 

does not involve any complicated process and can be easily manufactured in the laboratory.  

DESs can be obtained by proper mixing of a hydrogen bond acceptor (HBA) and a hydrogen bond 

donor (HBD) at a suitable temperature. A large number of different compounds have been tried as 

HBA and HBD for the synthetic preparation of DES. The most common HBA is Ch-Cl while urea, 
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glycerol, citric acid and ethylene glycol are common HBDs. From 2003, since Abott discovered the 

first DES [127], the heating method is the most simple and popular method of preparation of DES. 

This method is not only cheaper but also safer considering that the components are usually 

thermally unstable, as is the case of sugars or amino acids. In this method, a mixture of HBA and 

HBD is mixed with moderate heating and continuous stirring for a couple of hours till a 

homogenous and colorless DES is formed in liquid form.  For example, Ch-Cl and EG in 1:2 molar 

ratio is mixed and heated at 80ºC with continuous stirring for around 2h to form Ethaline. In case of 

NADES similar procedure can be followed at an even lower temperature of 50ºC with addition of a 

small amount of water [133]. 

An alternative and easy procedure for DES preparation from aqueous solutions by freeze drying 

method [159]. In this method, urea and Ch-Cl at a 2:1 molar ratio with 5% solute content (on weight 

basis) was prepared by mixing separate aqueous solutions of urea and Ch-Cl. The mixed solutions 

were then frozen (at –196°C and –20°C) followed by freeze drying to produce a clear viscous DES.  

Other methods of preparation of DES are also reported in literature. The grinding method, which 

has been largely explored in the preparation of DESs for pharmaceutical purposes, consists in 

mixing the two components and then grinding them in a mortar with a pestle at room temperature 

until a homogeneous liquid is formed [160]. In the vacuum evaporation method, the components are 

dissolved in water and evaporated at 50ºC with a rotary evaporator. The liquid obtained was put in a 

desiccator with silica gel till they reached a constant weight. All the methods show the same 

chemical profile for the obtained DES [133]. 

 

2.3.5  FO process with IL, DES & NADES as draw solute: Performance check 

Of late ILs and DESs are being tried as draw solutes in the FO process and the results are 

encouraging. IL and DES as a category fall under responsive draw solutes using heat as a stimulus 

for regeneration and recycle of draw solutes. Both LCST and UCST type ILs are being tried as draw 

solutes. Depending on whether the solution is LCST or UCST the solution is either heated or cooled 

beyond its critical point to form a draw solute rich phase and a water rich phase. Gravity separation 

techniques can be used to carry out bulk of the phase separation [37]. The draw solute rich phase is 

recycled back to the FO system while the water rich phase is further polished by RO or NF process 

to generate good quality water as shown in Fig. 2.5. Retained osmolality of the dilute draw solution 

and the number of recycles that can be undertaken are the two important considerations in the DS 
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rich phase. In the water rich phase the ease of separation of draw solute from water determines the 

additional energy consumption and in turn cost of separation.   

 

 

Fig. 2.5 A conceptual schematic diagram of ionic liquid/deep eutectic solvent based forward 

osmosis process. 

 

It is worth mentioning that conventional thermal recovery of draw solutes is well reported and 

unanimously agreed to be uneconomical. Thermal recovery can be only viable when it is carried out 

at moderate temperatures using low grade heat/ solar heat. Heat as a stimulus for responsive draw 

solutes has been discussed for other types of draw solutes such as volatile solutes [52], dual 

responsive polymer hydrogels [63,161] and water soluble polyelectrolytes [85]. LCST type property 

is exploited for regeneration and recycling in case of some polymer hydrogels [161]. Use of IL as 

draw agent is briefly mentioned recently in review literature [3,38]. 

Preliminary work on LCST type draw solutes has been carried out using tri(n-butyrylated) tris(2-

aminoethyl)amine (nBu-TAEA) (MW = 356) and n-butyrylatedpolyethylenimine (nBu-PEI) (MW = 

1238) solutions in 2013 [73,162]. These draw solutes could display very stable phase separation 

behavior above LCST due to their uniform MW. The nBu-TAEA draw solutes reported osmotic 

flux less than 1 L m
-2

h
-1

 up to 2 mol L
-1 

concentration to draw water from 0.6 mol L
-1 

NaCl and the 

nBu-PEI draw solute showed osmotic flux less than 1 L m
-2

h
-1

 at 0.49 mol L
-1 

concentration against 

0.15 mol L
-1

 NaCl. Both the draw solutes suffer from low osmotic flux which is hardly enough to 

draw water from artificial sea water solution. However, the residual solute concentrations in the 
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water-rich phase were low at 0.22 and 0.052 mol L−1 for nBu-TAEA and nBu-PEI respectively. The 

rejection efficiency was 98% and 99.6% for nBu-TAEA and nBu-PEI respectively owing to high 

MW of the draw solutes. The phase transition temperature was 31-32
o
C which is desirable. A 

similar type of work was reported in 2014 using various glycol ethers as LCST type draw solute 

[70]. A 12 mol L
-1

 Di (ethylene glycol) n-hexyl ether (DEH) draw solution reported osmotic flux 

0.62 L m
-2

h
-1

 to draw water from 0.6 mol L
-1

 NaCl solution which was considerably low. Water rich 

phase contained 0.081 mol L
-1

 DEH. The phase transition temperature was 20
o
C and the whole FO 

process could be operated in between 10
o
C to 30

o
C. CTA membranes provided by HTI Inc were 

used in both the cases. 

Use of three ILs namely Tetrabutylphosphonium 2,4-dimethylbenzenesulfonate (P4444DMBS), 

Tetrabutylphosphoniummesitylenesulfonate (P4444TMBS) and tributyloctyl-phosphonium bromide 

(P4448Br) as draw solution to draw water from sea water and brackish water was reported in 2015 

[5]. The osmolality of the ILs reported were very high. The osmolality of 70 wt% solution was 5.4 

osmol kg
-1

 for P4444DMBS and 3.6 osmol kg
-1

 for P4444TMBS, which is 4.5 and 3 times of 

seawater's osmolality, respectively. Even after dilution they could retain much of their osmolality. 

P4444DMBS and P4444TMBS osmolality values of their 30 wt% (~0.95 mol kg
-1

) solutions were 

reported at 1.34 osmol kg
-1

 and 1.08 osmol kg
-1

, respectively. P4448Br demonstrated lower 

osmolality and hence could draw water only from low salinity feed solutions. The 70 wt% 

P4444DMBS draw solution could generate a water flux of 1.5 L m
-2

h
-1

 against a feed of 1.2 mol L
-1 

NaCl at 14 ± 1°C. The draw ability showed to be temperature dependent, increasing with lower 

temperature. Additionally, these DS demonstrated low RSF below 30 mg L
-1

. After the FO process, 

the diluted 50 wt% draw solution underwent liquid–liquid phase separation at a temperature above 

its LCST (30–50
o
C). A very mild temperature stimulus of about 35 and 40°C could result in stable 

phase separation for P4444TMBS and P4444DMBS, respectively. In a wide range of IL concentrations 

between 10 and 60%, at 55
o
C stable phase separation occurred containing 70% IL rich phase and 

7.5% IL lean phase. The lean phase contained less than 10% draw solute concentration and high 

quality water was obtained by the nanofiltration process. The retentate in NF along with the DS rich 

phase were recycled back without any further treatment. A prepared TFC membrane was used in the 

process. A patent application has been filed [163]. 
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In 2015, use of 3.2 mol L
-1

 solution of protonated betainebis(trifluoromethylsulfonyl)imide 

[Hbet][Tf2N] by Y. Zhong which was a UCST type ionic liquid to draw water from a feed up to 3.0 

mol L
-1

 NaCl solution [164]. A BWRO type polyamide membrane YM70ACSP18 from Toray Inc. 

was used for the FO process. The FO process was carried out at 60
o
C and then cooled to room 

temperature for phase separation. At room temperature of 23°C, the saturation concentration of 

[Hbet][Tf2N] was approximately 3.2 mol L
-1

 (88.3 wt%) in the IL rich phase and approximately 

0.36 mol L
-1

 (13.7 wt%) in water rich phase. The water flux was low (< 1 L m
-2

h
-1

) which further 

decreased with increase in feed concentration. A very low RSF (< 1 mmol L
-1

) was reported. 

Increase of temperature has a positive effect on water flux. The relatively high saturation 

concentration of [Hbet][Tf2N] in the water rich phase needed an RO process for further purification. 

A group of scientists from CSIR-CSMCRI, Bhavnagar, India reported the use of DES as a draw 

solute for the dewatering process to enrich low abundant DNA and proteins [72]. The FO process 

reported by the group used Ch-Cl-EG (1:2 mol) and Ch-Cl-Glycerol (1:2 mol) as draw solution and 

brackish water as feed solution.  An indigenously developed TFC polyamide membrane was used. 

A nominal flow rate of 1.8 L min
-1

 and feed inlet pressure of 1atm was maintained on both sides. 

Ch-Cl-EG and Ch-Cl-Glycerol could generate very high osmotic pressure of 365 atm and 317 atm 

respectively.  The osmotic potential could be retained (π>150 atm) after 50% dilution and (π>60 

atm) after 80% dilution. Due to retention of osmotic potential, the draw solution could be recycled 

for a longer time. Both the draw solute showed high water flux of 7.85 and 3.71 L m
-2

h
-1

atm
-1

 

respectively. Draw solute was recovered by chilling at –5
0
C. Presence of choline (2000–5000 mg 

L
─1

) was reported in the recovered water. However, no further polishing was done. 

In another experiment the same group used the same FO system for concentration of proteins and 

DNA. They could achieve more than 6 fold protein concentration and more than 3 fold DNA 

concentration. In both cases Ch-Cl-EG (1:2 mol) was used as a draw agent. An average flux of 3.10 

L m
-2

h
-1

 and 4.67 L m
-2

h
-1

 was reported for DNA concentration and protein enrichment 

respectively. No loss of DNA or protein was reported. No denaturation of DNA was reported 

signifying absence of RSF. The diluted Ethaline draw solution was chilled at –5
o
C to recover good 

quality product water and draw solution which could be reused. The recovered dilute Ethaline (~ 

20% (v/v)) was reused for three times without significant reduction of water flux. The team has 

filed a patent application on the above mentioned work [165]. An overview of all the FO processes 

using IL and DES as a draw solution is presented in Table 2.9.  



 

34 

 

 
 

 

Table 2.9 An overview of IL’s and DES’s based Forward Osmosis process 
 

Process 

objectives 

& 

FO process 

operating  

temperature 

Membranes 

used 

Draw 

solute used 

& type of 

IL/DES 

DS 

Recovery 

method 

Water 

flux 

(Lm-2h-

1) 

Remarks Ref. 

Desalination 

(0.6-1.6 M 

NaCl) 

 

14 – 24
 0
C 

TFC, 

Polyamide 

indigenous 

P4444DMBS
#
 

(70%wt) 

P4444TMBS
* 

(80%wt) 

 

LCST type 

IL 

Heating 

(30-50
0
C) 

#
4.0-0.5 

 
*
2 for 

0.6M 

NaCl 

feed 

High osmotic potential 

(
#
5.4 &

*
3.6 osmol kg

-1
 for 70%wt. sol.)  

Retention of osmotic potential after 

dilution (
#
1.34 &

*
1.08 osmol kg

-1
 for 

30%wt. sol.) 

Low RSF. 

Further polishing of water rich phase 

necessary (using NF/RO) 

[5] 

Desalination 

(0.6 M NaCl) 

10
0
C 

  CTA,  

HTI Inc 

Glycolethers 

LCST type 

IL 

Heating 

(20
0
C) 

0.62 Very low RSF 

Low concentration of IL in water rich 

phase 

High salt rejection 

[70] 

Desalination of 

brackish water 

 

25
0
C 

 

 

TFC 

Polyamide, 

Indigenous 

Ch-Cl-EG 

(1:2)
# 

Ch-Cl-

Glycerol 

(1:2)
* 

 

UCST type 

DES
 

Chilling 

(–5
0
C) 

#
7.85  

*
3.71  

High osmotic potential (
#
365 &

*
317 atm 

for 70%wt. sol.)  

Retention of osmotic potential after 

dilution (>150 atm after 50% dilution) 

Further polishing of water rich phase 

necessary (2-5 g L
-1 

choline detected ) 

[72,165] 

Dewatering of 

DNA
#
& 

conc. of 

protein* 

 

25
0
C 

TFC 

Polyamide, 

Indigenous 

Ch-Cl-EG 

(1:2)
 

 

UCST type 

DES
 

Chilling 

(–5
0
C) 

#
3.10 

*
4.67 

Negligible RSF (no denaturation of feed 

molecules detected). 

No DNA & protein loss. 

> 6 time concentration of protein and > 3 

time DNA concentration achieved 

Retention of osmotic potential of DS 

after dilution (reused 3 times) 

[72,165] 

Desalination 

(0.6 M NaCl) 

(0.15 M NaCl) 

18-21 
0
C 

  CTA,  

HTI Inc 

nBu-TAEA, 

nBu-PEI 

LCST type 

IL 

Heating 

(55
0
C) 

<1 Stable phase separation behavior. 

High rejection efficiency (98-99.6%) 

[73,162] 

Desalination 

(0.17 -3 M 

NaCl) 

 

60
0
C 

BWRO type 

TFC, 

polyamide, 

Toray Inc. 

[Hbet][Tf2N] 

 

UCST type 

IL 

 

Cooling 

(23
0
C) 

0.85-

0.14 

Very low RSF (<1 mmol L
-1

) 

High concentration of IL in water rich 

phase (used RO for polishing) 

Low salt rejection (~90%) 

Retention of osmotic potential of DS 

after dilution  

[164] 

 

Till now limited work has been reported in literature. From the studies mentioned above, it is found 

that DES has a melting point much below than the individual component, in some of the cases even 
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at room temperature (e.g., Reline, Tm = 12°C) which enable them to be used as an ambient 

temperature draw solute. DES such as Ethaline (π~365 atm) and Glyceline (π~317 atm) and IL such 

as P4444DMBS (π~ 5.4 osmol kg
-1

 and P4444TMBS (π~ 3.6 osmol kg
-1

 ) reported high osmotic 

potential [5,72], a primary requirement of FO process. It is worth mentioning that osmotic potential 

of seawater (approx. 0.6 mol L
-1

 NaCl) is around 50 atm. (osmolality 1.2 osmol kg
-1

). If compared 

to 2 mol L
-1

 NaCl solution (π ~ 104 atm.) which is often considered as a benchmark of draw 

solution, DES exhibits significantly higher osmotic potential. The density is comparable while the 

viscosity is significantly high.  Table 2.10 shows the properties of some common DES which has 

potential to be applied as draw solutes. 

 

Table 2.10 Properties of some selected DES & 2 mol L
-1

 NaCl for comparison  

 
 

DES MW 

(gmol-1) 

ρ 

(g cm-1) 

µ 

(cP) 

Θ 

(mScm-1) 

Tf 

(0C) 

Aw Π 

(atm) 

 

Ref. 

NaCl (2 mol L
-1

) 58.5 1.08 2 130 −7 0.92 104 [81,166] 

Ch-Cl-EG (1:2) 87.9 1.12 36 7.61 −66 0.12 365 [6,58,60] 

Ch-Cl-Glycerol 

(1:2) 

107.9 1.18 376 (20
0
C) 

259 

1.05 −40 0.10 317 [6,58,60] 

Ch-Cl-Urea (1:2) 86.6 1.25 750 

169 (40
0
C) 

0.75 12 - - [41,58,60] 

Ch-Cl-MA(1:1) 121.8 1.19 400 0.55 10 - - [58,60] 

Ch-Cl-Glycerol(1:3) 103.9 1.20 450 (20
0
C) - 1.7 - - [128] 

Ch-Cl-EG (1:3) 81.4 1.12 19 (20
0
C) - −22 - - [128] 

EtNH3Cl-Urea 

(1:1.5) 

68.6 1.14 128 (40
0
C) 0.348 

(40
0
C) 

- - - [128] 

Ch-Cl-Phenol (1:3) 105.5 1.09 44 3.14 −19 - - [167] 

(ρ:density, µ:viscosity, Θ:conductance, Tm: melting point, Tf : freezing point, Aw:water activity, Π:osmotic   potential. 

All properties at NTP. 

Properties may be considered approximate in nature;  

 

 

The water flux reported in some thermally responsive ionic liquids like nBu-TAEA (MW-356), 

nBu-PEI (MW-1238), glycol ethers (MW~200) and [Hbet][Tf2N](MW-398) were found to be very 

low (< 1 L m
-2

h
-1

). Some of the IL like P4444DMBS could generate high osmotic potential (5.4 

osmol kg
-1

) and moderate water flux of ~ 4 L m
-2

h
-1

 with 1.6 mol L
-1

 NaCl feed solution. This can 

be attributed to the ionic nature of these classes of responsive draw solutes [5]. DES like Ethaline 

(MW-88) and Glyceline (MW-108) show good water flux (4–8 L m
-2

h
-1

) with brackish feed water. 
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In dewatering applications water flux of 3 – 4.5 L m
-2

h
-1 

could be achieved with Ethaline as DES. 

These water fluxes are low compared to inorganic draw solutes. The MW of the DESs as mentioned 

in Table 2.10 ranges from 80 – 125 g mol
-1

, which can be considered as low MW. They are highly 

soluble in water in almost any ratio. Hence it is possible for these DESs to generate high osmotic 

potential and consequently higher water flux. Even after dilution it is possible to retain the osmotic 

potential resulting in more number of recycles [72]. 

The MW of the DESs as mentioned in Table 2.10 ranges from 80 – 125 g mol
-1

. Low MW draw 

solutes have higher diffusion coefficient compared to those with larger MW. Draw solutes with 

high diffusion coefficient face lower resistance and smoothly diffuse through the membrane support 

layer. So, these DESs tend to have lower ICP effects [4]. All the DES show high viscosity at 25
o
C. 

However, it has been demonstrated that addition of small quantities of water exhibits drastic 

reduction in viscosity in some DESs [128]. Also, a small increase in temperature also reduces 

viscosity. For example, Glycerol:Ch-Cl (2:1) has viscosity 222 cP at 25
o
C whereas Glycerol:Ch-

Cl:water at 2:1:1 ratio has viscosity of 51.3 cP at 40°C [72,128,133,134]. Dai in 2015 reported a 

decrease in viscosity from 397 to 7.2 cP, following the addition of 25 % of water in the case of 

Glucose:Ch-Cl (2:5). The viscosity decreased by 1/3 when diluted with 5% water, and decreased to 

one-tenth of the original value with the addition of 10% water. The viscosity of Glucose:Ch-Cl (2:5) 

decreased by two-third when the temperature increased from 20 to 40°C [133]. The viscosity 

change is achieved without changing other essential characteristics of the DES. Therefore, usage of 

DES as draw solutes can give the dual benefit of small MW and low viscosity which is extremely 

favorable as far as ICP problem is concerned. Moreover, recycling of the dilute DES can add to 

reduction of viscosity. Ambient conditions of hot countries may be beneficial in further reduction of 

viscosity. It was demonstrated that the DES draw solutes could be recycled up to 3 times without 

much change in the water flux [72]. 

 

All the IL and DES based draw solutes reported to have low RSF. RSF was determined at 30 mg L
-1

 

using P4444DMBS and P4444TMBS as draw solutes [5]. High RSF leads to loss of precious draw 

solute and also contaminates the feed solution. In general high RSF is attributed to low MW draw 

solutes (e.g. NaCl (0.75 g L
-1

) and NH4HCO3 (>2 g L
-1

). ILs like P4444DMBS, P4444TMBS and 

[Hbet][Tf2N] has high MW (nearby 0.4 g mol
-1

 approx.) which contribute to low RSF. However, 

low RSF in DESs who’s MWs ranges between 0.08–0.125 g mol
-1

 may be attributed to high reverse 
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solute flux selectivity (RSFS). RSFS is defined as the ratio of water flux (Jw) to reverse salt flux (Js) 

in the FO process. A higher RSFS indicates increase in membrane selectivity which increases the 

efficiency of FO process. This parameter is determined by the selectivity of the membrane active 

layer. RSFS is independent of the membrane support layer properties [134]. It is to be noted that 

high RSFS comes with decreased water permeability. 

 

 

Fig. 2.6 Arrangement of forward osmosis system using DES as a draw solute for different 

atmospheric conditions. 

 

In case of IL/DES/NADES, recovery of draw solute is generally achieved by phase separation 

through thermal stimulation depending on whether the eutectic point is a LCST or UCST. The draw 

solute rich phase is recycled back and the water rich phase is further treated for high quality water 

recovery. In all the FO experiments using IL/DES/NADES draw solute mentioned above, the draw 

solute rich phase recorded 70–80% concentration approximately which retained enough osmotic 

potential to be recycled back. In almost all the cases IL and DES (except PEI derivatives and glycol 

ethers) could retain the osmotic potential even after significant dilution which leads to more number 

of recycles. Up to three recycles can be achieved in batch systems, beyond which the draw solute 

needs to be replenished. In most cases the FO process is carried at ambient temperatures. In case of 

UCST type draw solutes the temperature rise necessary for phase separation is moderate (up to 

60°C) which requires low energy. This can be provided by alternative energy ideas. LCST type 
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draw solutes using DES [72] operated at ambient temperature and phase separation was carried out 

at −5°C and using IL [164] operated at 55
o
C and phase separation was carried out at around 30

°
C. 

The selection of draw solutes (LCST or UCST) can be made judiciously depending on the 

prevailing ambient conditions (Fig. 2.6). In gulf countries the prevailing hot conditions can be 

utilized for FO processes using UCST type draw solutes which can be then cooled/chilled for phase 

separation. 

The low freezing point behavior of Glyceline and Ethaline (−40°C and −66°C respectively) can be 

exploited to generate industrial grade ice. The energy required for separating the water as ice is 

significantly less than that required to separate it by evaporation [168]. This can generate pure water 

but it is worth highlighting that the energy cost of chilling is high. The system can be optimized by 

doing necessary energy calculations. 

In all the above mentioned methods, further polishing of the water rich phase is required for good 

quality water recovery. The factors which determine the type of polishing requirement include the 

end-use, toxicity of the draw solutes and energy cost. In most of the cases this can be possible by 

UF, NF or low pressure RO (<5 bar) [169–172] depending on the MW of the draw solutes. All 

these processes are low energy intensive processes where alternative energy sources can be useful. 

In these cases, less expensive forms of energy like low grade heat or solar energy can be utilized. 

This is possible in an industry where a lot of waste heat is available. Usage of low grade heat is 

being explored extensively for economical thermal recovery of draw solutes. MD involves low 

capital cost if it utilizes low grade heat [87,94]. Solar energy should be utilized effectively for the 

regeneration of both conventional and temperature sensitive draw solutes [87]. Studies have shown 

that the enthalpy of phase separation of these responsive ionic liquid draw solutes is in the range of 

3 to 5 kJ/kg which is substantially low making them very attractive [38].  

 

2.4 Performance of FO system in effluent treatment 

FO has a tremendous potential in treatment of complex wastewater streams from diverse areas of 

operation. When the feed waters are challenging to treat because of high salinity, high fouling 

potential, or the presence of specific contaminants, use of direct RO or other membrane based 

systems becomes difficult. FO can outperform or complement RO and other conventional 

technologies. In addition to this, FO can be used for pretreatment of the feed to the RO system, 

running a closed loop draw solution re-concentrated by RO in a complementary process [173]. In 
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such applications, FO can protect the RO system ensuing less frequent cleaning protocols thus 

prolonging the RO membrane life. FO can be engineered and adapted to treat many complex feed 

types successfully. In Indian industrial hubs the liquid effluents generated are often treated in 

common effluent treatment plants (CETP). These CETPs often suffer from huge loads, in some 

cases exceeding their capacity. These incoming effluents in CETP are a very complex mix of 

effluents from various industries resulting in a mixture very difficult to treat. Many researchers have 

reported effective performance of FO using complex feed streams like complex industrial streams, 

i.e. from textile industries, oil and gas well fracturing [89,174], landfill leachate [175], nutrient-rich 

liquid streams (centrate) [176], activated sludge [43]; wastewater effluent from municipal sources 

[2,177] and nuclear wastewaters [78]. In FO and FO-based hybrid systems, the FO membrane 

performs the dual role of freshwater recovery as well as pollutant rejection from FS. Often, another 

subsequent process is required for recycling the freshwater from the diluted DS. Hybrid FO-

distillation systems can treat high salinity feed waters whose osmotic pressures exceed the working 

pressure of RO. By employing thermolytic draw solutions, these hybrid systems have potential to 

use less energy compared to standalone thermal desalination technologies [80]. FO has the potential 

to be used as a pretreatment process because of its reduced fouling propensity and ability to remove 

dissolved constituents to improve the performance and water quality of conventional membrane and 

thermal desalination processes. FO membranes reject particles and demonstrate high salt rejections 

[83]. FO membrane systems are capable of rejecting large ions as well as concentrating sewage up 

to a factor of ten to fifteen [178]. In addition to water recovery, FO can also be used in wastewater 

treatment for nutrient and energy recovery which include biogas production and recovery of 

nutrients such as phosphate, ammonia, and potassium [179]. The FO processes applied in 

wastewater treatment can be viable when high process recoveries are obtained. Table 2.11 provides 

an overview of performance of FO process in wastewater application using various draw solutes 

and different types of FO membranes. 
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Table 2.11 Performance of FO process using various draw solutes and membranes with wastewater feed 

solution. 

 

Type of Wastewater Draw solute used Membrane used Water 

flux 

(LMH) 

Remarks Ref. 

Laboratory 

wastewater 

Zwitterions CTA HTI 4.3–4.9 Low RSF but biodegradation 

of the DS reported. 

[60] 

Oily wastewater Oxalic Acid 

complexes 

Lab scale TFC PES 

membrane 

20–23 High water flux. 

PRO mode. 

[61] 

Drilling mud and 

fracturing wastewater   

NaCl 260 g L
-1 

CTA HTI 14 Presence of Humic acid and 

Fulvic acid in DS. 

[88] 

Distillery wastewater   

 

MgCl2. 6H2O TFC Aquaporin 

A/S 

2.8–6.3 Membrane fouling reported [99] 

Treated wastewater Fertilizers CTA HTI 4.2 No regeneration [102] 

Emulsified oily 

wastewater 

1 M NaCl TFC Cellulose 

acetate butyrate 

(CAB) HF module 

28.2 PRO mode. Very good oil 

rejection. 

[180] 

 

Dye wastewater Polyelectrolytes CA hollow fiber 

Lab Scale 

15 

(50 
0
C) 

Synthetic DS. Viscosity is 

high 

[181] 

Biorefineries 

wastewater 

PHWS Flat sheet 

Biomimetic 

membrane by 

Aquaporin A/S 

5.37 No regeneration required. 

Microbial cells in DS may 

cause biofouling. 

[182] 

 

Undiluted 

Glycerol 

10.5 No regeneration. 

DS may be toxic. 

Acidic wastewater 2 M NaCl Thin film in-

organic Lab 

scale (TFI) 

69.0 High water flux and good 

rejection of heavy metals by 

FO. 

[183] 

Synthetic dye 

wastewater  

2 M NaCl TFC Lab made 12.01 Fouling tendency due to 

cationic dyes. 

[184] 

Digested sludge 

centrate 

Real Seawater CTA HTI 6.4 No regeneration required. 

Phosphorus recovery from 

sludge. 

[185] 

 

Mercury polluted 

wastewater   

1 M MgCl2 TFC HTI - Mercury permeation into 

draw side 

[186] 

Raw sewage 

 

1.5 M NaCl CTA HTI 8 FO-MD hybrid system 

 

[187] 

Wastewater 

contaminated with 

heavy metal ions 

 

Hydro acid 

complex  

Na4[Co(C6H4O7)2]

_2H2O, 1M 

TFC membrane Lab 

scale 

11 Synthetic DS. PRO mode 

membrane orientation. 

 

[188] 

Shale gas wastewater NH3-CO2 TFC Porifera 21.4 In-organic scaling caused by 

the presence ofcalcium ions 

[189] 

 

Olive Mill 

wastewater   

3.7 M MgCl2 CTA HTI 6.01 High viscosity of draw 

solution. 

[190] 

High nutrient sludge 0.2 M Na3PO4 TFC HTI 7.09 Less RSF compared to NaCl [191] 

Construction 

wastewater   

NaCl (0.6 M) CTA HTI 7.44 No feed pretreatment 

Feed flow @ 2.9 Lmin
-1 

[192] 

 M-mol L
-1

, LMH: L m
-2

h
-1

, molMH: mol m
-2

h
-1

, gMH: g m
-2

h
-1
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In the case of wastewater application, fouling phenomena needs thorough attention. Various studies 

have ascribed the low fouling propensity in FO to the low flux conditions and the absence of 

hydraulic pressures. The fouling is generally loose in nature which can be easily removed. The 

mechanism of FO fouling is similar to the fouling mechanisms in RO as both processes are 

governed by chemical and hydrodynamic interactions [193]. Frequent membrane cleaning by using 

simple methods like flushing or backwashing may reduce the foulant accumulation in the 

membrane. This may be detrimental to the membrane longevity over time, but the decrease of flux 

performance during FO operation can be avoided. Also it may prevent other drastic methods like 

chemical cleaning methods. Operational parameters like cross-flow velocity can also affect the rate 

and extent of membrane fouling [1]. The increase in cross-flow velocity, prior to cake forming 

compaction, can reduce organic matter accumulation and obstruct development of the fouling layer. 

But after formation of the cake layer, changes in hydrodynamic conditions hardly affect the fouling 

behavior [193]. The design of the FO module also plays an important role in fouling. For treatment 

of liquid effluents which generally have a high solute loading, hollow fiber geometry is preferred 

over flat sheet based (spiral wound) membranes. Hollow fiber geometry has a larger surface area 

per unit volume as compared with flat sheets which has proven to be beneficial in handling fouling 

feeds [194]. Laboratory scale studies generally do not employ spacers. In commercial large scale 

application, FO membranes require spacers in both the feed and draw solution channels [195]. The 

spacer employed should promote mixing thus decreasing ECP and consequently, the passage of 

small solutes through the membrane. However, particle accumulation and bio fouling is observed 

near spacer filaments, due to local hydrodynamic conditions (low shear region) and physical 

blockage (large particle size). Additionally the membrane orientation also affects fouling. 

Depending on the membrane orientation, the deposition of foulants occurs either on active layer 

surface or support layer surface. In AL-FS mode, the foulant deposition takes place on the relatively 

smooth active layer whereas in the AL-DS mode the foulant deposition occurs on the rough support 

layer side, sometimes even inside the support layer. The AL-FS mode offers flux stability against 

both dilution of the bulk DS and membrane fouling in case of high fouling feed. The AL-DS mode 

has shown severe flux reduction after fouling, due to the microstructure difference of the support 

layer, plagued with internal clogging subsequently enhancing the ICP [196]. Various other factors 

have shown to influence the development of fouling layers on the membrane surface. They include 

membrane surface morphology which affect the foulant-membrane interactions like charge [197] 
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and roughness; hydrophobicity of the membrane surface; electrostatic attraction (leading to calcium 

binding); permeation drag, and hydrodynamic shear force to name a few. Even strong foulant-

foulant interactions, such as adhesion, has shown to cause faster accumulation of foulant on the 

membrane surface [193]. Factors like calcium binding,  permeation drag and hydrodynamic shear 

force are major factors influencing the rate of membrane fouling [193]. 

Occurrence of fouling makes it essential to clean the membrane to restore the system performance 

(water flux). Various modes of cleaning have been employed including physical, chemical or 

physicochemical methods. For low fouling propensity cases, physical cleaning via hydrodynamic 

modifications [197], forward or backward flushing and osmotic backwashing [89] might be enough 

to remove fouling deposits. In case of high fouling feed ( inorganic and organic foulants), AL-FS 

orientation has been found to provide higher flux recoveries after cleaning than the AL-DS 

orientation [30]. In these cases, fouling mitigation may require chemical reagents, the selection of 

which depends on the feed water, foulant type [30] and membrane material [198]. In addition, these 

reagents should be capable of dissolving and subsequently removing the deposited materials, 

without damaging the membrane surface. Deposits due to precipitation and scaling can be mitigated 

using anti-scalants and commercial inhibitors. Additional periodic cleaning of the membrane with 

one or more chemicals (acids, bases, oxidizing agents, surfactants or chelating agents) might be 

required to sustain long-term process performance. Chemical cleaning usually removes the cake 

layer but also demonstrates its inability to remove the foulants clogging the membrane pores [176]. 

Furthermore, chemical cleaning causes additional problems like impairment of membrane 

selectivity, shortening membrane life and producing concentrated waste streams. Other physical 

procedures like air scouring has proved to be effective (with 90% flux recovery) in wastewater-

seawater integration [199]. Periodic physico-chemical cleaning is also recommended. In certain 

cases, pre-treatment of feed may be required. However, regardless of the cleaning method, 

irreversible fouling may still occur when treating wastewater, depending on the presence of specific 

foulants e.g. due to the adsorption of biopolymers on the membrane [199,200].  

 

2.5  Economic aspects 

The FO process does not need any external driving force to occur. Hence no cost is incurred for 

applying external pressure. The only operating costs involve the pumping costs. The operating cost 
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also involves periodic maintenance cost incurred in fouling control, replenishment of draw solute 

etc. However, the major energy cost is incurred in the recovery of draw solute. The fact is that FO is 

not only a separation process, but is simultaneously a separation and mixing process. The water 

molecules that transport across the membrane from the feed solution, mix with the draw solution to 

reduce its chemical potential. In order to obtain freshwater as a product and recycle the draw solute, 

further separation of the diluted draw solution is essential. Based on thermodynamic principles and 

practical kinetic requirements, the theoretical minimum energy for desalination with FO is always 

higher than that without FO [6]. Still with proper research combined with intelligent application, the 

FO can be made energy efficient. 

The simple dissolved inorganic and thermolytic salts like sodium chloride and magnesium chloride 

remain the most widely-used and possibly the most effective. These small inorganic solutes have a 

lot of important advantages like their ability to generate high osmotic pressures at low solution 

viscosities; high diffusivities that mitigate the flux-limiting effect of ICP, low cost, etc. If the 

recovery process can be optimized, these salts may be the best choice. With advent of low pressure 

RO/NF process, the costly electrical energy can be replaced by renewable solar energy which can 

make the process economical [201]. In case of osmotic dilution, where fertilizers are used as draw 

solute, both the diluted and concentrated solutions are the products and hence no draw solution 

recovery is necessary. By eliminating the energy intensive draw solution recovery, osmotic dilution 

proves to be a low energy FO process [6]. 

FO hybrid systems have shown promise in potential energy cost savings.  A thermolytic solution of 

ammonia–carbon dioxide which has been commercialized as a draw solution in FO, low-grade heat 

energy can be exploited to regenerate the draw solution by preferentially removing the solutes that 

are significantly more volatile than water [51]. Alternatively, FO can also be coupled with 

membrane distillation (MD) to desalinate waters that are challenging for a standalone MD process. 

In a hybrid FO–MD system, FO is applied to mitigate organic fouling and/or mineral scaling that 

are detrimental to the MD process, whereas the MD process separates the water and regenerates the 

draw solution using low-grade/renewable energy sources [202]. 

In case of DES as draw solutes , most of the DES constituents can be derived from bio based 

resources and are generally available at very reasonable bulk rates, Ch-Cl (~1 $/kg), EG (~1 $/kg), 

Glycerol (~3 $/kg), urea (~0.25 $/kg), malonic acid (~10 $/kg). The major advantage of DES over 

IL is that they are easier to prepare with high purity at a relatively low cost. 
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As mentioned above, being low temperature operation, energy requirement of FO process along 

with recovery of draw solute can be provided by low grade heat or solar energy, thus replacing 

costly electrical energy. Low cost sedimentation techniques can be used to carry out the majority of 

the phase separation in the regeneration process. Expensive electrical energy is only required for 

polishing of the water rich phase. The electrical energy required in FO seawater desalination using 

P4444DMBS draw solute is only 0.17 kWh m
−3

 [5]. If separation cost of 50% dilute P4444DMBS 

draw solution by nanofiltration is included then total electrical energy required comes around 1.8 

kWh m
−3 

[5]. The theoretical thermodynamic minimum energy of desalination for seawater at 

35,000 ppm salt concentration and at a typical recovery of 50% is 1.09 kWh m
−3

[203]. Thus, if it is 

assumed that low grade energy is utilized, the net electrical energy requirement is 63% more than 

theoretical minimum. In case of RO, actual theoretical minimum is 1.56 kWh m
-3

 and a state of the 

art seawater RO plants operate at around 2 kWh m
−3

. The actual energy requirement in RO can be 

as high as 3–4 kWh m
−3 

[177].  Up to 70% reduction in electricity consumption could be achieved 

by using a FO + (RO/NF) combination if renewable energy is used [164]. So, if low grade heat can 

be utilized, FO could be commercially competitive. If we consider all the cases the overall 

temperature band of FO process and draw solute regeneration range between −5°C and 60°C, the 

ambient temperature being almost in between. Keeping this in mind, the prevailing local 

environment conditions can be also exploited for making the overall process economically 

competitive. In hot countries, the natural high temperature can be utilized to perform FO operation 

using UCST type ILs which can be cooled or chilled using energy to get separation. Similarly, in 

cold countries, the FO system can be operated at elevated temperatures using UCST type ILs which 

can be naturally cooled to get phase separation. Similar reverse approach can be undertaken for 

LCST type ILs as shown in Fig. 2.6. A detailed energy calculation will be helpful in selecting the 

proper draw solute. 

In addition to this, other benefits of the FO process need to be utilized to its full potential. FO 

process has low fouling propensity. The fouling films are loose in case of FO and normal 

backwashing is sufficient to reverse the fouling phenomenon [204]. Even biofouling of the 

membrane in seawater desalination is less severe in case of FO compared to RO [205]. Low fouling 

tendency may lessen or eradicate the need for pretreatment of feed and chemical cleaning protocol 

of membrane, which can reduce costs. In this area FO has a technical edge making it competitive 
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with RO technology [206]. More long term pilot plant studies need to be undertaken to get the true 

picture [9]. 

 

2.6  Research gap and challenges 

Though 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 still major research work 

is necessary to make the technology commercially competitive with respect to other conventional 

pressure driven membrane processes. 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 for successful commercial implementation. 

The two major desirable features of a successful FO membrane are high solute rejection propensity 

and high water flux. It needs creating a structure for the facile diffusion of draw solutes through the 

support layer and efficient feed solute rejection by the active layer. However, it is very difficult to 

achieve both of these simultaneously. 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. Other desirable properties include minimal concentration polarization, long 

term mechanical strength stability, and resistance to high and low pH etc. Most of the commercial 

FO membranes are proprietary and cannot be obtained easily. This probably underscores a timely 

need for research and development of 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 the FO process and are found to be 

effective due to their favorable physico-chemical properties. Though simple inorganic salts are still 

the most popular draw solute for numerous applications, still detailed performance evaluation and 

applicability of some inorganic salts as draw solutes for specific applications need to be done. Ionic 

liquids (IL) and deep eutectic solvents (DES) are considered environment friendly and have 

multiple applications. Some of the favorable properties of IL/DES make them prospective to be 

used as draw solute in FO processes, especially the natural deep eutectic solvents (NADES). 
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NADES have similar characteristics to ILs but are comparatively cheaper, low in toxicity and often 

biodegradable. Over and above 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 a possibility of energy efficient recovery. Considering the vast world of IL/DES, 

only a few have been tried as a draw solute and reported in literature.  

There is a strong interdependence between selection of draw solute and membrane development. 

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. Hence, 

development of a FO system and then combine it with another suitable separation system for draw 

solute recovery to develop an integrated system which can be commercially implementable is the 

need of the hour. Nothing can be more valuable if we can pull water from liquid effluent in an 

energy efficient manner which will serve two purposes of reduction in the volume of wastewater 

and generation of very good quality water.  

 

2.7 Aim and objectives of the research work 

Based on the preceding background the aim and objectives of the present research are appended 

below: 

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

 To explore various solutions for their suitability as draw solutes. 

 To determine the effect of concentration, temperature and cross flow velocity of draw 

solute and membrane orientation 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 the draw solute recovery process and combine with FO to develop 

effective hybrid systems.  

 To apply the FO system for concentration of effluent and other applications. 
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CHAPTER - 3 
 

Material and Methods 
 

 

3.1 Materials used 

3.1.1 Equipments and instruments 

The following equipments were used in the present investigation and characterization: 

Custom made laboratory bench scale forward osmosis set up, submersible centrifugal pump (Elove, 

12W, India), digital balance (Scale Tec Instruments, CWS6, India), Magnetic stirrer, pH meter, 

conductivity meter (Hanna Instruments, 8351, India), digital refractometer (Hanna Instruments, 

HI96801, India), Kjeldahl apparatus, spectrophotometer (LabLine, India), digital flame photometer 

(AVI Scientific, AVI671, India), hot air oven, heating mantle, constant temperature hot plate, 

mechanical stirrer, laboratory freezer, Fourier transform infrared spectroscope (Bruker Corp., ATR-

FTIR, VERTEX 80, Germany), Raman spectroscope (JobinYvon Horiba LabRam, HR 800, 

France), Scanning electron microscope (JEOL, JSM-6010LA InTouch scope, USA), Small-angle X-

ray scattering (Anton Paar,  SAXSess, Germany), Contact angle meter (V-Tech, VT984, India). 

 

3.1.2 Glass wares/plastic wares 

Volumetric flask (50 ml to 1 L), measuring cylinder (10 ml to 100 ml), Beaker (50 ml to 500 ml), 

conical flask (50 ml to 250 ml), three neck round bottom flask (500 ml to 1 L), spiral reflux and 

permeate condenser with standard joints, test tubes, funnels, thermometer, desiccator, burette, 

pipette, specific gravity bottle, glass rod, reagent bottles, sampling bottles. 

 

3.1.3 Chemicals  

Laboratory grade (LR) chemicals and reagents, purchased from M/s S. D. Fine Chemicals and M/s 

LubaChemie were used as received without further purification. The chemicals used were sodium 

chloride (NaCl), potassium chloride (KCl),  monoammonium phosphate (NH4H2PO4),  choline 

chloride (C5H14Cl NO), glycerol (C3H8O3), 1,4-dioxane (C4H8O2), magnesium chloride (MgCl2), 

magnesium sulphate (MgSO4), barium nitrate (Ba(NO3)2), sodium sulfate (Na2SO4), calcium 

chloride (CaCl2), acetic acid (CH3COOH), sodium acetate (CH3COONa), ferrous sulphate (FeSO4), 

glucose, peptone, Methyl Red, Indigo Carmine, Congo Red, Reactive Black-5. Reagent grade 
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Glauber salt (~ 97% purity, sodium sulfate decahydrate, Na2SO4·10H2O) used in industry was 

procured from local manufacturers and used as received for draw solute preparation. Similarly, 

locally manufactured commercial grade magnesium chloride hexahydrate (MgCl2·6H2O) of 99% 

purity was used as draw solute. The DI water was procured from Merck Ltd of conductivity 10-25 

µS cm
-1

. All stock solutions were prepared using DI water.  

 

3.1.4 Wastewater sample 

Actual industrial wastewater for study using Glauber salt as draw solute was procured from a 

common effluent treatment plant (CETP – Naroda, IW1) located in a nearby industrial hub 

collecting effluent mainly from units manufacturing pharmaceutical products, dyes, dye-

intermediates, pigments, fine chemicals and other organics. The textile wastewater sample was 

collected from sampling sites after primary treatment.  

 

 Table 3.1 Analysis of the industrial wastewater collected from various sources. 

Parameters Unit IW1 IW2 IW3 

pH -- 7.1 7.99 7.9 

Oil & Grease mg L
-1

 33.2 15.4 3.6 

Total dissolved solid  mg L
-1

 8269.2 5950.3 4626.9 

Chloride as Cl
-
 mg L

-1
 923.2 752.1 423.5 

Sulphate as SO4
2-

 mg L
-1

 868.5 701.6 398.2 

Ammoniacal N (NH3-N) mg L
-1

 150.8 102.5 62.3 

Total suspended solid mg L
-1

 106.5 195.7 101.2 

Chemical oxygen demand mg L
-1

 901.5 763.2 722.2 

Biological oxygen demand mg L
-1

 242.3 253.6 250.3 

Fluorides as F
-
 mg L

-1
 1.56 1.24 0.31 

 

Actual industrial wastewater for study using Magnesium chloride as draw solute was obtained from 

another common effluent treatment plant (GVMM, CETP-Odhav, IW2) located in a local industrial 

hub, collecting effluent mainly from a cluster of cold steel rolling mill units manufacturing different 

types of engineering machineries. Wastewater sample was collected from the inlet of effluent 

treatment plant and directly used as FS in the FO experiments. The industrial wastewater for 

NADES as a draw solute was acquired from a local dye manufacturing unit (IW3). The wastewater 

sample was collected from the outlet of an effluent treatment plant after primary treatment and 
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directly used as FS in the FO experiments. Chemical analysis of the wastewater samples are 

presented in Table 1.  

 

3.1.5 Synthesis of NADES 

The NADES was prepared by heating method. Required Choline chloride and glycerol was weighed 

at a molar ratio 1:2. Choline chloride was dried in a drying oven at 50°C for 24 h for moisture 

removal before weighing. Glycerol was heated up to 80°C in a round bottom flask with a reflux 

condenser on a constant temperature hot plate fitted with a mechanical stirrer. The experimental 

setup for synthesis of deep eutectic solvent is shown in Fig. 3.1. Choline chloride crystals were 

added and the mixture was maintained at 80°C for 2 hours with continuous stirring until 

homogeneous pale yellow liquid was formed. For NADES-water mixture preparation the necessary 

quantity of DI water was added with stirring.  

 

Fig. 3.1 Actual experimental setup for synthesis of deep eutectic solvent. 

 

3.1.6  Software 

Microsoft Excel (Windows 2007) was used to construct the different plots of experimental data 

points. The water flux modeling and membrane parameter estimation were computed using 

SCILAB and C++ programming. 
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3.2 Membranes 

3.2.1 RO Membrane 

A RO membrane taken out from a pristine thin film composite (TFC) spiral wound domestic 

membrane module (Vontron make, model-ULP1812-75) was incorporated into the test cell as a FO 

membrane. The spiral module is 305 mm in length and 45 mm in diameter with an active membrane 

area of 0.46 m
2
. The aromatic polyamide membrane could withstand 3-10 pH, 318 K temperature 

and 21.2 bar pressure. As per manufacturer's specification the membrane is made of aromatic 

polyamide compound and was developed to increase water permeation rate by compromising salt 

rejection for certain applications where maximizing permeate quality is not necessary. The 

manufacturers claim that the membrane can work under low pressure (~ 4 atm.) in RO mode 

ensuing energy savings and is best suited for desalting ground water feed containing dissolved 

solids less than 2000 mg L
-1 

[207]. The membrane produces 0.2 L min
-1

 of RO permeate with 

97.5% average salt rejection. The pure water permeability coefficient of this membrane is reported 

to be 0.1348 × 10
-5

 m s
-1

psig
-1

 (~ 4.5 L m
-2

h
-1

bar
-1

) [208]. 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.    

 

3.2.2 NF membrane 

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

Pvt. Ltd, Vadodara, India. It is cross linked thin film composite membrane with polysulfone support 

substrate over polyester fabric (total thickness ~ 200 µm) and has the ability to withstand up to 60
o
C 

temperature, 41.37 bar pressure and 2-10 pH. As per manufacturer’s specification, the membrane is 

stable in mineral acids like HCl, H2SO4, H3PO4 etc.; chlorine sanitizable and high divalent salt 

rejection ability. The membrane is especially developed for low pressure NF operation. The pure 

water permeability coefficient of this membrane is 6.2 L m
-2

h
-1

bar
-1

. 

 

3.2.3 FO membrane 

The FO membrane used in the present study was developed and kindly provided by the Membrane 

Technology Division of Indian Institute of Chemical Technology (IICT), Hyderabad under Council 
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of Scientific and Industrial Research (CSIR), India. The membrane was a thin film composite (TFC) 

type 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.  

3.3 FO Experimental 

A laboratory bench scale FO test cell housing a flat sheet membrane was fabricated from a local 

manufacturer and used for performing experiments. The schematic diagram is shown in Fig. 3.2. 

The module has a square membrane having an active surface area of 58 cm
2
. The active layer (AL) 

and support layer (SL) faced the FS and DS respectively which is termed as AL-FS orientation (FO 

mode).  All experiments were performed in FO mode unless mentioned. Two submersible 

centrifugal pumps were used for circulation of FS and DS taken in suitably sized storage containers. 

Flow rate was maintained on both sides with the help of valves. All experiments were performed in 

batch closed loop circulation mode (Fig. 3.3) where both the solutions, after coming in indirect 

contact through the membrane, were recycled back to their respective tanks. Concentration of DS 

was maintained through re-concentration of DS by adding calculated amounts of make-up. The 

experiments were carried out at room temperature. All performance study experiments 4h except 

long duration studies using wastewater feed which were carried out for 24h. A fresh membrane 

piece was used for experiment each time after soaking for 30 min in DI water. The FS was placed 

on an electronic balance and weight readings were noted at regular intervals. The reduction in 

weight of the FS tank was recorded using a digital weighing balance at regular intervals of 1 min for 

first 10 min, 5 min upto 1 h and 10 min thereafter. The change in weight of FS was converted to 

volume and then the value is divided by the membrane area and time duration to calculate the water 

flux as shown in (Eq. 3.1);  

    
        

     
              

where Jw is the water flux, wi is the initial weight of the FS, wf is the final weight of the FS, ρ is the 

density of the FS, Am is the membrane area and t is the time of operation. 
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Fig. 3.2 Schematic representation of experimental setup using flat sheet membrane module for FO 

experiments. 

 

 

Fig. 3.3 Actual experimental setup using flat box-type test cell housing module for FO experiments. 

 

Another laboratory scale module was custom designed and fabricated from a local manufacturer 

which was used for performing FO experiments. The schematic diagram is shown in Fig. 3.4. A flat 

sheet membrane piece was placed between two close ended flanged pipe arrangements with proper 

inlet and outlet completed with gasket and screw joints as shown in Fig. 3.5. The FO test cell had a 
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membrane of circular shape with a diameter of 3.81cm and active surface area of 11.4 cm
2
. No 

spacers were used. The remaining experimental was the same as mentioned above.  

 
 

Fig. 3.4 Schematic representation of experimental setup using close ended flanged pipe arrangement module. 
 

3.4 Reverse solute flux experimental 

Both the FS and DS chambers were first rinsed with DI water for 15 min. After loading the 

membrane, the FO setup was run for 4 h using draw solution as DS and DI water as FS. The mass 

of the DS was monitored as a function of time to determine the water flux. The draw solute 

concentration in the DS was monitored by submerging a well-calibrated conductivity meter probe at 

20 min time intervals in case of all inorganic salts as draw solute. In the case of NADES, the initial 

and final concentration of the DS was measured with a digital refractometer.  The RSF is measured 

as follows: 

   
       

    
             

where Ct and Vt are the reverse solute concentration and the volume of the FS, respectively, at any 

time t (Eq. 3.2).  
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Fig. 3.5 Actual experimental setup using cylindrical type test cell housing flat sheet membrane for 

FO experiments. The elaborated arrangement of membrane fixtures inside flanges with gaskets is 

also highlighted. 

 

A summary of operating parameters of the FO experiments is presented below: 

       Table 3.2 Operating parameters of FO experiments. 

Parameters Feed solution side Draw solution side 

Temperature 20-25
°
C 20-55

°
C 

Cross flow velocity 25 cm s
-1

 5-30 cm s
-1

 

Concentration - 0.5-2 mol L
-1

 

(15-30%(v/v) for NADES) 

Membrane orientation FO mode (AL-FS) 
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3.5 Nanofiltration Experimental 

 

A pilot scale nanofiltration plant supplied by the M/s Permionics Membrane Pvt. Ltd, Vadodara, 

India with spiral wound TFC polyamide nanofiltration membrane module of 1.016 m length and 

0.0635 m diameter providing 1.0 m
2
 effective area was used in recovery of Glauber salt and partial 

recovery of fertilizer solution. The membrane has three layers; the polyamide active layer of 0.05 – 

0.2 µm thickness that does the actual separation; a polysulfone second layer of 50 µm thickness and 

third layer made of 150 µm thick polyester that provided the main strength. The membrane was 

capable of withstanding 2-12 pH, 30 bar pressure and 50°C temperature. The set up consisted of a 

circulation pump, pressure gauge, feed tank (35L capacity), rotameter, membrane module and 

collector unit for both permeate and concentrate. The feed solution was injected into the membrane 

with the aid of a diaphragm pump. A reciprocating pump (maximum pressure 45 bar) transported 

feed to the spiral wound membrane module with a damper to mitigate flow fluctuation. The 

required pressure was attained by adjusting bypass needles and pressure regulators. The pressure in 

the setup was allowed to stabilize after each time the pressure change was changed. A control valve 

was provided to maintain constant flow rate through experiment. The photograph of the pilot plant 

is shown in Fig. 3.6. 

 

Fig. 3.6 Nanofiltration pilot plant for draw solution recovery. 
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The nanofiltration experiment for recovery of MgCl2 was performed in a pilot scale cross flow NF 

unit with flat sheet module supplied by the M/s Permionics Membrane Pvt. Ltd, Vadodara, India 

having a flat sheet membrane module. The same membrane as described in section 3.3.2 was used. 

The rectangular inner test cell which housed the membrane had dimensions of 160 mm × 100 mm × 

2 mm with an effective membrane area of 0.016 m
2
. Upper half of the cell incorporated the flow 

distribution chamber and the lower half constituted the membrane support system. An elaborate 

arrangement with a perforated 1mm thick stainless steel plate along with a stainless steel (350 

mesh) gauge over the membrane provided mechanical support to the membrane at high pressure 

operation. The active layer of membrane faced the high pressure feed. Feed solution was 

pressurized by a high-pressure plunger pump (3-14 bar). The pilot plant was complete with 

circulation pumps, pressure gauge, rotameter, sampling points, feed and collection (permeate and 

retentate) tanks. 

 

3.6  Analytical methodologies 

3.6.1 Scanning electron microscopy analysis 

The SEM images were obtained using JSM-6010LA InTouch scope (JEOL, USA) equipped with 

energy dispersive spectroscopy (EDS) with low vacuum (LV) mode for non-conductive materials 

without pre-treatment. The microscope has 4nm resolution at 20kV, 5X to 300000X magnification 

capacity, 500V to 20kV accelerating voltage and up to 25.4 mm field of view. A pristine membrane 

sample piece was used without any chemical pre-treatment and was dried in a drying oven (40
o
C) 

for 24 h. The sample was sputter coated with Gold-Palladium (80/20) before loading in the 

microscope. 

 

3.6.2 Small-angle X-ray scattering (SAXS) analysis 

SAXS measurements were performed in a flow-through capillary with a Kratky-type instrument 

(SAXSess from Anton Paar). The Cu target X-ray tube, operated at: U = 30 kV, I = 10 mA was 

used as a radiation source (λ = 0.154 nm). The SAXS data were collected as a function of scattering 

vector q = (4π/λ) sin θ, where 2θ is the scattering angle. Moving slit method was applied for 

determination of the transmittance factor of the sample. The sample holder background was 
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subtracted from the SAXS curves and next curves were corrected taking into consideration both 

sample thickness and transmittance.  

The content of pores can be determined by calculating the scattering power, or invariant Q, using 

the equation 3.3,  

            
 

 

                         

where I(q) is the corrected SAXS intensity, φ is the volume fraction of pores and Δρ is the electron 

density difference between the pores and PES. The pores may be assumed to be entirely air filled in 

dry membranes. For determination of pore sizes the Guinier approximation, describing the 

scattering intensity for small values of the scattering vector q, was used. 

             
    

 

 
              

Eq. (3.4) describes the mean intensity of radiation scattered by a particle of any shape, averaged 

through all its possible orientations in space. RG is the electron radius of gyration, also called the 

Guinier radius. RG can be determined from the slope of the plot between ln I(q) and q
2
 using the 

intensity data in the low q region. 

 

3.6.3 Raman spectra analysis 

The Raman spectra were  recorded  at room temperature under the backscattering geometry using a 

JobinYvon Horiba LabRam, HR 800 single monochromator coupled with a Peltier cooled charge 

coupled device (CCD) and a 488 nm argon (Ar
+
) laser was used for excitation. The  samples  were  

analyzed  using  the  microscope  and  a 50X  objective  was  used. Spectra were collected in the 

range of 800 to 2000 cm
1

. The spectra were acquired using scan time settings of 50s for composite 

fabric analysis.  Raman data acquisition and data processing were achieved through Thermo 

Electron’s OMNIC software.  

3.6.4 FTIR analysis 

Attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR, VERTEX 80, 

Bruker Corp., Germany) was used for analysis of the bonds and functional groups on the near-

surface region of polyethersulfone support substrate over polyamide fabric. IR spectra of the 

membranes were recorded in the wave number range of 500–4000 cm
1

at 28
o
C.  
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3.6.5 Measurement of Contact angle 

The wet ability of the FO membrane was analyzed by measuring the contact angle using the sessile 

drop method with an optical Tensiometer. The membrane sample was initially washed with DI 

water and then dried at room temperature. Initial contact angle followed by a delay of one minute 

was measured. The equilibrium contact angle was the average of the left and right contact angles, 

and the reported values are the average of three equilibrium contact angles. 

 

3.6.6 Wastewater characterization 

The wastewater characterization was carried out following the Bureau of Indian Standards (BIS) 

codes as follows: pH [IS 3025 (part-11) – 1983], Total Dissolved Solids [IS 3025 (part-16) 1984], 

Chloride as Cl
-1

 [IS 3025 (part-32) 1988], Sulphate as SO4
-2

 [APHA, 22
nd

 ed. 2012],  Ammoniacal 

Nitrogen (NH3-N) [IS 3025 (part-34) –1988], Total Suspended Solids [IS 3025 (part-17) 1984 

Reaff. 2012], Oil & Grease [IS 3025 (part-39) – 1991], Chemical Oxygen Demand [IS 3025 (part-

58)- 2006], BioChemical Oxygen Demand @27°C for 3 days [IS 3025 (Part 44):1993/ Reaff. 

2003]. 

 

3.6.7 Error analysis 

In spite of taking utmost care in performing the experiments and taking the readings, some random 

error might have crept into the experiments though unintentional which might have affected the 

final results. Minor errors while calibration of measuring devices, personal error while taking 

reading, unaccounted heat loss, minor changes in ambient conditions (during long run experiments) 

etc. might have occurred. In order to negate the errors, all the experiments were repeated thrice and 

the average readings were reported. Necessary error bars were also incorporated in graphical 

representations. A time lag between sample collection and characterization did take place. 
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CHAPTER - 4 
 

Transport Equations 
 

 

Osmosis is the diffusion of water through a partially permeable barrier from a solution of low solute 

concentration (high water potential) to a solution with high solute concentration (low water 

potential). The inherent energy of this natural process is known as the chemical potential, or 

specifically the water potential, due to the difference in concentration of the two solutions. In order 

to oppose the movement of water, osmosis may be countered by increasing the pressure (ΔP) in the 

region of high solute concentration with respect to that in the low solute concentration region. This 

is equivalent to the osmotic pressure of the solution. The osmotic pressure difference (Δπ) or 

gradient is a measure of the driving force of water transported from a solution of low solute 

concentration across a membrane into a solution of high solute concentration. Therefore by 

calculating Δπ, it is then possible to determine the driving force of the osmosis process. The classic 

solution-diffusion model is important in RO and FO/PRO which rely on only two transport 

parameters, namely the molar solvent and solute permeability’s (A and B respectively), for 

effectively describing separations by non-porous membranes. Hence, the solvent and the solute are 

transferred across the membrane in an uncoupled way. Their relative separation occurs due to the 

difference of solubility and diffusivity in the membrane material.  

Based on the classical solution-diffusion model, water flux (Jw) in FO can be expressed by the same 

general equation used in RO, FO and PRO or any other membrane driven process: 

               −−−−−−−−− (4.1) 

 

where,  A is the membrane water permeability coefficient, Δπ is the osmotic pressure difference 

across the active layer of the membrane and ΔP is the applied pressure or the hydraulic pressure 

difference across the membrane. When Δπ is larger than ΔP (or when ΔP is zero), water is 

transported from the feed solution side to the draw solution side (as in FO process). On the other 

hand, when ΔP is larger than Δπ, then water is transported from the high concentration to low 

concentration side (as in RO process).  

The osmotic potential generated by the draw solutes is dependent on a number of factors like solute 

concentration, molecular weight (MW) of the solute and the solution temperature. The number of 
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species formed by dissociation in the solution affects the osmotic potential but it is not dependent 

on the types of species formed. It has been observed that draw solutes having low MW generate 

more osmotic potential. This can be verified by the Van't Hoff equation. 

In case of dilute salt solutions, the osmotic pressure can be estimated using the Van’t Hoff equation: 

          −−−−−−−−− (4.2) 

where, π is the osmotic pressure in bars, i is the Van’t Hoff factor (the number of moles of species 

formed by the dissociation of solutes in the solution), c is the solute molar concentration in 

moles/liter, R is the universal gas constant (0.08314 L bar mol
-1

K
-1

), and T is the temperature in 

Kelvin. This equation is restricted to extremely dilute solutions and is generally used for the 

determination of large molecular weight. For more general solutions, the Virial equation can be 

used. 

In particular, the deviation from the ideal solution is compensated by the Virial equation. According 

to statistical thermodynamics, the osmotic pressure is related to the solute number density as 

follows: 
 

   
                  −−−−−−−−− (4.3) 

where, B, C and D are the osmotic Virial coefficients. The Virial coefficients can be determined 

empirically by fitting experimental osmotic pressure data. In general, the determination of B and C 

is enough to reproduce observed data[209].  

 

Since the only driving force in FO is the osmotic pressure difference, the water flux, Jw, of the FO 

process is based on the differential flux across the membrane active layer and is typically 

represented by the osmotic-pressure model, which can be estimated using the following equation: 

                   −−−−−−−−− (4.4) 

 

where, πD,b is the bulk osmotic pressure of the draw solution and πF,b is the bulk osmotic pressure of 

the feed solution. The equation assumes that the FO membrane is ideally impermeable to the draw 

solution. 

Concentration polarization (CP) is one of the major reasons which contribute to decrease in the net 

driving force (osmotic pressure). Based on the position where CP occurs, it can be classified into 

two categories: external concentration polarization (ECP) and internal concentration polarization 

(ICP). ICP phenomenon occurs inside the porous support layer due to the opposite diffusion of 
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water and solutes. ICP is caused by the gradual dilution of the draw solution and the gradual 

concentration of the feed solution inside the membrane. On the contrary ECP phenomenon occurs at 

the outer surface of the membrane active layer. Both ECP and ICP have significant impacts on the 

FO process as they extensively reduce the effective osmotic pressure across the membrane.  

 

 

Fig. 4.1 Diagram of solute concentration profiles at steady state across a thin-film composite 

membrane in FO (AL-FS) mode.  

 

A schematic of the salt concentration profile across a semipermeable membrane operating in FO 

mode is shown below (Fig. 4.1). Due to the detrimental effects of internal concentration 

polarization (ICP) within the porous support, reverse salt permeation across the membrane, and 

external concentration polarization (ECP) in the feed solution, the osmotic driving force is lower 

than the osmotic pressure difference between the bulk draw and feed solutions. 
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The water flux, Jw, across the active layer is given by: 

            −−−−−−−−− (4.5) 

 

where Δπm is the effective osmotic pressure difference across the active layer. This expression 

assumes that the reflection coefficient, σ is equal to 1 and is therefore valid only for tight, salt 

rejecting membranes. Hence, the effective osmotic pressure difference across the active layer is 

given as: 

                   −−−−−−−−− (4.6) 

 

For a fluid flowing through a rectangular channel, a thin layer of fluid close to the fluid–channel 

interface will be in laminar flow regardless of the nature of the free stream. This thin layer is an 

interface between the membrane and the bulk solution. The transports of water and other solutes 

across this thin interface layer are by both convection and molecular diffusion. A concentration 

profile will develop and this phenomenon is known as ECP. Therefore, it is necessary to determine 

the overall mass transfer coefficient of the water molecules across the thin interface layer. In order 

to calculate the concentration of the solute at the membrane interface, Film theory is widely used to 

describe the ECP, including the earlier modeling studies done by other researchers for the FO 

process. At steady state across the dilutive ECP on the draw solution of the FO operated in normal 

mode, the water flux, Jw, according to film theory is given as: 

      
  

  
    −−−−−−−−− (4.7) 

 

The reverse salt flux, Js, across active layer is expressed by Fick’s law: 

                    −−−−−−−−− (4.8) 

 

As water permeates across the membrane, it dilutes the draw solution in the support layer, resulting 

in dilutive internal concentration polarization, ICP [210]. Diffusion works to restore this local 

concentration to the bulk draw solution concentration, but it is hindered by the porous support, 

which acts as an unstirred boundary layer. The salt flux across the porous support is the sum of the 

diffusive component, driven by the salt concentration gradient, and the convective component, 

arising from the permeation of water through the membrane. 
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            −−−−−−−−− (4.9) 

 

where, Ds is the effective diffusion coefficient of the draw solute in the porous support layer. The 

latter can be related to the bulk diffusion coefficient, D, by accounting for the porosity, ε, and 

tortuosity, τ, of the support layer, i.e.,     
  

 
 [100]. 

Bulk 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 [211]. The equation is essentially a thermodynamic model and 

assumes that under dilute conditions the spherical shaped solute has no interaction with each other 

and there is no resistance to transport of solute in bulk solution. Other empirical equations like the 

Wilke-Chang equation can also be used. Partition coefficient is not considered as it is mostly 

applicable for immiscible solvents. 

 

At steady-state, the salt fluxes across the active (Eq. (4.8)) and support (Eq. (4.9)) layers are equal: 

     

  
  

  

  
     

 

  
              −−−−−−−−− (4.11) 

 

Integrating the above equation across the support layer thickness, from the porous layer draw 

solution interface, x=0, where the salt concentration is cD,s to the porous layer-active layer interface, 

x = -ts, where the salt concentration is cD,m (Fig. 4.1), yields 

                
   

 
   

 

  
                 

   

 
     −−−−−− (4.12) 

where S = tsτ/ε is the support layer structural parameter (McCutcheon and Elimelech 2007). In this 

equation, the term      
   

 
  account for dilutive ICP. The above equation indicates that the salt 

concentration at the active-support interface, cD,m, is the sum of two terms. The effect of dilutive 

ICP is described by the first term on the right-hand side. The second term accounts for the decrease 

in salt concentration at the membrane interface due to the reverse permeation of draw solution salt 

into the active layer. 
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Membrane structural parameter, S is a critical intrinsic parameter dependent on membrane thickness 

ts, tortuosity τ and porosity ε. S quantifies the mass transport length scale across the membrane 

support layer [212]. S is used to decide the extent of ICP in the support layer of FO membranes and 

low S value is always preferable. A thinner, more porous and less tortuous support layer has a lower 

S value. Hence it can achieve higher osmotic pressure of the draw solution at the interface between 

the active and support layers, resulting in higher water flux [213]. But this can lead to high reverse 

solute flux and therefore the selectivity of the membrane is very important. Typically, the structural 

parameter of a FO membrane is estimated experimentally as the tortuosity and porosity is difficult 

to directly measure. Also it is very difficult to accurately simulate the diffusion behavior within the 

support layer. Various experimental methods like pressurized (RO-FO based) methods and non-

pressurized (FO based) methods have been applied to estimate S value. The experimental based 

methods have their own limitations due to insufficient simulation of the CP phenomena and 

corresponding variant S values. Modern numerical based methods such as finite element method 

(FEM) [214] and/or computational fluid dynamics (CFD) [215] has been developed to analyze the 

water and solute transport through the FO membrane more accurately. 

The term S/Ds is termed as the solute resistivity, K. The value of K demonstrates the ease with 

which a solute can diffuse in and out of the porous support layer of membrane and is a measure of 

the severity of internal concentration polarization. 

As water permeates across the membrane, the feed solutes are selectively retained by the semi-

permeable active layer. The resulting build up of solutes within the boundary layer at the active 

side, lead to concentrative ECP. Similar to ICP, the salt flux within this ECP boundary layer 

comprises diffusive and convective components 

       
     

  
            −−−−−−−−− (4.13) 

 

At steady-state, the salt flux within the ECP boundary layer (above equation) is equal to the salt flux 

across the active layer (Eq. (8)). Integrating the resulting equation across the ECP boundary layer 

from the active layer, z=0, where the salt concentration is cF,m, to the bulk draw solution,   =    δ, 

where the salt concentration is cF,b, yields 

               
  

 
   

 

  
                  

  

 
  −−−−−−−−− (4.14) 
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where k=D/δ is the boundary layer mass transfer coefficient. Inspecting Eq. (14) reveals that cF,m is 

dependent on two terms. The first term describes the bulk feed concentration, cF,b, corrected for 

concentrative ECP by the factor     
  

 
 , while the second term represents the increase in salt 

concentration due to draw solute leakage across the active layer. Since k depends strongly on the 

hydrodynamics of the system, it can be related to the Sherwood number Sh, by 

   
    

  
   −−−−−−−−− (4.15) 

where, dh is hydraulic diameter (calculated dh= 0.0381 m) and Sh is the dimensionless Sherwood 

number. The dimensionless Sherwood number is estimated for laminar flow (Re< 2100) as [216]:  

             
  

 
      −−−−−−−−− (4.16) 

and for turbulent flow (Re> 2100) as: 

          
      

                (4.17) 

where, Re and Sc are Reynolds and Schmidt number respectively.  

Both cD,m and cF,m are local interfacial concentrations on either side of the active layer interface and 

therefore are not experimentally accessible. To circumvent this, we subtract Eq. (4.12) from Eq. 

(4.14) and rearrange to obtain 

          
         

   

 
           

  
 
 

   
 

  
     

  
 
        

   

 
  

  −−−−−− (4.18) 

 

Next, it can be assumed that the osmotic pressure is linearly proportional to the salt concentration; 

i.e., the Van’t Hoff equation is applicable. Hence, the effective osmotic driving force, Δπm, is 

proportional to Δcm = cD,m- cF,m (Eq. (4.18)). In the analysis, it can be also assumed that the ECP in 

the draw solution is negligible because the support layer thickness is relatively large, thereby 

dominating concentration polarization, i.e., πD,s= πD,b . Substituting Δπm into Eq. (4.5) yields an 

expression for the water flux in FO[8], 

 

      
          

   

 
            

  
 
 

   
 

  
     

  
 
        

   

 
  
   −−−−−−−− (4.19) 
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Substituting Δcm into Eq. (4.8) yields an expression for the reverse salt flux in FO, yields 

      
          

   

 
            

  
 
 

   
 

  
     

  
 
        

   

 
  
   −−−−−−−−− (4.20) 

 

These two equations (4.19 and 4.20) utilize experimentally accessible parameters and incorporate 

the performance-limiting phenomena of ICP and ECP as well as salt leakage across the membrane. 

They are only valid for FO operation under AL-FS mode [213]. 
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CHAPTER - 5 
 

Result and Discussion 
 

The performance of forward osmosis process using different inorganic salt solutes and a natural 

deep eutectic solvent as a draw solution using different membranes was investigated for wastewater 

dewatering applications. The membranes were characterized for their composition and pore 

structure analysis. The effect of various parameters such as draw solute concentration, temperature, 

flow rate, membrane orientation on the water flux and reverse solute flux was checked. Recovery of 

draw solute by various methods was carried out. Application in concentration of industrial 

wastewater, synthetic wastewater and other feed solution were checked along with fouling 

mitigation techniques to recover water flux and prolong membrane life. Various membrane 

parameters like water permeability coefficient A, solute permeability coefficient B and membrane 

structural parameter S were determined. The water flux and reverse solute flux was modeled and the 

model predicted values were compared with experimental values. The experimental findings are 

presented and discussed in the following subsections. 

 

5.1  Membrane analysis 

Three different types of membranes were checked for their performance in the FO process. The 

membranes were characterized for their structural and compositional analysis. The results are 

presented in the following section. 

5.1.1 Polyamide TFC RO membrane 

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

ULP1812-75) was incorporated into the test cell as a FO membrane. The membrane is made of 

aromatic polyamide compound which can work under low pressure of about 4 atm. in RO mode 

resulting in energy savings and is best suited for desalting groundwater having less than 1000 mg L
-

1
. These types of membranes are developed with an aim to increase permeate flow rate 

compromising salt rejection especially in applications where maximizing permeate quality is not 
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necessary. In RO mode, these membranes can operate under approximately two thirds pressure of 

that of regular low pressure compound membranes, and can achieve a rejection rate of as high as 

98.0%. The membrane can produce 0.28 m
3
 day

-1
 of RO permeate. 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. The spiral module is 305 mm long having 45 mm diameter with an active membrane 

area of 0.46 m
2
. The maximum withstanding temperature and pressure of the membrane is 45°C and 

20.5 atm. respectively. The water permeability coefficient of this membrane is 4.5 L m
-2

h
-1

bar
-1

. 

The membrane was used as it is in FO operation without any modification. 

5.1.2   Polyethersulfone TFC NF membrane 

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

Pvt. Ltd, Vadodara, India. The membrane is low cost and is locally manufactured for NF 

application. The working pressure range of the membrane was low enough to enable its 

compatibility to work as a make-shift FO membrane. A detailed performance study of the 

membrane in the FO process without any modification was undertaken. 

5.1.2.1  SEM analysis 

SEM images of active layer surface, support layer surface and the cross-section of NF membrane 

are shown in Fig. 5.1. Images of the top layer of the pristine membrane at 4000× and 8000× 

magnification (Fig. 5.1a & 5.1b) revealed a compact surface with visible scattered pores. 

Intermittent bright spots on the surface are attributed to the presence of deposits having high 

conductivity which are proprietary additives added to increase hydrophilicity. Cross-sectional 

images (Fig. 5.1c & 5.1d) 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 PES top layer is around 50 μm thick formed over 

a surface of a micro porous substrate of about 50 μm thickness by interfacial polymerization 

reaction. The support substrate is a highly porous 50 μm thick polysulfone layer cast over a non-

woven polyester fabric (Fig. 5.1e & 5.1f) by phase inversion gelling technique to provide necessary 

structural strength for pressurized NF operation (can withstand up to 40 bar pressure). The overall 

thickness of the membrane is around 200 μm. Together the porous PES top layer and highly porous 
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support substrate tend to increase the water permeability even at low pressure NF operation 

rendering the membrane suitable for FO applications.      

 

Fig. 5.1 SEM image of thin film composite 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×). 

 

5.1.2.2  SAXS analysis 

The SAXS curves of investigated cellulose membranes are shown in Fig. 5.2 in double-logarithmic 

plots. Because small-angle X-ray scattering is conditioned by the existence of the electron density 

non-homogeneities in the sample, which in case of membranes is due to the existence of pores in 

them, the higher intensity is caused by higher content of pores in these membranes. Content of 

pores can be determined by calculating the scattering power, or invariant Q, as shown in Eq. 3.3. 

The pores may be assumed to be entirely air filled in dry membranes. The electron density 

difference between PES and pores was calculated to be Δρ = 511 electrons/nm
3 
[217].   
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Fig. 5.2 SAXS image of thin film composite nanofiltration membrane used in forward osmosis (a) 112 

mm and (b) 377 mm. 

 

For determination of pore sizes the Guinier approximation, describing the scattering intensity for 

small values of the scattering vector q, can be used (Eq. 3.4). The SAXS profile of the membrane in 

dry state is shown in Fig. 5.2. The average periodic spacing is 4–5 µm obtained from q position of 

the correlation peak observed in the SAXS pattern. Periodic spacing was calculated by using the 

(a) 

(b) 
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equation: d = 2π/q. The above results indicate that the micro-phase separated structures of 

membranes in a dry condition can be evaluated by stained SAXS. 

 

5.1.2.3  Membrane parameters 

Membrane parameters water permeability coefficient (A), solute permeability coefficient (B) and 

membrane structural parameter (S) was determined numerically using NaCl-DI water system by 

single-stage FO based test method as described in literature [212]. The water permeability 

coefficient, A and solute permeability coefficient, B was found to be 1.19 L m
-2

h
-1

bar
-1

 and 0.5 L m
-

2
h

-1
 respectively. The structural parameter, S of the membrane was determined at 2025 µm. The 

high S value looks justifiable considering the thick support layer of this membrane. Membranes 

having S values less than or around 500 µm are preferred for FO application as no external pressure 

is applied [218].  

 

5.1.3  Polyamide TFC FO membrane with DMSO  

The membrane is developed and provided by Indian Institute of Chemical Technology (IICT), 

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

composite (TFC) type manufactured by interfacial polymerization technique. The membrane is 

designed and prepared indigenously specifically for FO applications. Detailed characterization of 

the membrane is provided in the following sections. Some more description about the same 

membrane can be found in the literature [219]. 

5.1.3.1  FTIR analysis 

ATR-IR spectroscopy was used for surface analysis because of its unique ability to estimate the 

content of various functional groups present on the membrane surface. Fig. 5.3a depicts the IR 

spectrum of cross linked thin film composite membrane with polyamide active layer over 

polyethersulfone support substrate. The common adsorption bands typical for all grafted polymers 

at 980 cm
-1

 (C=C bending, alkene), 1290 cm
-1

 (C-O stretching, alkylaryl ether), 1670–1680 (C=N 

stretching, imine/oxime), 1725–1705 (C=O stretching, aliphatic ketone) and 2275–2250 cm
-1

 

(N=C=O stretching) were displayed.  The bands at 1107 cm
-1

 and 1246 cm
-1

 denote the C–O–C and 

O=S=O asymmetric stretching vibrations of the polyethersulfone layer, respectively. 
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Fig. 5.3 (a) FTIR and (b) Raman spectroscopy of thin film composite FO membrane. 
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A strong in-plane bending vibration arising from aromatic NH2 scissoring occurs at 1610 cm
-1

. The 

peak around 1655 cm
-1

 denotes strong carbonyl (C=O) stretching vibrations of the amide group. 

The sharp peaks at 2921 cm
-1

 is due to C-H aliphatic stretching vibration presence in the polyamide 

active layer. The peaks at 2965 cm
-1

 represent =CH stretching vibrations in both polyamide and 

polyethersulphone. The wide absorption band at 3300 cm
-1

 may be due to overlapping of the 

bending vibration of –OH group of water and –NH group of amide. Comparison with standard 

DMSO FTIR analysis from literature, the peaks particularly around 1050–1100 cm
-1

, 1290–1310 

cm
-1

 and 2800–3000 cm
-1

 in both DMSO (sharp) and membrane (broad) indicates presence of 

DMSO. FTIR analysis of the similar membrane may be referred [219]. 

5.1.3.2  Raman spectroscopy analysis 

Raman spectroscopy was used for surface analysis because of its unique ability to estimate the 

content of various functional groups present on the membrane surface. The data in Raman 

spectroscopy is given in the form of intensity over wavelength of the scattered photons (Raman 

shift). Fig. 5.3b depicts the Raman spectrum of the thin film composite FO membrane. The peaks at 

1355, 1420 and 1610 cm
-1

 are representative of -CH2 wagging, -CH2 bending and amide 

respectively, the characteristics of polyamide layer over polyethersulfone support substrate. 

5.1.3.3  SEM analysis 

SEM images of the active layer surface, support layer surface and the cross-section of the FO 

membrane are shown in Fig. 5.4. The surface morphology of the TFC polyamide membrane 

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 a 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. Addition of DMSO 

also causes disruption in the pore structure of PES substrate to a small extent creating bigger voids 

that enable increased solvent permeation. No agglomeration or cluster formations were observed 

anywhere in the multilayered polymer materials. More description about the same membrane can be 

found in the literature [219].  

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4546354/figure/Fig2/
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(a) 

(b) 
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Fig. 5.4 SEM micrographs of thin film composite FO membrane (a) top layer (500×), (b) polyester 

support layer bottom surface (90×) (c) cross section showing the differentiated active and support 

layers (450×). 

 

5.1.3.4  Contact angle measurement 

The contact angle of the membrane was found to be 68.7
0
 which show good wettability of the 

membrane surface.  The contact angle decreased to 62.9
0
 (Fig. 5.5) after one minute indicating good 

hydrophilicity of the membrane which is responsible for providing high water flux. This may be 

attributed to the addition of DMSO which causes disruption in the pore structure of PES substrate 

during interfacial polymerization creating bigger voids that enhances solvent permeation through 

the membrane [220].  

(c) 



 

76 

 

 

 

 

Fig. 5.5 Contact angle measurements of FO membrane (a) at 0 min and (b) after 1 min depicting 

the hydrophilicity of the membrane. 

 

5.1.3.5  Membrane parameters 

Membrane parameters water permeability coefficient (A), solute permeability coefficient (B) and 

membrane structural parameter (S) was determined numerically using NaCl-DI water system by 

(a) 

(b) 
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single-stage FO based test method as described by Tiraferri [212]. The water permeability 

coefficient, A and solute permeability coefficient, B was found to be 4.11 L m
-2

h
-1

bar
-1

 and 0.65 L 

m
-2

h
-1

 respectively. The structural parameter, S of the membrane was determined at 722 µm. 

Membranes having S values less than or around 500 µm are preferred for FO application as no 

external pressure is applied [218].  

 

5.2 Determination of water flux 

Water flux is a major parameter which determines the success of FO. High water flux is a prime 

requirement for commercial implementation. The water flux using various draw solutes were 

determined and the various factors affecting the water flux is investigated. 

 

5.2.1 Water flux using Glauber salt draw solute  

The water flux in FO process using Glauber salt (Na2SO4) draw solute and DI water feed was 

determined using RO membrane. NaCl draw solution was used in the same system for comparison 

purposes. The decline in water flux was measured for both 1mol L
-1

 NaCl and 1mol L
-1

 Na2SO4 

draw solutes with DI water as feed for 4 h run. At the beginning, NaCl draw solute showed a 

marginally higher flux than Na2SO4 as a result of higher osmotic potential of NaCl compared to 

Na2SO4. The theoretical osmotic pressures of NaCl and Na2SO4 were not much different for the 

same concentration of solution (osmotic potential of 2 mol L
-1

 NaCl and 2 mol L
-1

 Na2SO4 being 

100 atm. and 95.2 atm. respectively) [4]. In both cases, the flux dropped primarily due to 

concentration polarization effect. A small contribution to reduction in net osmotic potential could 

also be attributed to the gradual dilution of draw solution which reduced the osmotic potential of 

draw solution. However, no significant difference was observed in the flux decline rates in both the 

cases. After a certain period of operational run (about 1.5 – 2 h) both the draw solution showed 

nearly the same flux as shown in Fig. 5.6. 

The magnitude of reduction of water flux is decided by concentration polarization (CP) which 

occurs due to gradual buildup of solutes near the membrane surface on both sides and contributes to 

decrease in the net driving force i.e. osmotic pressure. Two types of CP occur, external CP (ECP) 

and internal CP (ICP) (Fig. 4.1). In AL-FS orientation, concentrative ECP and dilutive ICP form the 

major resistances [8]. When DI water is used as a feed solution, the effect of concentrative ECP is 
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negligible because of absence of solute in feed solution and dilutive ICP become solely responsible 

for decrease in water flux. ICP phenomenon takes place inside the support layer of membrane due 

to water transport from feed solution to draw solution resulting in dilution of the draw solution 

which is difficult to eliminate. The decline in water flux owing to dilutive ICP could be very high, 

up to 80% in some cases [3]. The water flux declined around 30% after 200 min (Fig. 5.6) due to 

the dilutive ICP phenomenon as the RO membrane used had thick support layers made to withstand 

hydraulic pressure. Similar drop in water flux is reported to be around 5% for FO systems using 

cellulose acetate membrane specially designed for FO process [96]. This type of membrane has an 

optimal support layer as the FO membrane need not withstand substantial hydraulic pressure.  
 

 

Fig. 5.6 Water flux with time for 1 mol L
-1 

NaCl and 1mol L
-1 

Na2SO4 as draw solution with DI 

water as feed solution using RO membrane during 4 h operation. 

 

When DI water was used as a feed solution the effect of concentrative ECP could be neglected due 

to absence of solutes in feed solution. For the 1 mol L
-1

 Na2SO4-DI water system, dilutive ICP was 

mainly responsible for decrease in water flux. However it is important to note that increase of flow 

turbulence at the membrane surface or calculated increase of water flux could considerably reduce 

the effect of ECP on water flux [175]. The Reynolds number helps in identifying the extent of 

turbulence outside the membrane surface which determines the effect of ECP on permeate flux. For 
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the 3.81 cm diameter pipe element, at a flow rate of 1 L min
-1

, the velocity over the membrane was 

0.015 m s
-1

 and the corresponding Reynolds number was calculated to be 555. The flow regime was 

found to be in the laminar zone. In essence, the concentrative ECP can be manipulated and its effect 

in reducing water flux can be diminished to a considerable extent in the FO process. 

The extensive support layer of the thin film composite (TFC) RO membrane used in this FO process 

is reported to have S value around 10000 µm [6,12]. Substantial amount of research effort is 

directed towards development of membranes having lower structural parameter value. The S value 

of cellulose triacetate (CTA) asymmetric membrane and polyamide TFC membrane developed by 

HTI, Inc. for FO process having optimal support layer is reportedly around 600 µm and 450 µm 

respectively for 1.5 mol L
-1 

NaCl-DI water systems [12]. The resistance to mass transfer can be 

reduced by increasing the void fraction and decreasing the thickness and tortuosity of the 

membrane. At 25°C, the solution viscosity of 1.5 mol L
-1

 Na2SO4 solution was determined to be 

0.0013 kg m
-1

s
-1

. The effective diameter of hydrated ions [100] of Na
+
 is 450 × 10

-12
 m and SO4

2-
 

ion is 400 × 10
-12

 m. The value of Ds using the Stoke-Einstein equation (Eq. 4.10) is 0.8 × 10
-9

 m
2
 s

-

1
. The solute resistivity value, K for this system (K = S/Ds) was calculated to be 1.25 × 10

7
 s m

-1
 

which is quite high. Higher K values mean high ICP resulting in lower water flux Jw. One of the 

key objectives of membrane manufacturers is to minimize the K value and improve the performance 

of FO processes. K value for CTA FO membrane in a similar system is reported to be 4.9 × 10
5 

s m
-

1
 [175]. 

 

5.2.2 Water flux using Magnesium Chloride draw solute  

The performance of divalent salt magnesium chloride (MgCl2) as a draw solute using NF membrane 

using DI water feed was evaluated. The profile of water flux for 4h operation using 1 mol L
-1

 

MgCl2 draw solution with different feed and membrane orientation is presented in Fig. 5.7. A 

perusal of Fig. 5.7 reveals that water flux decreased with time and almost similar profile was 

observed in all cases. Sharp decline in water flux was noticed in the very first hour (~ 90% of total 

decline). The decrease in water flux was about 35% of initial flux after 4 h of operation. Thereafter 

the water flux was more or less maintained as displayed in the flattish profile (Fig. 8a) and the 

decline was very low (~15% drop) till 24 h of operation. In AL-FS orientation and DI water feed, 

the water transport from the feed side towards the draw solution led to dilution of the draw solution 
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inside the support layer. The thick, but porous support layer worked as a diffusive boundary layer, 

thus reducing the net osmotic pressure across the active layer resulting in diminished water flux.  

 

Fig. 5.7 Water flux profile with time for 4 h operation using 1 mol L
-1

 MgCl2 draw solution and 

DI water feed solution using NF membrane in AL-FS and AL-DS mode, wastewater feed (AL-

FS) and 1 mol L
-1 

NaCl draw solute for reference.  

 

The dilutive ICP occurred inside the support layer and was mostly responsible for the initial flux 

drop. Over and above it was difficult to eliminate. When DI water was used as a feed solution the 

effect of ECP was minimal. Average RSF was less and measured at 0.175 g m
-2

h
-1

 for DI water feed 

and 4h operation. However, measurement of MgCl2 concentration of the bulk feed solution may not 

reveal the true picture. NF membranes evidently do not reject 100% solutes. The solutes 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. Plausibly there was some 

interaction between the membrane and draw solute which prevented normal liberation of the solute 

ions. Also the majority of reverse solute transport across the membrane perhaps occurred during the 

first hour owing to maximum osmotic differential across the selective layer. This led to a sharp drop 
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in net osmotic potential across the active layer during the initial stage, which could be the reason for 

sharp flux decline. This was further authenticated by the performance of the same membrane using 

NaCl draw solute with DI water feed in AL-FS orientation. NaCl was able to diffuse easily and 

rapidly through the membrane pores (MWCO of 300) owing to small hydrated radii and was 

retained near the membrane surface. The water flux profile showed sharp decline of flux compared 

to MgCl2 as more amount of NaCl solute diffused resulting in least average flux.  

In the case of wastewater feed with MgCl2 draw solute, the water flux profile revealed a high degree 

of similarity in the first hour when compared to DI water feed. Subsequently the magnesium ions 

which diffused through the membrane probably interacted with solute ions of the feed resulting in 

foulants deposition at membrane / solution interface which further reduced the water flux. Similar 

phenomenon was reported in literature with wastewater - MgCl2 FO system [221,222]. This resulted 

in lower average water flux in case of wastewater feed compared to DI water feed after 4h.  

The flux profile with DI water feed in AL-DS orientation showed a similar downward trend albeit a 

flatter initial flux profile. In the absence of concentrative ICP effect in the support layer the osmotic 

potential difference was at peak initially. The leakage of solute and subsequent retention across the 

membrane as explained earlier might have resulted in a major decline in water flux. Permeation of 

water from feed to draw side led to dilutive ECP effect which also contributed to overall flux 

decline. However, there was higher average water flux in AL-DS mode compared to AL-FS mode 

for DI water feed. This advantage got nullified when wastewater was used as feed [30].  

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 wastewater feed. The complex interaction between the membrane and solutes along 

with the hydrodynamics resulted in an almost stable system with respect to water flux. Similar 

observable fact is also highlighted in another research paper [98] which needs careful deliberation. 

As can be observed from Table 5.1, performance of this membrane was better compared to other 

NF membranes applied in FO process.     
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Table 5.1 Performance of commercial FO membranes using MgCl2 draw solute with DI/waste water feed in 

FO process. 

Make Membrane 

Type 

Mod

ule 

Feed 

soluti

on 

MOC Draw 

solution 

conc. 

(mol L-1) 

Water 

flux 

(L m-2h-1) 

RSF 

(g m-2h-1) 

Js/Jw 

(gL-1) 

Ref. 

HTI Asymmetric F/S DI CTA 0.5 9.72 5.6 0.58 [43] 

HTI Asymmetric F/S WW CTA 2 9.61 5.26 0.55 [42] 

HTI TFC F/S WW Proprietary 2 15.10 25.29 0.6 [42] 

Porifera TFC F/S BW/

WW 

Polyamide 0.3 6.4/ 

11.1 

0.44 0.07 [221] 

Aquaporin 

Inside
TM

 

TFC F/S DI/ 

WW 

Proprietary 1 5.7/ 

5.1 

0.49 0.08 [99] 

Aquaporin  

HFFO220 

TFC H/F DI Proprietary 0.3 12.6 1.8 0.14 [223] 

Permionics TFC F/S DI/ 

WW 

Polyether 

sulfone 

1 7.63/ 

7.58 

0.17 0.02 This 

work 

TFC: thin film composite, F/S: Flat sheet, H/F: Hollow fiber, WW: wastewater, BW:brackish water,  

DI:de-ionized water 

 

5.2.3  Water flux using KCl and mono ammonium phosphate draw solute  

The performance of KCl and mono ammonium phosphate (MAP) as a draw solution was checked 

using DI water as a feed solution using TFC RO membrane. NaCl is used as a reference draw 

solution. The water flux of MAP was much less than KCl while water flux of NaCl was higher than 

both. This could be attributed to higher osmotic potential of NaCl compared to KCl and MAP. The 

osmotic potential of 2 mol L
-1

 KCl, MAP and NaCl are 92.27 bar, 89.17 bar and 103.3 bar 

respectively [4]. The water flux showed gradual decline in all cases (Fig. 5.8).  

The flux dropped primarily due to gradual reduction in net osmotic potential caused by CP. A small 

contribution to flux drop could be attributed to reduction in net osmotic potential due to gradual 

dilution of draw solution by water transport. The water flux decreased to almost 30-35% of initial 

flux after 4h of operation.  
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Fig. 5.8 Water flux versus time for 1 mol L
-1

 KCl and MAP draw solution and with DI water feed 

solution for 4h operation using RO membrane in AL-FS mode at 30°C.  

 

The support layer of TFC RO membrane used here is assumed to have S value around 10000 µm 

based on literature [6,12]. The actual S value may be little less but needs to be ascertained. It is a 

crucial intrinsic parameter used for finding the extent of ICP in the support layer of FO membranes 

and significant research effort is directed towards lowering S value. The S value of CTA 

asymmetric membrane and polyamide TFC membrane developed by HTI, Inc. for FO process is 

600 µm and 450 µm respectively [12]. FO membrane by Porifera Inc. reported S value of 215 µm 

[18]. At 25°C, the viscosity of 1 mol L
-1

 KCl and MAP is 0.88×10
-3

 and 1.05×10
-3

 kg m
-1

s
-1

 

respectively. The effective diameters of hydrated ions of K
+
 and Cl

-1
 ions are 300×10

-12
 m each and 

for NH
4+

 and PO4
2-

 are 250×10
-12

 m and 400×10
-12

 m respectively [43]. The Ds calculated using the 

Stoke-Einstein equation is 1.68×10
-9 

m
2
s

-1
 for KCl and 1.05×10

-9 
m

2
s

-1
 for MAP. Draw solutions 

having low molecular weight (MW) tend to have higher Ds compared to larger MW. The MW of 

NaCl, KCl and MAP are 58.44, 74.55 and 115.03 g mol
-1

 respectively. Draw solutions having high 

Ds face lower resistance and diffuse through the membrane support layer easily. Therefore, low 

MW solute like NaCl has lower ICP effect. The solute resistivity value, K (= S/Ds) (assuming S = 

10000 µm) is 5.96×10
6 

s m
-1

 and 9.49×10
6 

s m
-1

 for KCl and MAP respectively which is quite high 

signifying high ICP resulting in reduced water flux. K value for the CTA FO membrane in a similar 
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system is 4.9×10
5 

s m
-1

[96]. The resistance to mass transfer can be reduced by increasing void 

fraction and decreasing the thickness and tortuosity of membrane. 

The water flux increased with concentration of KCl and MAP (0.5-1.5 mol L
-1

) as a draw solution 

(Table 5.2). Performance with 0.25 mol L
-1

 NaCl (brackish water) and 0.6 mol L
-1

 NaCl (sea water) 

as feed solution was also checked. The water flux was very low for 0.6 mol L
-1

 NaCl as feed 

solution against 1 mol L
-1

 KCl and MAP as the differential osmotic driving force was very less. 

Comparatively water flux was considerable at 4.39 L m
-2

h
-1

 for 0.25 mol L
-1

 NaCl as feed solution 

against 1.5 mol L
-1

 KCl due to higher osmotic differential. The flux profile (Fig. 3a) showed that 

there was a gradual reduction in water flux for 0.25 mol L
-1

 NaCl feed solution mainly caused by 

CP effect. The flux initially decreased at a faster rate followed by gradual decrease for 0.6 mol L
-1

 

NaCl feed solution. This may be attributed to more prominent concentrative ECP effect due to 

higher feed concentration. The effect of concentrative ECP on water flux could be substantially 

diminished by enhancement of flow turbulence at membrane surface [78]. The cross flow velocity 

over the membrane was 0.0053 m s
-1

 and the corresponding Reynolds number was 336 (laminar 

zone) which implied scope for reduction of concentrative ECP effect by increasing cross flow 

velocity. 

 

Table 5.2 Experimental water flux for KCl and MAP (pure and blended) fertilizer draw solutions at 

different concentrations with DI water and NaCl solution as feed solution for 4h operation in AL-

FS mode at 30°C. 

 

Draw Solution 

Water Flux JW (L m-2h-1) 

Feed Solution (mol L-1) 

(mol L-1) Pure water  0.25 NaCl 

(brackish 

water)  

0.6 NaCl  

(sea water) 

1.0 NaCl
# 

3.67 - - 

0.5 KCl 2.70 1.48 - 

1.0 KCl 3.56 2.84 0.86 

1.5 KCl 6.12 4.39 1.76 

0.5 MAP 2.09 1.04 - 

1.0 MAP 2.70 2.09 0.94 

1.5 MAP 4.18 2.70 1.40 

(0.5:0.5) MAP+KCl 4.72 2.34 1.01 

(1:1) MAP+KCl 6.08 4.39 2.16 

- Too low water flux      # For comparison study 
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The water flux of blended fertilizer was slightly less (<5%) than the sum of two individual fertilizer. 

Blending different types of fertilizers alter the nature of species formed in solution. The resultant 

coexistence of different types of species in solution might have altered the diffusivity of particular 

species [103]. The decrease in performance of KCl+MAP blend might have been influenced by the 

change in diffusivity of draw solute. This decrease in diffusivity probably led to increase in solute 

resistivity resulting in increasing ICP effects in the support layer of membrane, thereby reducing 

water flux.  

The water flux reported for this system is less to make it commercially applicable. The flux could 

be increased by increasing concentration of draw solution. To obtain considerable water flux more 

than 2 mol L
-1 

concentration of blended fertilizer is necessary. Absence of scale precursor ions is an 

added advantage. Water flux of blended fertilizers is reportedly greater than the individual fertilizer 

in some cases [103]. If the coexistence of different species in the draw solution alters the diffusivity 

of a particular species in a positive manner such that it reduces the overall ICP effect in the support 

layer of membrane, it can lead to higher water flux. This phenomenon which has been reported in 

some fertilizer blends can be further exploited. 

 

5.2.4 Choline chloride glycerol (1:2 mol) NADES as draw solute  

Before using the NADES as a draw solute, some of the important properties were checked to 

determine the behavior of NADES as a draw solute. 

 

5.2.4.1 Properties of choline chloride-glycerol (1:2 mol) NADES 

Some of the properties of choline chloride, glycerol and ChCl-glycerol (1:2 mol) NADES are 

shown in Table 5.3. It can be observed that the melting point of the NADES (–40°C) is much less 

than the individual constituents. Viscosity is a vital property that needs check for suitability of a 

draw solute in FO applications. Low viscosity of draw solution promotes mobility of draw solutes 

in the support layer of membrane which increases water flux. In general choline chloride based 

NADESs typically has high viscosity at NTP which becomes an obstacle in its applicability. The 

effect of temperature and dilution with water on density and viscosity of NADES was studied (Fig. 

5.9a-c). There was around 76% drop in viscosity when the temperature increased from 30 to 60°C 

(Fig. 5.9b).  
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Table 5.3 Properties of Choline chloride, Glycerol and NADES. 

Parameters 

 

Unit Choline Chloride Glycerol NADES 

IUPAC name  2-hydroxy-N,N,N-trimethyl 

ethanaminium chloride 

propane-1,2,3-triol - 

Molecular formula - C5H14NOCl C3H8O3 - 

Molecular weight g mol
-1

 139.62 92.094 107.9 

pH - 6.5-8 7 6.2 

Density g cm
-3 

1.1* 1.261 1.18 

Viscosity cP 21* 954 259 

Water activity  - - - 0.1 

Surface tension N/m - 0.634 0.056 

Conductivity mS cm
-1 

- - 1.05 

Osmotic Potential atm. - - 317 

Melting point °C 302 18.2 –40 

Boiling point °C # 290 - 

Heat capacity J mol
-1

K
-1 

194.75 218.9 237.7 

All properties at NTP  * 70 ± 1 % choline chloride, 30 % water, less than 0.05 % impurities; measured; BASF 

AG (1974). # not applicable due to decomposition on heating  

 

Addition of small quantities of water reduces the viscosity of NADES drastically (Fig. 5.9a). The 

viscosity decreased to about 1/10
th

 of the original value with addition of 25% water. However, the 

NADES characteristics are not affected by the addition of a small amount of water [133]. The 

NADES became more acidic with increase in temperature. The acidity increased from pH 6.2 to 5.1 

with increase in temperature from 30 to 60°C (Fig. 5.9c).  
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Fig. 5.9 Variation of (a) viscosity and density of Choline chloride and glycerol (1:2 mol) NADES with 

dilution, (b) viscosity and density of NADES with temperature, (c) pH of NADES with temperature. 

 

Fig. 5.10 ATR FTIR spectra for (Choline chloride and glycerol composition (1:2 mol))+ water at 

different (0 - 100%) concentration. 
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In order to determine the influence of water presence on the interactions between different terminal 

groups in the ChCl-glycerol (1:2 mol) NADES, FTIR spectra of the NADES of varying 

composition (10%,20%,30%,40%,50%,60%,70%,80%,90%,100%) (v/v) were recorded (Fig. 5.10), 

and the corresponding wavenumber (cm
-1

) of the vibrational modes and their associated terminal 

groups. It can be noted that, approximately, the characteristic spectrum of the NADES is an overlap 

of those of glycerol and ChCl. In addition, the bands associated to ChCl, such as ρ CH3, ρ CH2, νas 

CCO and δ CH appeared in the spectrum of ChCl-glycerol. These results divulge that the structure 

of Ch+ was not destroyed in the ChCl-glycerol NADES. Particularly, the absorption bands of 

Glycerol at 3448 cm
-1

 and 3359 cm
-1

, which can be ascribed to the stretching mode of -NH2 (νas 

NH2 and νs NH2), moved towards the lower wavenumber region to 3421 cm
-1

 and 3349 cm
-1

 and 

changed to broader bands. This could be attributed to the forming of more hydrogen bonds between 

glycerol and ChCl. The additional hydrogen bonds maybe exist as O-H···N-H, O-H···O and O-

H···OH, as illustrated in Fig. 4 (A-D). The water had a marginal effect on the vibration frequency 

of the groups in ChCl-glycerol NADES by studying systematically various compositions (10 - 

100%), the increasing composition ChCl-glycerol NADES. At this point, the spectrum of the ChCl-

glycerol NADES containing 100 % ChCl-glycerol H2O shifted to higher % transmission. The 

absorption bands of glycerol ascribed to the stretching mode of -OH at 2990 cm
-1

 and 3200 cm
-1

 

moved towards the lower wavenumber region due to absorbing water. Meanwhile, its absorption 

bands ascribed to the bending mode of -NH2 (δas NH2 and δs NH2) moved to the higher 

wavenumber area, and which can be attributed to the formation of more hydrogen bonds with 

increasing % composition from 10-100% ChCl-glycerol NADES. 

The excess hydrogen bonds may exist as O-H···N-H, O-H···O and N-H···O, as depicted in Fig. 

5.11 (C-D). In addition, a band at 1580 cm
-1

 ascribed to the bending vibration of -OH (δas OH) 

appeared given the co-existence of water as a result of hydration whereas, water has a leading 

impact on the shape of the spectrum of ChCl. Two individual absorption bands of ChCl at 3126 cm
-

1
 and 3460 cm

-1
 assigned to the stretching mode of -OH, were merged into a broad peak with a 

maximum peak value at 3126 cm
-1

 after absorbing water (shown in Fig. 5.11 B), illustrating that the 

water existed as flocks or aggregates. It can be predicted that water molecules preferentially pooled 

with other water molecules rather than ChCl according to their structural resemblance (Fig. 5.11 A-

C). 
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Fig. 5.11 Proposed mechanism of hydrogen bonds formed between glycerol and ChCl and water. 

 

The structure of ChCl-glycerol NADES has been investigated by ATR-FTIR but that particularly 

didn’t focus on the water presence. Notably, the FTIR spectrum of the glycerol in the reference is in 
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agreement with that of the glycerol containing 10 – 100 wt. % water in the present study. It implies 

that extraordinary care should be taken regarding the analysis of ChCl-glycerol NADES due to its 

high hygroscopicity. Based on the above analysis, the water will preferentially combine with 

glycerol molecules but not choline chloride once ChCl-glycerol NADES absorbs water from the 

environment through hydrogen bonds. 

Hence, the decomposition of water can be suppressed and the electrochemical window could be 

persisted due to the strong hydrogen bond, as revealed by the CV tests in Fig. 5.9d. On the other 

hand, the fact that a fraction of the ChCl linked with glycerol through hydrogen bonds were 

replaced by water molecules will produce more free Ch+ and in turn result in a high ionic 

dissociation. This is due to the fact that water can interfere with the coulombic force between 

Glycerol and ChCl through interacting with the –OH group, which may be the intrinsic reason why 

the ionic dissociation was promoted by water in Fig. 5.11 B. It has been proposed that hydrogen 

bonds were formed preferentially with -OH when water was added into the similar protic ionic 

liquids. 

Considering the above reasons diluted NADES in the range of 10 – 30% (v/v) NADES (remaining 

water) was checked as a draw solution for its performance in FO process. ChCl-Glycerol could 

generate very high osmotic pressure of 317 atm. The osmotic potential could be retained (π > 150 

atm.) after 50% dilution and (π > 60 atm.) after 80% dilution (similar to approximately 1M NaCl). 

Hence after dilution, due to (i) retention of osmotic potential, (ii) low viscosity, (iii) good ionic 

activity, and (iv) inexpensive, 10 – 30% (v/v) ChCl-Glycerol was tested as a draw solute for FO 

application. 

5.2.5  Water flux using choline chloride glycerol (1:2 mol) NADES as draw solute  

The performance of ChCl-glycerol (1:2 mol) NADES as a draw solute was evaluated using DI 

water as a feed solution in AL-FS orientation mode using the TFC FO membrane. The temperature 

and flow rate of DI water feed and draw solution was constant. The variation in water flux and RSF 

with draw solute concentration was checked. The water flux ranged between 12 – 15 L m
-2

h
-1

 with 

increase in concentration of NADES draw solute from 15 - 28.5% (v/v). The osmotic potential of 

NADES solution increased with increase in concentration which is the primary reason for increase 

in water flux. It seemed that the increase in the viscosity of solution due to increase in concentration  
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Fig. 5.12 (a) Water flux and reverse solute flux (RSF) in forward osmosis process with DI water 

as feed solution and 20% (v/v) choline chloride-glycerol (1:2 mol) NADES as draw solution at 

various concentrations for 4 h operation. (b) Water flux with time for 5 h operation using 20% 

(v/v) choline chloride-glycerol (1:2 mol) NADES draw solution and DI water feed solution in 

AL-FS orientation using FO membrane. 

0 

0.05 

0.1 

0.15 

0.2 

0.25 

0.3 

0.35 

0.4 

0.45 

0.5 

0 

2 

4 

6 

8 

10 

12 

14 

16 

18 

20 

15 20 22.5 25 28.5 

R
S

F
 (

g
 m

-2
h

-1
) 

, 
J

s/
J

w
 

W
a

te
r 

F
lu

x
 (

L
 m

-2
h

-1
) 

Concentration (mol L-1) 

Water flux 

RSF 

Js/Jw 

0 

20 

40 

60 

80 

100 

120 

0 100 200 300 

W
a
te

r 
F

lu
x
, 
J
w

 (
L

 m
-2

h
-1

) 

Time (min) 

(b) 

(a) 



 

93 

 

 

(Fig. 5.9a) had a detrimental effect on diffusivity of solutes inside the support layer causing dilutive 

ICP. Hence the water flux peaked at around 20% (v/v) and then reduced gradually (Fig. 5.12a). The 

RSF was found to increase with draw solute concentration. RSF causes loss of precious draw 

solutes resulting in high replenishment costs and contamination of feed solution. The membrane 

should have a high RSF (ratio of Jw and Js) selectivity to maximize the performance. At 20% (v/v) 

NADES the Jw/Js was found to be highest, so 20% (v/v) NADES was used for further 

experimentation. 

The water flux profile for 4h operation with 20% (v/v) NADES as draw solution is shown (Fig. 

5.12b). Water flux trend with time was observed to be similar in all the experiments. The water flux 

declined very fast initially and lost about 62% of initial flux within 1h of operation. After 1h of 

operation, very less drop in the water flux was observed which could be maintained for a long 

duration. Initially the effect of full osmotic potential across the active layer which is the sole driving 

force was realized. After that the dilutive internal concentration polarization (ICP) effect was 

notable. Dilutive ICP was caused as the porous support layer acted as a diffusive boundary layer 

which restricted the movement of draw solute in the support layer. In addition, water transport from 

feed side to draw side diluted the draw solution near the active layer. Both the above effect reduced 

the net osmotic pressure across the active layer. Due to usage of DI water as feed, concentrative 

external concentration polarization (ECP) was not observed.  

 

5.3  Determination of reverse solute flux (RSF) 

Reverse salt permeation is inevitable as semi-permeable membranes are not an ideal barrier. RSF is 

detrimental to FO performance as it leads to loss of precious draw solutes resulting in high 

replenishment costs and contamination of the feed solution. It reduces the driving force and also 

causes membrane fouling in some cases [2]. The RSF was determined in each case and the various 

factors affecting the RSF are examined.  

5.3.1 Reverse solute flux using Glauber salt as draw solute 

The presence of sodium and sulfate ions in feed solution was analyzed by a well calibrated 

conductivity meter. It was observed that for each liter of water recovered through the RO 
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membrane, only 0.42 g of Na2SO4 diffused through per unit area of membrane after 6 h. Low RSF 

value may be attributed to the effective salt rejection by the active layer of the membrane aided by 

presence of thick support layer. Moreover Na2SO4 being a bivalent solute has a large hydrated 

diameter enabling it for low RSF. The loss of Na2SO4 draw solute per unit volume of the water 

permeation across the FO membrane is known as specific RSF. It is measured as the ratio of salt 

leakage, Js, to water flux, Jw. This ratio helps estimate the salt loss by reverse diffusion from draw 

solution side to feed solution side during the FO process. The Js/Jw ratio was found to be 0.076 g L
-1

 

which indicates very low salt leakage through the membrane from draw side to feed side. For an 

asymmetric CTA FO membrane Js/Jw of 0.36 was reported for 0.9 mol L
-1

 Na2SO4 solutions [19]. 

This value is on the lower side as compared with other inorganic draw solutes (Js/Jw for NaCl = 

0.75) [43]. It has been reported in literature that Js/Jw is independent of draw solution concentration 

[43,100]. The ratio can be used to calculate replenishment cost. The replenishment cost for this FO 

process using 1 mol L
-1

 Na2SO4 draw solution was calculated to be very less which can be 

considered a great advantage. 

 

5.3.2  Reverse solute flux using MgCl2 as draw solute  

Experiments with DI water feed showed RSF of 0.17 and 0.27 g m
-2

h
-1

 at 1 and 2 mol L
-1

 MgCl2 

draw solution concentration respectively. The effective diameters of hydrated ions of Mg
2+

 and Cl
-1

 

ion are 800×10
-12

 m and 300×10
-12

 m respectively [43]. In aqueous solution, MgCl2 tends to 

dissociate to one cation of magnesium, Mg
2+

 and two anions of chloride, Cl
-1

. As the PES 

membrane is negatively charged, it tends to repel the chloride ions. Considering the large size of 

hydrated Mg
2+

 ions, the combination of all these factors resulted in low RSF. The RSF increased 

with concentration of draw solution for DI feed water (Fig. 5.13) due to an increase in concentration 

difference (driving force) between draw solution and feed solution as explained by Fick’s law (Eq. 

4.8). Though the larger solute size of MgCl2 helps achieve low RSF, this is at the expense of low 

diffusivity which tends to increase dilutive ICP resistance resulting in lower water flux. Js/Jw ratio 

of 0.023 g L
-1

 for 1 mol L
-1

 MgCl2 draw solution indicated low replenishment cost. Js/Jw ratio 

increased with draw solution concentration which somewhat contradicts the literature findings and 

the assumption that Js/Jw is independent of draw solution concentration [43,100]. This might be due 
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to faster dilution of the draw solution inside the support layer owing to higher water flux resulting 

in a reduction in net osmotic potential.   

 

 

Fig. 5.13 Water flux and reverse solute flux (RSF) in forward osmosis process with DI water as 

feed solution and MgCl2 as draw solution at various concentrations using NF membrane for 4 h 

operation. 

 

The RSF was much lower than what has been reported using other NF membranes (both proprietary 

and fabricated) with the same draw solute (Table 5.1). The specific RSF of 0.023 g L
-1

 is also lower 

than other NF membranes. This is especially noteworthy as no specific methodology was adopted 

for countering RSF. Proprietary FO membranes by HTI using 0.5 mol L
-1 

MgCl2 draw solution 

reported higher water flux at 9.72 L m
-2

h
-1 

but Js/Jw was high too at 0.5 g L
-1 

[43] compared to 5.8 L 

m
-2

h
-1

 and 0.015 g L
-1 

in our case.  It also merits mentioning that low RSF makes the membrane 

suitable for applications like food, pharmaceutical, protein concentration where feed contamination 

is a sensitive issue. A proper combination of membrane and draw solute for the FO process which 

can maintain a balance between permeability and selectivity is essential. Increasing water flux to 
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expedite the FO process without compromising RSF is a challenging task but necessary for overall 

implementation and feasibility of the system.  

5.3.3  Reverse solute flux using KCl and MAP as draw solute  

When fertilizer solutions are used as draw solutions, the leakage of NPK nutrients to feed water 

may cause additional post processing/disposal problems due to eutrophication. Experiments with DI 

water feed and 1mol L
-1

 draw solution concentration showed RSF of 3.35 g m
-2

h
-1

 for KCl and 1.74 

g m
-2

h
-1

 for MAP. Similarly, RSF for NaCl was 2.31 g m
-2

h
-1

. Low RSF value is mainly attributed 

to effective salt rejection by the active layer of membrane aided by presence of thick support layer. 

However, it is to be noted that thick support layers add to the dilutive ICP effect in AL-FS mode 

thereby decreasing the water flux. The better approach to decrease RSF would be to increase 

membrane selectivity. The large hydrated diameter of PO4
2-

 ions may be responsible for low RSF of 

MAP compared to KCl. Though NH4
+ 

ions have low hydrated diameter, the phosphate anion acts as 

a controlling ion resulting in low RSF. The polyamide TFC membrane used being negatively 

charged tends to repel PO4
2-

 ions. The Js/Jw ratio was 0.94 g L
-1

 and 0.64 g L
-1

 for KCl and MAP 

respectively which indicate low replenishment cost. The corresponding Js/Jw ratio for an 

asymmetric CTA FO membrane is reportedly 2.6 g L
-1

 for KCl and 1.8 g L
-1

 for MAP [91]. The 

RSF measurement was performed for 1 mol L
-1

 solutions only as Js/Jw is independent of draw 

solution concentration [43,100]. The RSF when measured with 0.6 mol L
-1

 NaCl feed solution was 

found negligible for both KCl and MAP. Similar phenomenon was observed for blended fertilizer 

solutions. This may be caused by the presence of NaCl on the feed side of membrane which 

restrained the reverse salt diffusion on account of electrostatic interactions or other phenomena such 

as difference in diffusion coefficient for mixed electrolyte solutions [74]. Additionally, low RSF 

eliminated eutrophication issues during further disposal/processing of feed solution [44]. 

 

A comparison of water flux and RSF for all the inorganic salts as draw solutes used is presented in 

Fig. 5.14. It can be observed that MgCl2 gave the best results in terms of highest flux and lowest 

RSF followed by Na2SO4, NaCl, KCl and MAP in that order. Low Js/Jw ratio directly indicates low 

draw solute loss resulting in low replenishment cost. But it should be kept in mind that all the first 

three salts need an energy intensive recovery process whereas KCl and MAP can be beneficial if 
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used for farming and irrigation purposes where the recovery part can be avoided. It is pertinent to 

mention that the cost of the draw solute should also be taken into consideration for finalizing the 

selection of draw solute. For example, Glauber salt is available as a cheap by-product of textile 

manufacturing units.   

 

Fig. 5.14 Water flux and reverse solute flux (RSF) in forward osmosis process with DI water 

feed for various inorganic salts as a draw solution at 1 mol L
-1

 concentration for 4 h operation. 

 

5.3.4  Reverse solute flux using choline chloride glycerol (1:2 mol) NADES as draw solute 

As the membrane did not act as a perfect barrier RSF could be observed. Average RSF was less and 

measured at 0.125 g m
-2

h
-1

 for DI water feed and 4h operation. The measurement of NADES 

concentration for measurement of RSF was carried out at the end of 4h which may not reveal the 

true phenomenon at the solute membrane interface. It might be possible that the solutes which 

diffused through the membrane from draw side to feed side did not quickly diffuse into the bulk 

solution and have been retained near the active layer. Possibly there was some interaction between 

the membrane and draw solute which prevented quick liberation of the solute ions. Also the 

majority of reverse solute transport across the membrane perhaps occurred during the first hour 

owing to maximum osmotic differential across the selective layer. This led to a sharp drop in net 

osmotic potential across the active layer during the initial stage, which could be the reason for sharp 

initial flux decline. 
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5.3.5 Comparison of water flux and RSF for all draw solutes 

A comparison of water flux and RSF for all draw solutes using different membranes is shown in 

Table 5.4. The difference in water fluxes achieved by the different draw solutions tested is solely 

due to the osmotic difference across the active layer. Since the concentration is the same in each 

case for comparison, the water flux is dictated by the bulk osmotic pressure generated by the 

individual solution and the ease of diffusivity of the solute ions in the dense support layer of 

membrane. This dilutive ICP effect ultimately controls the reduction in osmotic pressure of the 

draw solution near the active layer with respect to the bulk solution. It can be observed that the RO 

membrane provided the least water flux whereas the FO membrane provided the maximum water 

flux. The FO membrane due to its highly porous and thin support layer provided the required 

diffusivity for easy movement of draw solutes thus reducing dilutive ICP effect, leading to high 

water flux. However, usage of RO membrane also led to very low RSF which is also an important 

parameter for determining FO performance.  

 

Table 5.4 Comparison of water flux and reverse solute flux for all draw solutes using various 

membranes with DI water feed at ambient condition. 

 

Name of draw solute 

Concentration:  

1 mol L-1  

Type of Membrane  Water flux 

(L m-2h-1) 

RSF 

(g m-2h-1) 

Js/Jw 

(g L-1) 

NaCl Polyamide TFC RO membrane 4.86 0.65 0.134 

Na2SO4  Polyamide TFC RO membrane 4.6 0.42 0.091 

KCl  Polyamide TFC RO membrane 3.56 1.35 0.379 

MAP  Polyamide TFC RO membrane 2.71 0.74 0.273 

NaCl  Polyethersulfone TFC NF 

membrane  

5.79 0.76 0.131 

MgCl2 Polyethersulfone TFC NF 

membrane  

7.63 0.17 0.022 

NaCl  Polyamide TFC FO membrane 18.64 3.99 0.214 

NADES (20% v/v) Polyamide TFC FO membrane 14.98 0.12 0.008 

 

 

Comparing the water flux and RSF values in case of NaCl, clearly showed that the water flux 

increased with usage of RO, NF and FO membranes respectively, but it led to an increase in the 

RSF also. It indicated that increase in porosity leads to increase in water flux due to presence of 

more solute near the active layer but also results in increase in RSF. Clearly the selectivity of the 
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membrane plays an important role if reduction of RSF is to be sought. Rather high molecular 

weight solutes can provide higher water flux with much less RSF compared to low MW solutes. 

This can be observed by the lower Js/Jw values in case of bigger molecules like Na2SO4, MgCl2 and 

NADES. Even in case of RO membrane, NaCl provided lower RSF compared to KCl owing to the 

bigger size of the hydrated cation.   

 

5.4  Effect of various parameters on water flux and reverse solute flux 

 

Various factors affect the performance of the FO process in terms of water flux and RSF. The effect 

of concentration, temperature and flow rate of the draw solute along with membrane orientation on 

water flux and RSF was studied in each case. The influence of these parameters on the water flux 

and RSF and the possible reasons are also analyzed in detail. 

 

5.4.1  Effect of various parameters using Glauber salt as draw solute 

Fig. 5.15 presents a comparison of water flux for various concentrations of draw solution with DI 

water as feed solution. A perusal of Fig. 5.15 indicates that the average water flux increased with 

increase in concentration of Na2SO4 draw solution. Also there was not much difference in average 

water flux of 1 mol L
-1

 NaCl and 1 mol L
-1

 Na2SO4 draw solution. Water flux increased from 2.96 – 

7.03 L m
-2

h
-1

 with an increase in concentration of Na2SO4 draw solute from 0.5 – 1.5 mol L
-1

. 

Osmotic potential of Na2SO4 solution increased from 23 to 70 bar between 0.5 – 1.5 mol L
-1

 which 

was the primary reason for the increase in water flux as shown by Van’t Hoff equation (Eq. 4.2). 

The increase in water flux was proportional to osmotic potential. However increasing the 

concentration did not help much in improving water flux as it was severely affected by dilutive ICP. 

Both 1 mol L
-1

 solution of NaCl and Na2SO4 could generate almost similar water flux as the 

osmotic potential of is also similar at these concentrations. For 1 mol L
-1

 Na2SO4 solution, the water 

flux increased from 3.72 – 6.92 L m
-2

h
-1

 (about 100% increase) with an increase in draw solution 

temperature from 25 to 55
o
C (Fig. 5.16a). This could be attributed to the fact that the osmotic 

potential increases with temperature [224]. Also, the viscosity of draw solution reduces at high 

temperature which enhances the movement of water molecules. These results in increased diffusion 

of Na2SO4 draw solutes in the support layer as shown by Stoke-Einstein equation (Eq. 4.10). 
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It is important to note that draw solutions containing scale precursor ions like SO4
2-

 can cause 

scaling of membrane at concentrations above the solubility limits [43]. The solubility of Na2SO4 is 

408 g L
-1

 at 30°C which is approximately 2.8 mol L
-1 

solution. The solubility increases with 

temperature and peaks at around 32.7°C with solubility reaching as high as 497 g L
-1

. Hence, higher 

concentration of Na2SO4 should be deliberately avoided to eliminate any possibility of scaling. The 

maximum concentration of Na2SO4 draw solution can be kept at 1.5 mol L
-1

 which is much below 

the solubility limit at normal operating temperature. 
 

 

Fig. 5.15 Average water flux after 4 h operation with DI water as feed solution with 

different concentration of Na2SO4 as draw solution using RO membrane and 1 mol L
-1

 

NaCl as draw solution for reference purpose. 

 

As shown in Fig. 5.16b, the water flux increased from 2.51 to 3.42 L m
-2

h
-1

 with an increase in the 

cross flow velocity of draw solution from 5–30 cm s
-1

. The cross flow velocity influences dilutive 

ECP at the surface of the support layer in AL-FS mode. The dilutive ECP works as a barrier at the 

outside surface of the membrane support layer to the incoming draw solute and outgoing permeate 

water. Increase in cross-flow velocity reduces the thickness of the boundary layer which eases the 

movement of permeated water resulting in faster mixing in the bulk draw solution. However, the 

contribution of dilutive ECP towards decreasing net osmotic pressure is much less (~ 10-20% (v/v))  
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Fig. 5.16 Effect of (a) temperature and (b) cross flow velocity of draw solution and (c) membrane 

orientation on water flux in forward osmosis process with DI water as feed solution and 1 mol L
-1 

Na2SO4 draw solution using RO membrane for 4 h operation. 
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compared to dilutive ICP in AL-FS mode. But at lower cross flow velocities it cannot be neglected 

[225]. 

Membrane orientation also affects the water flux in the FO process. In AL-FS mode the water flux 

was observed at 4.6 L m
-2

h
-1

 whereas in AL-DS mode it was observed at 5.4 L m
-2

h
-1

 for 1 mol L
-1

 

Na2SO4 draw solution (Fig. 5.16c). Similarly for 1.5 mol L
-1

 Na2SO4 draw solution, the water flux 

was observed at 7.03 L m
-2

h
-1

 in AL-FS mode compared to 8.43 L m
-2

h
-1

 in AL-DS mode. In the 

AL-FS mode the water flux was lower as the draw solute faced resistance in the support layer which 

resulted in dilutive ICP which is the major cause of the decrease in net osmotic pressure drop.  

In the AL-DS mode, with DI water feed, absence of solute in the support layer did not result in 

dilutive ICP. Hence in the case of AL-DS mode higher water flux was observed. But this advantage 

only occurs in case of DI water feed.  

5.4.2  Effect of various parameters using MgCl2 as draw solute 

Temperature and flow rate of DI water feed solution were kept constant and hence there was no 

variation/effect of concentrative ECP on water flux. Water flux increased from 5.9 – 8.32 L m
-2

h
-1

 

with an increase in concentration of MgCl2 draw solute from 0.5 – 2 mol L
-1

 (Fig. 5.12). Osmotic 

potential of MgCl2 solution increased from 40 to 260 bar between 0.5 – 2 mol L
-1

 which was the 

primary reason for the increase in water flux as shown in Eq. 4.5. But, the increase in water flux 

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

concentration hence did not help much in improving water flux. For 1 mol L
-1

 MgCl2 solution, there 

was more than 50% increase in water flux with an increase in draw solution temperature from 25 to 

55
o
C (Fig. 5.17a). This could be attributed to net increase in osmotic potential to increase in 

temperature [224]. The reduction in viscosity of the draw solution caused by elevated temperature 

also enhanced the movement of water molecules resulting in increased diffusion of MgCl2 draw 

solutes through the support layer towards the membrane surface as shown by Stoke-Einstein 

equation (Eq. 4.10) thereby increasing the net osmotic potential across the active layer. At 55
o
C 

temperature the water flux was 11.8 L m
-2

h
-1

. This is beneficial for hot tropical countries like India, 

where temperatures up to 45
o
C in summer are common. The experiments were not conducted at a 

higher temperature as the overall idea was to operate the FO process at or near ambient conditions. 

The high temperature could perhaps damage the membrane or cause alteration in the pore structure 
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of polymeric membranes. This membrane is touted to withstand temperature of 60
o
C as per 

manufacturer specification.  

 

 

 

Fig. 5.17 Effect of (a) temperature and (b) cross flow velocity of draw solution over 

membrane on water flux in forward osmosis process with DI water as feed solution and 1 

mol L
-1

 MgCl2 draw solution using NF membrane for 4 h operation. 

 

 

The water flux increased from 5.8 to 7.63 L m
-2

h
-1

 with an increase in the circulation flow rate of 

draw solution from 0.5 to 3.6 L min
-1

 (Fig. 5.17b). Change in cross flow velocity can influence 

dilutive ECP at the surface of the support layer. Dilutive ECP works as a barrier at the outside 

surface of the membrane support layer to the incoming draw solute and outgoing permeate water. 
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Higher cross-flow velocities reduce the thickness of the boundary layer, making the permeated 

water move and mix faster in bulk draw solution.  

The contribution of dilutive ECP towards decreasing net osmotic pressure is much less (~ 10-20% 

(v/v)) compared to dilutive ICP in AL-FS mode, nevertheless it cannot be neglected especially at 

lower cross flow velocities [25]. For maximum flow rate of 3.6 L min
-1

 and a cross flow velocity of 

0.052 m s
-1

, the Reynolds number was determined at 1910 implying laminar flow. The degree of 

dilutive ECP can be estimated by boundary layer film theory and the draw solution side mass 

transfer coefficient (k) is calculated using equation 4.15 where, the hydraulic diameter is calculated, 

dh = 0.0381 m and the dimensionless Sherwood number Sh is estimated for laminar flow as given by 

equation 4.16. When cross flow velocity over the membrane was decreased from 0.052 m s
-1

 to 

0.007 m s
-1

, the flow became more laminar and the boundary layer thickness increased. Hence the 

draw side mass transfer coefficient decreased from 6.03×10
-6

 m s
-1 

to 3.14×10
-6 

m s
-1 

(48% decline). 

This increased the barrier effect of dilutive ECP and as a result, the flux decreased from 7.63 L m
-

2
h

-1
to 5.8 L m

-2
h

-1
. However, an 86% decrease in cross-flow velocity led to only 24% decrease in 

water flux. Therefore, increase in cross-flow velocity at the draw side resulted in the increase of 

water flux albeit in a subdued manner which was more prominent at lower cross flow velocities. In 

the case of well-designed thin membranes with a highly porous support layer, high cross flow 

velocity is argued to decrease boundary layer thickness to the extent that it is able to induce mixing 

in the support layer thus reducing dilutive ICP effect [226]. A careful cost calculation needs to be 

undertaken to evaluate the benefit of higher throughput at the expense of additional pumping costs 

to obtain optimal cross flow velocity. Incorporating well designed feed channels with spacers that 

can induce turbulence and cause enhanced mixing in the boundary layer on either side of the 

membrane can be beneficial for industrial application. Water flux was higher in case of AL-DS 

mode compared to AL-FS mode for DI water feed (Fig. 5.18). 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 and in some cases could contribute up to 60% of the net pressure drop [227]. Absence 

of draw solute in the support layer at the AL-DS mode did not result in dilutive ICP. Usually, AL-

DS orientation is favored in the case of low concentration/low fouling feed solutions like brackish 

water in desalination applications. In case of high fouling/scaling feed solution, AL-FS mode 

provides a more stable and higher water flux [30]. 
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Fig. 5.18 Effect of membrane orientation on water flux in forward osmosis process with DI water 

as feed solution and MgCl2 as draw solution at  1 mol L
-1

 and 2 mol L
-1

 concentration using NF 

membrane for 4 h operation. (AL-active layer, FS-feed solution, DS-draw solution) 

 

Nevertheless the increase in water flux with concentration and temperature of the draw solution 

coincided with an increase of RSF. The above factors are responsible for higher diffusion of draw 

solute towards the active layer through the support layer resulting in high concentrations of draw 

solute at the SL-AL interface which is necessary to generate a large osmotic gradient ensuing high 

water flux. But above factors do not increase the RSF selectivity of membrane active layer. So, this 

higher concentration of draw solute which increases the concentration gradient across the active 

layer could also increase the reverse salt flux. It has been established that the reverse flux selectivity 

is independent of support layer structural parameter as well as bulk draw solution concentration 

[100].  

 

5.4.3  Effect of various parameters using KCl & MAP as draw solute 

Similar experiments were carried out for fertilizer solutions as draw solute. The results also 

indicated similar trends in all the cases. Water flux increased from 2.71 – 6.12 L m
-2

h
-1

 with an 

increase in concentration of KCl draw solute from 0.5 – 1.5 mol L
-1

. In the case of MAP the water 
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flux increased from 2.1 – 4.12 L m
-2

h
-1

 with increase in concentration of draw solute from 0.5 – 1.5 

mol L
-1

. The increase in water flux was proportional to osmotic potential as described previously. 

The water flux of MAP was found to be much lower compared to KCl. As KCl has lower molecular 

weight than MAP, the KCl molecules face lower resistance and diffuse through the membrane 

support layer easily. As the RO membrane used here had a thick support layer, the ICP effect was 

low in case of KCl compared to MAP.  

Similarly, in both the cases the water flux increased with increase in temperature. For 1 mol L
-1

 

concentration, the water flux in case of KCl increased from 2.67 - 5.75 L m
-2

h
-1

 whereas for MAP 

increased from 2.01 - 4.42 L m
-2

h
-1

 with an increase in draw solution temperature from 25 to 55
o
C. 

In both the cases the increase was more than 100%. The reasons for increase seem to be the same 

i.e. increase in osmotic potential and reduction in solution viscosity with increase in temperature 

which eased the movement of water molecules increasing diffusivity. 

Likewise, the water flux increased with increase in cross flow velocity of draw solution.  For 1 mol 

L
-1

 concentration, the water flux in case of KCl increased from 4.27 – 5.14 L m
-2

h
-1

 whereas for 

MAP increased from 3.1 – 3.78 L m
-2

h
-1

 with an increase in cross flow velocity from 1–3 cm s
-1

. In 

both the cases the increase was only around 20% (v/v). As the RO membrane used here had a thick 

support layer, the dilutive ICP effect was predominant compared to dilutive ECP hence the effect of 

increasing cross flow velocity had no major contribution in increasing water flux. 

The water flux was observed to be more in AL-FS mode compared to AL-DS mode in both the 

cases using DI water feed. In AL-FS mode the water flux was observed to be 3.56 and 2.7 L m
-2

h
-1

 

for KCl and MAP respectively. Similarly in AL-DS mode the water flux was observed to be 3.82 

and 2.93 L m
-2

h
-1

 for KCl and MAP respectively. The reasons were the same as explained in the 

previous cases. 

It was observed that the water flux for MAP was less than KCl in all cases. As explained 

previously, the higher molecular weight of MAP, higher viscosity of MAP solution and the slightly 

higher size of  NH4
+
 and PO4

2-
 hydrated ions resulted in lower diffusivity coefficient of MAP 

compared to KCl. The diffusion coefficient calculated using the Stoke-Einstein equation is 1.68×10
-

9 
m

2
s

-1
 for KCl and 1.05×10

-9 
m

2
s

-1
 for MAP. Hence, owing to lower diffusivity, the MAP draw 

solution faced higher resistance in the membrane support layer resulting in lower water flux. 
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5.4.4  Effect of various parameters on inorganic draw solutes 

A comparative water flux of all inorganic salts and the effect of various parameters are given in Fig. 

5.19. The effect of temperature, cross flow velocity and membrane orientation is measured at 1 mol 

L
-1

 concentration for all draw solutes. NaCl is used for comparison purposes as it is used as a 

benchmark. It clearly indicates that increase in concentration, temperature and cross flow velocity 

of draw solute has a positive effect on water flux. Along with the RSF data (Fig. 5.14 and Table 

5.4) it will be helpful in selection of a suitable draw solute and the operating parameters for a FO 

process. However, increase in concentration adds to material costs and increase in temperature and 

flow rate incurs energy costs which contribute to operating costs. Hence, the benefit of increase in 

water flux should be measured vis-à-vis added operational costs to gauge whether there is any 

incremental gain. 
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Fig. 5.19 Effect of (a) concentration, (b) temperature, (c) membrane orientation and (d) 

cross flow velocity of the various inorganic salts used as draw solution on water flux in 

forward osmosis process with DI water as feed solution and 1 mol L
-1

 concentration for 4 h 

operation. 

 

5.4.5  Effect of various parameters using choline chloride glycerol (1:2 mol) NADES as draw 

solute 

The effect of temperature and flow rate of draw solution along with membrane orientation on water 

flux and RSF was studied (Fig. 5.20). The temperature and flow rate of DI water feed solution was 

kept constant and hence there was no variation/effect of concentrative ECP on water flux. Increase 

in temperature had a positive effect on water flux. There was a 28% increase in water flux when the 

temperature was increased from 20 to 50°C. The maximum water flux was reported at 19.15 L m
-2

h
-

1
 at 50°C. Increase in temperature reduced the viscosity of draw solution (Fig. 5.9b) thus increasing 

the diffusivity of solute in the support layer lowering dilutive ICP effect (Fig. 5.20a). This is 

beneficial for hot tropical countries like India where temperature up to 45°C in summer is common. 

Experiments were not conducted beyond 50°C as the overall idea was to operate the FO process at 

or near ambient conditions. High temperature can damage the membrane or cause alteration in the 

pore structure of polymeric membranes.  
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The effect of cross flow velocity over the support layer of the membrane was studied by increasing 

the flow rate of draw solution (AL-FS mode).  20% (v/v) NADES was used as a draw solution with 

DI water feed in AL-FS orientation for 4h operation. The water flux increased from 10.57 – 14.98 L 

m
-2

h
-1

 with increase in cross flow velocity across the membrane of draw solution from 0.034 – 0.38 

m s
-1

 (Fig. 5.20b). The increase in cross flow velocity somewhat reduces the thickness of the 

boundary layer at the surface of the support layer. This influences the dilutive ECP effect which 

works as a barrier at the outside surface of the membrane support layer to the incoming draw solute 

and outgoing permeate water.  As a result, higher cross-flow velocities make the permeated water 

move and mix faster in bulk draw solution. However compared to dilutive ICP the effect of dilutive 

ECP towards decreasing water flux in AL-FS mode is much less, yet it cannot be ignored especially 

at lower cross flow velocities [227]. When cross flow velocity over the membrane was increased 

from 0.034 m s
-1

 to 0.38 m s
-1

, the turbulence over the membrane increased resulting in decrease in 

the boundary layer thickness. This decreased the barrier effect of dilutive ECP and as a result, the 

flux increased from 10.57 L m
-2

h
-1 

to 14.98 L m
-2

h
-1

. However, an 11 fold increase in cross-flow 

velocity led to only 44% increase in water flux. It can be observed that at lower cross flow 

velocities the rise in water flux was more prominent (Fig. 5.20b). A 5 fold rise increase in cross-

flow velocity led to 30% increase in water flux. This may be due to laminar nature of flow at lower 

flow rates which provides higher resistance to mass transfer that could be easily countered by 

increasing turbulence. Yet higher cross flow velocities created by increase in volumetric flow rate 

needed additional pumping. A careful cost calculation is necessary to evaluate the benefit of higher 

water flux at the expense of additional pumping costs to attain the optimal cross flow velocity. In 

case of well-designed thin membranes with highly porous support layer, high cross flow velocity is 

argued to decrease boundary layer thickness to the extent that it is able to induce mixing in the 

support layer thus reducing dilutive ICP effect [226]. For thin FO membranes with a highly porous 

support layer, high cross flow velocity is argued to decrease boundary layer thickness to the extent 

of inducing mixing in the support layer thus reducing dilutive ICP effect [226]. Usage of well 

designed feed channels with spacers can be beneficial for industrial application. 
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Fig. 5.20 Effect of (a) temperature, (b) cross flow velocity of draw solution and (c) membrane 

orientation on water flux in forward osmosis process with DI water as feed and 20% (v/v) choline 

chloride-glycerol (1:2 mol) NADES draw solution using FO membrane for 4 h operation in AL-

FS orientation. 

Nevertheless the increase in temperature and cross flow velocity of draw solution also led to an 

increase in RSF. The above factors are responsible for higher diffusion of draw solute towards the 

active layer through the support layer resulting in high concentration of draw solute at the interface 

of the active layer and support layer which is necessary to generate a large osmotic gradient ensuing 

high water flux. But it is the selectivity of the membrane active layer which ultimately decides the 

diffusion of draw solute through the active layer to the feed side. So, this higher concentration of 

draw solute at the interface may also increase the reverse salt flux. 
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The water flux was higher in case of AL-DS mode compared to AL-FS mode (Fig. 5.20c). This 

happened because the draw solute faced resistance while diffusing through the support layer in AL-

FS mode (dilutive ICP). Dilutive ICP is the major cause of the decrease in net osmotic pressure in 

AL-FS mode and in some cases could contribute up to 60% of the net pressure drop [227]. In case 

of AL-DS mode, absence of draw solute in DI water did not result in dilutive ICP. In case of high 

fouling/scaling feed solution, where FO has its niche, AL-FS mode provides a more stable and 

higher water flux [30]. The fouling deposition in a smooth active layer is easy to remove. For low 

fouling wastewater feed and brackish water feed, generally AL-DS orientation is favored. 

5.5  Application in wastewater concentration 

 

5.5.1  Wastewater feed with Glauber salt as draw solute 

An industrial wastewater procured from local CETP was used as a feed solution (Table 3.1, IW1). 

Another synthetic wastewater was prepared in the laboratory. The analysis of both the wastewater is 

given in Table 5.5. The synthetic wastewater had much higher TDS, BOD and COD content than 

the industrial sample. 

 

Table 5.5 Composition of synthetic wastewater prepared and detailed analysis of synthetic and industrial 

wastewater used as feed solution in FO process. 
 

Components of  

synthetic wastewater 

 

Quantity  

(g L-1) 

 Parameters Synthetic 

wastewater 

Industrial 

wastewater 

Indigo Carmine 15 pH 7.38 7.1 

Reactive Black – 5 12 Color (Pt-Co) 448.3 379.3 

Calcium Chloride 5 SS (mg L
-1

) 302.2 106.5 

Methyl Red 3 TDS (mg L
-1

) 68598.1 8269.2 

Magnesium Sulfate 5 BOD (mg L
-1

) 2105.7 242.3 

Sodium Chloride 5 COD (mg L
-1

) 7840.2 901.5 

Acetic acid 1.5    

 

 

The average water fluxes of different feed solutions against different concentrations of Na2SO4 as 

draw solutions in FO operation are reported in Table 5.6. The same were also checked with 1 mol L
-

1
 NaCl as draw solution and were used as reference. 0.25 mol L

-1
NaCl solution was simulated as 

brackish water and 0.6 mol L
-1

 NaCl solution was simulated as sea water to also determine 
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performance in desalination application. Water flux of 1 mol L
-1

 NaCl draw solution was always 

found to be little higher than 1 mol L
-1

 Na2SO4 in all the cases which can be attributed to higher 

osmotic potential of NaCl compared to Na2SO4. The water flux was very low at 2.6 L m
-2

h
-1

 for 0.6 

mol L
-1

 NaCl (sea water) as feed solution against 1.5 mol L
-1

 Na2SO4 as the differential osmotic 

driving force was very less. Comparatively water flux was considerable for 1 mol L
-1

  and 1.5 mol 

L
-1

  Na2SO4 against 0.25 mol L
-1

  NaCl (brackish water) as feed solution which was around 4.22 L 

m
-2

h
-1

 and 4.74 L m
-2

h
-1

 respectively due to higher differential osmotic driving force. It is 

noteworthy to mention that good flux (> 5.3 L m
-2

h
-1

) was reported with industrial wastewater as a 

feed solution using 1.5 mol L
-1

 Na2SO4 draw solution.  

 

Table 5.6 Experimental water flux with Na2SO4 and NaCl draw solution with different feed solutions using 

RO membrane for 4h operation. 

 

 Draw solution 

 

Flux with 

DI feed 

water  

(L m-2h-1) 

Flux with 

brackish 

water (0.25 

mol L-1  

NaCl) feed 

solution  

(L m-2h-1) 

Flux with  

sea water 

(0.6 mol L-1 

NaCl) feed 

solution  

(L m-2h-1) 

Flux with 

industrial 

wastewater 

feed solution 

(L m-2h-1) 

Flux with 

synthetic 

wastewater 

feed solution 

(L m-2h-1) 

1 mol L-1  NaCl (ref.) 4.86 4.34 1.98 4.70 3.60 

1 mol L-1  Na2SO4 4.60 4.22 1.87 4.40 3.30 

1.5 mol L-1  Na2SO4 7.03 4.74 2.58 5.37 4.30 

 

The synthetic wastewater which had considerably higher TDS (~ 68000 g L
-1

), BOD and COD 

compared to the industrial wastewater showed lower flux (4.3 L m
-2

h
-1

) but it demonstrated the 

ability of Na2SO4 to handle wastewaters which are otherwise difficult to treat. The flux obtained 

was less compared to DI water as a feed solution as high TDS content of wastewater (high osmotic 

pressure) resulted in reduction in net osmotic driving force which however was not the case when 

DI water was used as feed solution.  Hence, removal of salts from wastewater may be beneficial. 

Presence of organics along with salt leads to even more complexity in the treatment process. 

Various physico-chemical and biological processes have been studied for treatment of saline 

industrial effluents [228,229]. Also the TDS content contributed to the concentrative ECP effect 

which increased the overall resistance to mass transfer. The results demonstrate that the initial water 

flux is mainly dependent on the osmotic differential and concentration polarization effect. 
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Fig. 5.21 Water flux for 24 h operation with industrial wastewater and DI water as 

feed solution and 1.5mol L
-1

 Na2SO4 as draw solution using RO membrane.  

● Flux restored after cleaning. 

 

The FO system using 1.5 mol L
-1

 Na2SO4 as a draw solution and industrial wastewater as feed 

solution was operated for 24 h at 307.15 K to check the performance in case of long operating time. 

The same experiment was repeated with DI water as feed solution. The water flux for industrial 

wastewater and DI water as feed solution with 1.5 mol L
-1

 Na2SO4 as draw solution were compared 

in Fig. 5.21. The difference in net flux was obviously due to the 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 a driving force for FO 

process. For the DI water feed solution there was a gradual decline in flux which was mainly due to 

dilutive ICP effect.  The net difference in the flux was found to be 2.8 to 3.0 L m
-2

h
-1

 for the first 

200 min which mainly reflected the role of dilutive ICP. The role of concentrative ECP was 

minimal due to external turbulence provided by circulation of feed solution.  The sudden decline in 

water flux after 6 h in case of industrial wastewater feed solution 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 
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membrane surface in case of industrial wastewater feed, always keeping some space for water 

permeation which could be confirmed by SEM images.  

 

5.5.1.1  Fouling mitigation study using SEM images  

The surface morphology of the membrane was examined by field emission scanning electron 

microscopy (FE-SEM) at different magnifications. The FE-SEM micrographs of the active layer 

surface of pristine membrane and fouled membrane at 4000× is presented in Fig. 5.22. The images 

of pristine membrane (Fig. 5.22a) exhibited a smooth compact surface with absence of any nodules, 

clusters or protrusion. The SEM images of fouled membrane after 24h run (Fig. 5.22b) showed 

surface morphological changes particularly in the form of patches of deposits dispersed unevenly 

and at times enveloping the porous nature. No cracks or crevices were spotted on the membrane 

surface as no hydraulic pressure was applied. Visibility of pristine membrane surfaces indicated that 

the extent of fouling was less. The images confirmed scattered and non-uniform loose deposition of 

particles which can be easily cleaned by standard cleaning protocols. The fouled membrane was 

cleaned by DI water for 1h at higher cross flow rates and then used to test water flux under the same 

conditions. The water flux was restored to more than 90% (5.7 L m
-2

h
-1

) of the initial flux (6.3 L m
-

2
h

-1
) (Fig. 5.21) using the cleaned membrane. These results showed that the membrane fouling in 

the process is reversible, and the water flux could be recovered by periodically flushing the 

membrane with freshwater. The membrane usage can be prolonged using standard cleaning 

protocols. Changes in hydrodynamic conditions in the AL side like increasing cross flow velocity, 

incorporating well designed spacers can also mitigate fouling [2]. 
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Fig. 5.22 (a) SEM micrographs of the AL surface of pristine membrane and (b) fouled membrane after 

24 h operation using 1.5 mol L
-1

 Na2SO4 as draw solution and industrial wastewater as feed solution 

using RO membrane. 

(a) 

(b) 
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5.5.2  Wastewater feed with MgCl2 as draw solute  

Industrial wastewater was obtained from a common effluent treatment plant located in a local 

industrial hub (CETP-Odhav), collecting effluent mainly from a cluster of cold steel rolling mill 

units manufacturing different types of engineering machineries. Wastewater sample for performing 

experiments was collected from the inlet of an effluent treatment plant and directly used as a feed 

solution in the FO experiments. The chemical analysis of industrial wastewater sample (IW2) is 

presented in Table 3.1. Synthetic wastewater was prepared by mixing three dyes namely Methyl 

Red (1.5 g), Indigo Carmine (10 g) and Congo Red (5 g) in 1 L of water.  

5.5.2.1  Performance study using synthetic and industrial wastewater feed 

The performance of the FO system was checked for synthetic and industrial wastewater feed with 1 

mol L
-1

 MgCl2 as a draw solution 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 DI water feed. The observed difference in water flux might be due to a reduction in the net 

osmotic potential owing to the presence of dissolved solutes in feed solution. Also the presence of 

feed solutes might have instigated the concentrative ECP effect, reducing net osmotic potential 

across the membrane active layer causing lower water flux. The water flux profile was almost 

similar when compared to DI water feed (Fig. 5.7).  

The change in colour of draw solution was checked by a turbidity meter after passage of 30ml water 

in case of synthetic wastewater feed after 4h operation (Fig. 5.23a & 5.23b). Initial and final 

turbidity of the draw solution were 0.5 NTU and 0.7 NTU respectively. Moreover, when 30 ml of 

synthetic wastewater feed solution was directly added to 1030 ml draw solution, the distinct colour 

difference (Fig. 5.23c) demonstrated optically that the membrane could reject feed solutes and 

allowed only water to pass through.  
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Fig. 5.23 (a) Initial (0.5 NTU) colour of 1 mol L
-1

 MgCl2 draw solution (b) final (0.7 NTU) colour of 

MgCl2 draw solution after passage of 30 ml water in 4 h forward osmosis operation with synthetic 

dye wastewater as feed solution. (c) Depict colour of draw solution when 30 ml of feed solution was 

directly added to 1L MgCl2 draw solution using NF membrane demonstrating that the membrane 

could reject feed solutes efficiently. 

 

Table 5.7 Water quality analyses of raw industrial wastewater feed and concentrated feed after FO operation 

using 1 mol L
-1

 MgCl2 as draw solute for 24 h at 30
o
C. 

Parameters Unit Raw Feed Concentrated 

Feed 

% increase 

pH -- 7.99 8.02 0.37 

Total dissolved solid  mg L-1 5950.3 6574.2 10.48 

Chloride as Cl- mg L-1 752.1 845.3 12.39 

Sulphate as SO4
2- mg L-1 701.6 768.2 9.49 

Ammoniacal N (NH3-N) mg L-1 102.5 116.8 13.95 

Total suspended solid mg L-1 195.7 217.8 11.29 

Chemical oxygen demand (COD) mg L-1 763.2 843.6 10.53 

Biological oxygen demand (BOD) mg L-1 231.3 253.6 9.64 

Fluorides as F- mg L-1 1.13 1.24 9.73 

 

A 24h study of the FO system performance for industrial wastewater concentration using 1 mol L
-1

 

MgCl2 draw solution was carried out without membrane cleaning. The average water flux reduced 

to 5.74 L m
-2

h
-1

 (Fig. 5.24a). Detailed analysis of the raw and concentrated industrial feed 

wastewater is presented in Table 5.7. Good quality water was successfully drawn out, resulting in 

concentration of feed solution which could be observed by the increase of all major water quality 

parameters. The draw solution concentration decreased from 1.0 to 0.8 mol L
-1

 which further 
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confirmed water transport through the membrane. Concentration of sulfate, nitrate and ammoniacal-

N in the draw solution were below detection limits indicating good feed rejection capacity of the 

membrane. Here, it must be noted that incomplete solute rejection by the membrane will lead to 

gradual accumulation of feed solute in the draw solution and will be noticeable after multiple 

recycling.     

 

5.5.2.2  Membrane regeneration and flux recovery 

 

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

decrease in water flux during long periods of operation. In order to mitigate fouling, cleaning of 

membrane at regular intervals assumes paramount importance. The performance of the FO system 

with industrial wastewater feed and 1 mol L
-1

 MgCl2 as draw solution was checked with membrane 

cleaning at regular intervals. An arrangement of feed tanks, with proper piping and valve 

connections was set up which ensured alternate 4h of FO operation followed by 1h DI 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 draw solution concentration. 

Comparative experimental results, with and without membrane cleaning membrane, are presented 

in Fig. 5.24.  

The initial water flux was 23.67 L m
-2

h
-1

 which eventually dropped to 7.59 L m
-2

h
-1

. After one hour 

of DI water recirculation, the water flux could be recovered to the tune of 18.06 L m
-2

h
-1

 which was 

around 76% of initial flux. Low flux recovery was a one-off occurrence as the initial high flux 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 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 was fit for use. 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. This low fouling tendency also reported elsewhere 

[221] prolongs the life of membrane which leads to low operating cost. Fouling can also be reduced 

by making suitable changes in hydrodynamic conditions incorporating well designed spacers at feed 

side or by increasing cross flow velocity subsequently prolonging membrane life. The cleaning 

cycle can be optimized to attain maximum average water flux.    



 

120 

 

 

 

Fig. 5.24 (a) Water flux with time in FO process with industrial wastewater as feed solution and 1 

mol L
-1

 MgCl2 as draw solution during 24 h operation, (b) water flux profile after 4h FO operation 

followed by 1 h DI water circulation (multiple washing cycles) using NF membrane. 

 

The performance of some commercial FO membranes using MgCl2 draw solute with different feed 

solutions is shown in Table 5.8. Commercial FO membranes developed after years of research 

clearly demonstrated higher water flux in most of the cases compared to the NF membrane used in 

our case. Only in a few cases commercial FO membrane reported lower water flux [99]. It is 

important to mention that the results may not be directly comparable owing to variation in 

wastewater composition. Moreover, all the commercial FO membranes exhibited high RSF 

compared to our membrane. The compromise in RSF makes the membranes vulnerable to 

applications where feed contamination is unacceptable. 
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Table 5.8 Performance of commercial FO membranes using MgCl2 draw solute with DI/waste water feed in 

FO process. 

Make Membrane 

Type 

Mod

ule 

Feed 

solut

ion 

MOC Draw 

solution 

conc. 
(mol L

-1
) 

Water 

flux 
(L m

-2
h

-1
) 

RSF 
(g m

-2
h

-1
) 

Js/Jw 

(gL
-1

) 

Ref. 

HTI Asymmetric F/S DI CTA 0.5 9.72 5.6 0.58 [43] 

HTI Asymmetric F/S WW CTA 2 9.61 5.26 0.55 [42] 

HTI TFC F/S WW Proprietary 2 15.10 25.29 0.6 [42] 

Porifera TFC F/S BW/

WW 

Polyamide 0.3 6.4/ 

11.1 

0.44 0.07 [221] 

Aquaporin 

InsideTM 

TFC F/S DI/ 

WW 

Proprietary 1 5.7/ 

5.1 

0.49 0.08 [99] 

Aquaporin  
HFFO220 

TFC H/F DI Proprietary 0.3 12.6 1.8 0.14 [223] 

Permionics TFC F/S DI/ 

WW 

Polyethersu

lfone 

1 7.63/ 

7.58 

0.17 0.02 This 

work 

 

 

5.5.3 Wastewater feed with KCl and MAP as draw solute  

The performance of KCl as a draw solution for dewatering/concentration of wastewater was 

analyzed. Two synthetic wastewater samples representing typical textile industry wastewater 

(WW1) and high fouling organic wastewater (WW2) were prepared. The composition and analysis 

of both the synthetic wastewater samples is presented in Table 5.9.  

 

Table 5.9 Composition and analysis of synthetic wastewater WW1 and WW2 used as feed solution in FO 

process. 

 

Composition  

of  WW1 

Qty 

(g L-1) 

Composition 

 of WW2 

Qty  

(g L-1) 

 Parameters WW1 WW2 

Indigo Carmine 13 NaCl 4 pH 7.2 4.84 

Reactive Black–5 13 CH3COONa 10 Color (Pt-Co) 426 2620 

CaCl2 4 Glucose 8 TSS (mg L-1) 276 428 

Methyl Red 4 Peptone 15 TDS (mg L-1) 46560 35574 

MgSO4 4 FeSO4 8 BOD (mg L-1) 1655 7662 

NaCl 4 MAP 8 COD (mg L-1) 6642 31895 

CH3COOH 2      
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Fig. 5.25 Water flux versus time for 1 mol L
-1

 KCl draw solution and (a) with DI water, 0.25 mol 

L
-1

 NaCl and 0.6 mol L
-1

 NaCl, synthetic wastewater WW1 and WW2 as feed solution for 4h 

operation (b) with DI water, synthetic wastewater WW1 and WW2 as feed solution for 24h 

operation using RO membrane, in AL-FS mode at 30°C.  

 

0 

0.2 

0.4 

0.6 

0.8 

1 

1.2 

1.4 

1.6 

1.8 

0 30 60 90 120 150 180 210 240 

W
at

er
 F

lu
x 

(µ
m

 s
-1

) 

Time (min) 

Pure Water 

0.25M NaCl 

0.6M NaCl 

WW1 

WW2 

0 

0.2 

0.4 

0.6 

0.8 

1 

1.2 

1.4 

1.6 

1.8 

0 240 480 720 960 1200 1440 

W
at

er
 F

lu
x 

(µ
m

 s
-1

) 

Time (min) 

Pure Water 

WW1 

WW2 

(a) 

(b) 



 

123 

 

The analysis of both wastewater exhibited high TDS, BOD and COD typically representing strong 

wastewater. Fig. 5.25a shows the performance of 1 mol L
-1

 KCl as a draw solution against various 

feed solutions for 4h operation. The water flux was 2.56 L m
-2

h
-1

 and 2.27 L m
-2

h
-1

 for WW1 and 

WW2 respectively.  The flux profile in case of DI water and WW1 were almost similar without any 

sudden fall in water flux. In the case of WW2, water flux showed faster decline which can be 

attributed to rapid fouling. The water flux with wastewater samples was close to that obtained with 

0.25 mol L
-1

 NaCl but almost 3 times more than 0.6 mol L
-1

 NaCl. Majority of flux decline (30–

48%) happened in the first 4h of operation in all cases. It is important to note that membrane fouling 

played a more prominent role in case of WW2 compared to WW1 during initial hours.  

To ascertain the role of fouling, flux profile for both wastewaters was compared with DI feed water 

for 24h operation (Fig. 5.25b). 89% decline in water flux was observed for WW2 compared to 79% 

for WW1 after 24h. Similar decline was 56% for DI water. It clearly demonstrated that the initial 

flux decline was mainly due to CP (predominantly ICP) effect. After 8h of operation fouling had its 

effect on water flux for WW1 whereas for WW2 the fouling effect was observed much earlier (after 

2h). After 8h water flux declined to 72% of the initial flux for WW2 compared to 49% for WW1 and 

45% for DI water. The rapid flux decline in case of WW2 may be attributed to the presence of 

organic compounds (peptone) which formed a fouling cake layer inducing additional resistance. 

After 24h the water flux in both cases was too less (< 0.9 L m
-2

h
-1

). 

To confirm the effect of fouling, thorough examination of the membrane surface was carried out by 

field emission scanning electron microscopy (FE-SEM) at 4000× magnification. SEM images of the 

active layer of pristine membrane (Fig. 5.22a) and fouled membrane after 24h operation for both 

wastewaters are presented (Fig. 5.26). Fig. 5.22a revealed a smooth and even surface with absence 

of any protrusion or particle assemblage. No cracks or fissures were spotted on the pristine 

membrane surface. The fouled membrane images of WW1 (Fig. 5.26a) showed morphological 

changes at the surface in the form of uneven patches of deposits with a lot of cracks and crevices 

and covering the porous nature of membrane at some parts. Water flux decreased gradually as there 

was always some space available for passage of water through the membrane. In case of WW2 there 

was a uniform deposition of foulants (cake layer) without any cracks or fissures (Fig. 5.26b) which 

led to a much rapid decline in water flux due to unavailability of water passage. In both cases the 

deposits were not compact and loosely held owing to absence of external pressure. The membrane  
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Fig. 5.26 SEM micrographs of the AL surface of membrane at 4000× magnification for (a) 

synthetic wastewater feed solution WW1 and (b) synthetic wastewater feed solution WW2, after 24 

h operation using RO membrane in AL-FS mode. 

(a) 

(b) 
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could be easily cleaned by DI water washing at higher cross flow rates combined with occasional 

back flushing. More than 90% of the initial flux could be restored. The process was repeated a 

number of times after cleaning membrane every 8h without replenishing the draw solution till the 

draw solution lost its osmotic potential by dilution and water permeation reduced to minimal. The 

final concentration of KCl was 0.6 mol L
-1

. Other fouling mitigation methods like pulsated flow or 

putting feed channel spacers which induce turbulence and increase shear force near the membrane 

surface can be employed.  

 

5.5.4 Wastewater feed with choline chloride glycerol (1:2 mol) NADES as draw solute 

The performance of the FO system using 20% (v/v) NADES as a draw solute for dewatering of 

industrial wastewater was checked. The analysis of industrial wastewater is given in (Table 3.1, 

IW3). When the system was operated for 4 h at 22°C, the water flux was found to be reasonable at 

11.9 L m
-2

h
-1

. This was around 21% less compared to DI water feed. This might be due to the fact 

that the industrial wastewater had high TDS (4627 mg L
-1

) which contributes to the osmotic 

potential of feed solution. Also the presence of solutes in feed caused concentrative ECP effect. 

Both these factors were missing in case of DI water feed which reduced net osmotic potential across 

the membrane active layer causing lower water flux. The water flux profile was almost similar in all 

cases. After 4 h of operation the system gained some sort of equilibrium and thereafter water flux 

was maintained for a sufficiently long duration up to 24 h. The complex interaction between the 

membrane and solutes along with the hydrodynamics resulted in an almost stable system with 

respect to water flux, which is also highlighted in other research papers [98]. After 24 h the water 

flux was observed at 5.6 L m
-2

h
-1

 which was low. The detailed analysis of the raw and concentrated 

industrial wastewater is given in Table 5.10. The analysis showed an increase in all the parameters 

like BOD, COD etc. which indicated that good quality water has been drawn out of the feed 

solution resulting in concentration of feed solution. Absence of other impurities like sulphates, 

fluorides and heavy metals in the diluted draw solution indicated good solute rejection capability of 

the membrane. 

 

 



 

126 

 

Table 5.10 Detailed analysis of the industrial wastewater feed before and after FO operation using 20% 

(v/v) choline chloride-glycerol (1:2 mol) NADES as draw solute for 4 h at 30°C. 

Parameters Unit Raw Feed Concentrated 

Feed 

% Increase 

pH -- 7.99 8.01 0.25 

Total dissolved solid  mg L-1 4626.9  5597.2  20.97  

Total suspended solid mg L-1 101.2  121.3  19.86  

Chemical oxygen demand mg L-1 722.2  856.2  18.55  

Biological oxygen demand mg L-1 250.3  298.6  19.29  

 

A separate study was carried out using the same system for dewatering of industrial wastewater 

with an additional arrangement for membrane cleaning. A separate tank containing DI water with 

proper piping and valve arrangement was set up which ensured 4h of FO operation followed by 1h 

DI water circulation in the feed side. The cycle was repeated multiple times. It was observed that 

the water flux could be restored to almost the previous cycle levels every time and the loss was less 

than 5% each time. Only in the first attempt the flux recovery was low which may be due to the 

usage of a fresh membrane piece and non-development of CP effect which resulted in initial high 

flux. The flux profile was found to be almost similar in each cycle (Fig. 5.27). The average water 

flux including cleaning time increased to 9.54 L m
-2

h
-1

 which was substantially higher than 5.6 L m
-

2
h

-1
 without cleaning. With FO operation there is a gradual accumulation of feed solute combined 

with a minor amount of draw solute caused by RSF over the membrane active layer. This results in 

concentrative ECP on the feed side which over a long time drastically reduces the water flux. It has 

been shown that the concentrative ECP effect is much lower than the dilutive ICP effect in AL-FS 

orientation; still it can be reduced up to 10% of the total osmotic pressure drop [227]. The DI water 

wash might have facilitated and enhanced the reverse flow of the accumulated solutes towards the 

bulk feed due to concentration difference. Also the usage of industrial wastewater feed might have 

resulted in foulants/scale deposition on the active layer which also contributed to gradual decrease 

of water flux during long hours of operation. DI water wash at regular intervals further ascertained 

that the foulants/scale deposition on the membrane surface was loose in nature which could be 

easily removed by simple DI water wash with occasional back flushing. It has been established that 

hydrophilic membranes exhibit lower fouling propensity [230]. In this case, addition of DMSO to 
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increase hydrophilicity might be responsible for demonstrating loose fouling/scaling.  The 

membrane could be used even after 10 cycles. The results showed that the average water flux can be 

substantially increased by controlling the ECP and fouling/scaling mitigation by simple cleaning 

protocols in case of wastewater feed. The cleaning time can be optimized to further increase the 

average water flux. Suitable changes in hydrodynamic conditions by incorporating well designed 

spacers at the feed side can be helpful.  

 

Fig. 5.27 Water flux with time in FO process with industrial wastewater as feed solution and 

20% (v/v) choline chloride-glycerol (1:2 mol) NADES as draw solution after 4h FO operation 

followed by 1 h DI water circulation in feed side (multiple washing cycles) using FO 

membrane. 

 

5.6 Recovery of draw solute 

Recovery of draw solute in FO is of paramount importance in order to facilitate reuse of precious 

draw solutes and simultaneous separation of water having a high level of purity. Separation must be 

achieved using minimal energy in order to keep the overall cost in check. Considering the molecular 

weight and high molecular size of divalent ions like sodium sulfate and magnesium chloride, it can 

be readily separated from water with a suitable NF membrane [81,96]. It is worth mentioning that 
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NF membrane being loose in nature requires less hydraulic pressure and hence consumes less 

energy compared to RO.  

 

5.6.1 Recovery of Glauber salt draw solute by NF 

The recovery of diluted sodium sulfate draw solution was studied through a pressure-driven NF 

process using a pristine spiral wound TFC-PA membrane module. The NF setup was operated at 3, 

5, 7, 9 and 11 atm. pressure. Samples of NF permeate were collected and TDS was measured at 

definite time intervals. Fig. 5.28 represents the permeate flux and TDS content for TFC-PA NF 

membrane using 0.5 mol L
-1

 sodium sulfate solution as feed. It can be observed that the TDS of 

permeate decreased with increase in applied pressure. However, there was no appreciable reduction 

of TDS beyond 9 atm. pressure. Further increase in operating pressure did not improve the TDS 

value; hence, 9 atm. was taken as the optimum operating pressure under present experimental 

conditions. It can be observed that the commercial NF membrane performed well with permeate 

flux of 55 L m
-2

h
-1

 containing 100 mg L
-1

 TDS at 9 atm. trans-membrane pressure (Fig. 5.28).  

 

Fig. 5.28 Variation of permeate flux and TDS content with increasing transmembrane 

pressure in nanofiltration process. 

 

20 

30 

40 

50 

60 

70 

80 

80 

100 

120 

140 

160 

180 

200 

220 

240 

260 

2 4 6 8 10 12 

P
er

m
ea

te
 F

lu
x 

(L
 m

-2
h

-1
) 

P
er

m
ea

te
 T

D
S 

(m
g 

L-1
) 

Pressure (bar) 

PTDS PF 



 

129 

 

The experiment demonstrated that 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 can be generated 

using NF at very low pressure making it a low energy intensive process. High TDS content 

concentrate streams could be recycled back to the FO process. However, the performance of other 

NF membranes towards the recovery of draw solutes also needs to be evaluated to obtain further 

insight of the process.   

 

5.6.1.1  An alternative for Glauber salt draw solute recovery 

An alternative to recovery of Glauber salt was explored. The recovery of draw solute can be 

avoided if the diluted draw solute can be utilized for some application. This has to be accomplished 

using minimum energy and cost. The draw solute could be recovered by chemical route through 

metathesis precipitation [45,46].  

Calculated amount of barium nitrate solution was added to the diluted sodium sulfate to form 

aqueous solution of sodium nitrate and barium sulfate was precipitated out (Eq. 5.1). Sodium nitrate 

has very high solubility (912 g L
-1

) while barium sulfate has negligible solubility (0.003 g L
-1

) at 

25°C in water. Barium sulfate was easily separated by decantation followed by filtration. 

Na2SO4 (aq.) + Ba(NO3)2 (aq.) → 2NaNO3 (aq.) + BaSO4 (s)  ----------(5.1) 

The sodium nitrate solution hence formed can be utilized as a fertilizer to increase the N-content of 

soil. However it may not be appropriate to use the NaNO3 solution directly as the nutrient content 

may be too high for direct use as fertilizer supplement. The product NaNO3 solution had a 

concentration of 170 g L
-1

 (2 mol L
-1

) approximately which may be little less in practice. Still 

NaNO3 solution has reportedly high osmotic potential (41.5 atm. for 1 mol L
-1

 NaNO3). The 

osmotic potential of this NaNO3 solution can be utilized for second stage water recovery in the FO 

process from the same feed solution (Fig. 5.29). By this process NaNO3 solution can be further 

diluted.  

The byproduct in the form of barium sulfate has various applications listed in literature like 

thickener in oil well drilling fluids in crude oil and natural gas exploration, coating of photographic 

paper for improvement in image reflexivity, contrast agent in X-ray diagnosis [45]. This type of 

process does not consume much energy as the operations are performed at normal temperature and 

pressure. However the process uses additional chemicals like Ba(NO3)2 which add to raw material 
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cost. Filtration costs are additional. Partial cost can be recovered from the sale of BaSO4 byproduct. 

On the whole this alternative route may be applicable where there is agricultural activity in the 

vicinity of industry and there is scarcity of water, a common scenario in many places in India.  

 

 

Fig. 5.29 Alternate route for dilute Na2SO4 draw solute usage by metathesis precipitation 

using Ba(NO)3 to produce NaNO3 solution which can be used for fertigation. 

 

 

 

5.6.2  Recovery of MgCl2 draw solute by NF 

The recovery of diluted MgCl2 draw solution was performed through a pilot scale pressure-driven 

NF process using a pristine flat sheet membrane module. The same NF membrane was used which 

was used in the FO process as described in previous sections. The NF setup was operated within the 

range of 3 – 10 bar pressure. NF permeate samples were collected at definite time intervals and 

TDS was measured. Fig. 5.30 shows permeate flux and % salt retention for the NF membrane using 

0.5 mol L
-1

 MgCl2 solution as feed. Permeate flux increased from 30 – 111 L m
-2

h
-1 

as pressure 

increased from 3 – 10 bar. At 5 bar trans membrane pressure the flux and the solute retention were 

65 L m
-2

h
-1

 and 98% respectively. 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. However, sophisticated analysis by gas chromatography/mass spectroscopy 

(GC/MS) is necessary to detect the presence of trace feed ions that might have leaked through the 
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membrane in both FO and NF operation in order to confirm the potability of permeate. In essence, 

the NF process demonstrated generation of good quality water at low pressure, which may be used 

for unrestricted irrigation purposes [14]. A two pass NF can be used for further polishing and 

generation of potable quality water. The concentrate stream of NF process having high MgCl2 

content was recovered and reused as a draw solution in the FO process with necessary make up. 

Addition of small quantities of MgCl2 was essential to compensate for the loss of draw solute due to 

incomplete rejection of MgCl2 in FO and NF steps. No noticeable change was observed in the water 

flux of FO process due to usage of recycled MgCl2 solution. Possibility of accumulation of feed 

contaminants in the draw solution is unlikely when the same membrane is used in both FO and NF 

steps. This is because the feed contaminants which leak through the membrane in FO process will 

in all probability leak through the membrane in NF process as well and will be traceable in the 

permeate. This can be advantageous compared to other FO hybrid systems involving higher 

selective membrane in regeneration step (e.g. FO-RO) leading to accumulation of feed 

contaminants in draw solute which may render the draw solute unusable after multiple recycle and 

may need partial/total replacement. 

 

 

Fig. 5.30 Variation of permeate flux and % salt retention with increasing transmembrane 

pressure in nanofiltration process using 0.5 mol L
-1

 MgCl2 feed solution.  
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5.6.2.1  Alternate recovery of MgCl2 draw solute by chemical route  

An alternative recovery of MgCl2 was explored by chemical route. MgCl2 can be recovered in pure 

(MgCl2.6H2O) form (if absolutely required) from NF concentrate through chemical route by 

precipitation method using 1,4-dioxane [231]. 1,4-dioxane (C4H8O2) is a heterocyclic organic 

compound (ether) and is used widely as a solvent for paper, cotton, and textile processing and 

having presence in numerous household products.  

A separate, independent experiment was carried out to recover MgCl2. In 10 ml of 8 mol L
-1

 MgCl2 

solution, 7 ml of 1,4-dioxane was added. The mixture was stirred in a temperature controlled 

mechanically stirred reactor for 40 min at 25°C and was allowed to settle for 1h. The precipitate 

was filtered using Whatman filter paper (2.5 µm pore size). About 5.6 g of wet precipitate of 

MgCl2.6H2O.C4H8O2 was filtered in cake form along with 15.1 ml of filtrate. The cake was dried 

for 1h at 100°C to get 3.544 g MgCl2.6H2O giving a yield of 22%. Purity of MgCl2.6H2O was 

ascertained by comparing its melting point of 119°C (melting point of MgCl2.6H2O is 117
o
C) and 

was determined at 98%. Quality of filtrate which contains unrecovered MgCl2 along with excess 

dioxane and soluble Mg complex/chelates needs further verification before recycle or subsequent 

usage. Possibility of precipitation at lower concentrations of MgCl2 solution needs additional study. 

It is important to mention that the United States Environmental Protection Agency (USEPA) has 

classified 1,4-dioxane as a probable human carcinogen. A more detailed study is required to 

ascertain the sustainability of this recovery process. 

 

5.6.3  Recovery of KCl and MAP draw solute by NF  

The diluted fertilizer solution obtained by FO process has high nutrient content for direct usage in 

fertigation and hydroponics. Partial separation by low pressure NF accomplishes two primary 

objectives i.e. reduction of nutrient content to an acceptable level required for fertigation (permeate 

stream) and recycling of excess nutrient (retentate stream) back to the FO process. NF has 

demonstrated to be effective in removal of bivalent ions and other larger MW solutes [81,232]. The 

NF setup was operated between 3 and 11 bar pressure. Fertilizer solution containing 0.25:0.25 mol 

L
-1 

KCl+MAP was used as feed and NPK content of permeate stream was measured.  Both flux and 

NPK content of the permeate stream decreased with increase in applied pressure (Table 5.11). The 

percentage rejection of NPK ions was >95% in all cases. Permeate contained 117/248/409 mg L
-1
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NPK at 5 bar. Pressure increase beyond 9 bar did not reduce the NPK content much. Overall, the 

nutrient level could be reduced to a much acceptable level suitable for fertigation. Nevertheless, the 

P and K content require further reduction as the present level may be toxic to some plants [49]. 

Effectiveness of other NF membranes can be studied for bringing down P and K content.  

 

Table 5.11 Permeate flux and NPK content of permeate stream for TFC-PA NF membrane using 

0.25:0.25 mol L
-1 

KCl+MAP blended fertilizer solution as feed. 

 

Operating 

Pressure (bar) 

Permeate flux  

× 10-6 (m3 m-2s-1) 

N/P/K content 

(mg L-1) 

3 8.3 139/264/436 

5 12.5 117/248/409 

7 19.2 99/220/375 

9 25.1 85/187/355 

11 34.7 83/182/352 

 

5.6.4 Recovery of choline chloride glycerol (1:2 mol) NADES by chilling 

 

Recovery of the draw solute after FO process is absolutely essential to facilitate reuse of precious 

draw solutes and simultaneous separation of water having high level of purity. The UCST behavior 

of ChCl-glycerol (1:2 mol) NADES (freezing point = –40°C) was exploited for recovery of draw 

solute. 100 ml of 20% (v/v) NADES was taken and refrigerated in a normal refrigerator at 4°C for 4 

h to avoid any sudden phase change of water leading to ChCl entrapment. The cold mixture was 

then chilled in a laboratory freezer (capacity upto –25°C) at –10°C for 8 h. The water part in the 

form of ice was physically separated out whereas the NADES remained in the form of liquid (Fig. 

5.31). Analysis of 78 ml of ice after phase change to water showed around 5% of NADES which 

required further polishing to generate potable water. The Institute of Medicine, USA has set the 

upper limit for choline at 3500 mg per day for adults [233]. The NADES in liquid form showed 

around 75% NADES content which could be again used as draw solute. Though clear separation of 

water and ice was observed physically, there is a good possibility of trapped choline chloride at the 

ice-water interface. More research work needs to be carried out for improving the efficiency of 

separation which can minimize the loss of draw solute and increase the purity of product water. The 

proposed process tenders noteworthy technological gains and germane to biomedical and food 

processing industries for heat sensitive applications. 
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Fig. 5.31 (a) Pure NADES (b) formation of ice after chilling of dilute (20% v/v) NADES at –10°C. 

 

5.7  Energy aspects and sustainability 

In order to assess the efficiency of the FO-NF system, the total energy consumption of the FDFO-

NF system needs to be evaluated for a long period of time. Specific energy consumption (SEC) is 

defined as the energy consumed per unit volume of feed water processed (kWh m
-3

) and is 

calculated as follows:  

     
       

      
           

where V is the voltage, I is the average current for a particular set of conditions, cos Φ is the power 

factor and Q is the permeate flow rate (m
3
h

-1
). The SEC of the FO system was evaluated for the 24h 

study for wastewater feed. The energy required in the FO process is only for pumping the feed and 

draw solution where two small laboratory scale centrifugal pumps were used. Energy requirement 

by the NF process involved pumping at high pressure.  

 

5.7.1  Specific energy consumption by FO-NF hybrid system using Glauber salt draw solute 

The FO set up used two small laboratory scale centrifugal pumps working at flow rate of 3.6 L min
-

1
. The SEC of the FO process at an average permeate flux rate of 0.95 L m

-2
h

-1
 for wastewater feed 

is calculated at 1.7 kWh m
-3

. The SEC was very high as the water flux was too low for wastewater 

feed as a RO membrane with support layer was used which lowered the diffusivity in the support 
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layer. The SEC of the high-pressure reciprocating pump at specific operating conditions was 

calculated at different feed pressures. At permeate flow of 18.2 × 10
-6 

m
3
 m

-2
s

-1 
and at maximum 11 

bar feed pressure, the SEC was 11.3 kWh m
-3

. Together, the SEC of integrated FDFO-NF system 

was around 13 kWh m
-3

. This is on a much higher side due to the system constraints but it can be 

reduced. 

 

5.7.2  Specific energy consumption by FO-NF hybrid system using MgCl2 draw solute 

At feed circulation rate of 3.6 L min
-1

 and an average water flux of 7.58 L m
-2

h
-1

 for industrial 

wastewater feed, the SEC of FO process was calculated at 0.21 kWh m
-3

. Lower SEC in FO process 

has been reported in some cases [234]. For 24h study without cleaning the membrane, the SEC 

increased to 0.28 kWh m
-3

 as average water flux was low at 5.74 L m
-2

h
-1

. 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 SEC can be further reduced by optimizing the cleaning time. The 

low fouling propensity of FO process can eliminate the need for feed treatment and chemical 

cleaning of membrane, thus reducing costs and can be useful for high fouling feed [6,206,235]. 

The NF process used for draw solute recovery and generation of water consumed much more 

energy than the FO process itself. SEC of the high-pressure plunger pump at specific operating 

conditions was calculated at different feed pressures. At 10 bar feed pressure and permeate flow of 

111.6 L m
-2

h
-1

, the SEC was 8.8 kWh m
-3

. The SEC of the integrated FO-NF system was around 

9.06 kWh per m
3
 of water produced.  

 

5.7.3  Specific energy consumption by FO-NF hybrid system using KCl & MAP draw solute 

The FO set up used two small laboratory scale centrifugal pumps working at flow rate of 3.6 L min
-

1
. The SEC of the FO process at an average permeate flux rate of 2.34 L m

-2
h

-1
 for brackish 

water/wastewater feed is calculated at 0.7 kWh m
-3

. The SEC of the high-pressure reciprocating 

pump at specific operating conditions was calculated at different feed pressures. At permeate flow 

of 34.7 × 10
-6

 m
3
 m

-2
s

-1 
and at maximum 11 bar feed pressure, the SEC was 8.1 kWh m

-3
. Together, 

the SEC of integrated FDFO-NF system was around 8.8 kWh per m
3
 of diluted fertilizer solution.  
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The theoretical thermodynamic minimum energy of desalination for seawater at 35,000 ppm salt 

concentration and at a typical recovery of 50% is 1.09 kWhm
−3 

[203]. In case of RO, actual 

theoretical minimum is 1.56 kWh m
-3

 and a state of the art seawater RO plants operate at around 2 

kWh m
−3

. The actual energy requirement in RO can be as high as 3–4 kWh m
−3 

[177].   

One of the major advantages of FO is that no external driving force is required in the process. Major 

energy input is incurred for draw solute separation apart from pumping requirement. As shown, the 

energy required in the FO process itself is much less compared to the NF process used for recovery 

of draw solute. The SEC of the NF process using KCl+MAP was least due to monovalent ions 

compared to MgCl2 and Na2SO4 which are divalent. So lower pressure could generate higher 

permeate flux. Also partial separation requirements in case of FDFO helped. The pilot scale NF set 

up used here consumes more energy at lower throughput and SEC decreases at higher trans-

membrane pressure. Low pressure NF/RO systems have the potential to consume much lower 

energy [171,172,236]. Specially developed NF/RO membrane has been reported to operate at very 

low pressure and provide higher permeate flux [237]. This can perhaps replace the costly electrical 

energy with less expensive sources of energy like low grade heat or solar energy [87].  These low 

pressure RO/NF membrane systems can possibly be used for draw solute recovery, which can help 

in reducing SEC and can make the whole process commercially feasible [238]. 

As pumping is required for circulation of feed and draw solution at low flow rates, use of solar 

powered pumps can be of immense benefit and can reduce SEC. The SEC of FO process has been 

reported to be less than 0.2 kWh m
-3

 in some cases [5,206].  Solar powered desalination by FO has 

also demonstrated low SEC [201]. Alleviation methods like back flushing and other cleaning 

methods reinstate water flux. Reducing recirculation rate by 1/10
th

 can reduce energy consumption 

by 99% [102]. The energy requirement can be kept low in the NF process if the required draw 

solute separation can be achieved at less than 5 atm. pressure. The ambient condition FO process 

along with low pressure NF process can be beneficial if the required energy can be provided by 

alternative energy sources like low grade heat or renewable energy sources like solar energy [87], 

thus replacing costly electrical energy. It has been demonstrated that electricity consumption can be 

reduced by the order of about 70% by using a FO-(RO/NF) combination if renewable energy is used 

[164]. Low fouling propensity of the membrane lessens the need for pretreatment of feed and 

cleaning protocol, which further reduces the overall energy requirement. Waste heat available from 

the industry can also be utilized. However, further research needs to be carried out in that direction. 
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Using the above mentioned means, a properly designed integrated FDFO-NF system can achieve 

lower SEC which can be attractive for industrial applications.  

 

 

5.8  Modeling of water flux 

 

5.8.1  Determination of membrane parameters of NF membrane 

The membrane parameters were calculated by a single-stage FO based test method as described by 

Tiraferri . FO experiments were carried out using NaCl as draw solute and DI water as feed 

solution. NaCl concentration ranged from 0.25 – 2 mol L
-1

. Osmotic pressures πD and πF values were 

taken from literature. Diffusion coefficient D is calculated using Stoke-Einstein equation (Eq. 4.10) 

and is calculated at 1.45 × 10
-9

 m
2
s

-1
. Eight sets of readings were taken. The membrane parameters 

were calculated by putting the 8 sets of experimental results in eq. 4.19 and eq. 4.20 and solving by 

non-linear least square analysis. The programming codes are given in Appendices. The results are 

presented in Table 5.12 which shows water and solute permeability coefficient values of 1.19 L m
-

2
h

-1
bar

-1
 and 0.5 L m

-2
h

-1
 respectively. The structural parameter of NF membrane was determined at 

2025 µm. S is used to decide the extent of ICP in the support layer of FO membranes and low S 

value is always preferable. S values of FO membranes are reportedly around 500 μm. On the 

contrary, S value of RO membranes like SW30 (Dow Chemical Company) is apparently much 

higher at 9583 μm. Similarly, other NF membranes reported more than 10000 μm [32]. This is due 

to the presence of a thick support layer in RO/NF membranes, which is required to withstand high 

pressure during operation. Considering that the NF membrane used in the present study has a total 

thickness of 200 µm and a significant support layer, the value of structural parameter is much less 

compared to RO/NF membranes but higher than FO membranes as reported in literature. This may 

be due to the presence of pores in the PES top layer which is also evident from the SEM images. 

The hydrophilic polysulfone layer cast over non-woven polyester support layer provided less 

tortuous path and allowed thorough wetting of support structure thus lowering the structural 

parameter. As this membrane has been developed for low pressure NF operations, ease of water 

permeability is vital for its application. Since FO process operates in the absence of external 

pressure, hence further optimizing the support layer thickness will render this membrane more 

suitable for FO operation. The value of solute resistivity K (= S/Ds) was found to be 1.397×10
6 

s m
-1
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which was considerably high signifying high ICP resulting in reduced water flux. K value for CTA 

FO membrane in similar systems is reportedly much less at 4.5×10
5 

s m
-1

 [43]. K value could be 

reduced by decreasing thickness and increasing the void fraction of the membrane which are 

comparatively easier to achieve and provide free flow to the solute particles. Engineering the 

tortuosity of membranes is rather a difficult proposition.  

 

Table 5.12 Value of membrane parameters A, B and S calculated numerically by fitting the 8 sets of 

experimental values of water flux Jw and reverse solute flux Js at different concentration of draw solute for 

NF membrane.  

Parameters Unit Observation 

Water flux, Jw 

 

L m-2h-1 4.3 4.96 5.3 5.79 6.12 6.6 7.13 7.52 

Solute flux, Js 

 

g m-2h-1 1.25 1.78 2.21 2.78 3.42 4.31 5.11 5.9 

Draw solution osmotic 

pressure, πD 

bar 12 25 37 50 64 77 91 104 

Feed solution osmotic 

pressure  πF 

bar 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 

Draw solution 

concentration, cD 

mol L-1 0.25 0.5 0.75 1 1.25 1.5 1.75 2 

Feed solution 

concentration, cF 

mmol L-1 101 112 106 120 115 109 111 112 

Diffusion coefficient, D m2s-1 1.45 × 10-9 

 

Water Permeability, A  

 

L m-2h-1bar-1 1.19 

Solute  Permeability, B  

 

L m-2h-1 0.5 

Structural Parameter, S  

 

µm 2025 

Solute resistivity,  
K (=S/Ds) 

s m-1 1.397×106 

 

However, it may be noted that the structural parameter was determined by the FO based test method 

in this paper. This non-pressurized methodology was found to be suitable for FO processes 

compared to RO based methods, since more accurate predictions of performance could be achieved 

[74]. Most of the values reported in literature, used the conventional method (RO-FO based) hence 

the values may not be directly comparable. Moreover, while calculating the membrane parameters, 

A, B and S, the bulk concentration of feed and draw solution were measured and taken into 

consideration. The data were not corrected for ICP effects; therefore the actual osmotic pressure 
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difference at the membrane interface is not the same as the calculated one. Furthermore, the same 

ICP effect keeps the concentration of draw solution low at the support layer interface compared to 

bulk concentration. Thus, it can be assumed that the deviation from ideality due to higher 

concentration is not significant and would have minimal effect on the generated osmotic pressure 

following the Van't Hoff equation (Eq. 4.2). Also, it must be noted that the near constancy of Js/Jw 

is a necessary condition for the successful application of this method [212] which was not observed 

in our case as Js/Jw increased with draw solution concentration. 

The water flux was determined after putting the values of A, B and S in the model equation 4.19 and 

4.20 for each experimental parameter. The comparison of model predicted water flux with 

experimental water flux for NF membrane using NaCl draw solute and DI water feed solution at 

22°C is shown in Fig. 5.32. The figure shows a reasonably good fit. Similarly, the RSF was 

determined after putting the values of B and S in the model equation 4.20 for each experimental 

parameter. The comparison of model predicted RSF with experimental RSF for NF membrane using 

NaCl draw solute and DI water feed solution at 22°C is shown in Fig. 5.33. The figure shows a 

reasonably good fit.  

 

Fig. 5.32 Comparison of model predicted water flux with experimental water flux for NF 

membrane using NaCl draw solute and DI water feed solution at 22°C. 
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Fig. 5.33 Comparison of model predicted RSF with experimental RSF for NF membrane 

using NaCl draw solute and DI water feed solution at 22°C. 

 

 

5.8.2  Determination of membrane parameters of FO membrane 

FO experiments were carried out using NaCl as draw solute and DI water as feed solution. NaCl 

concentration ranged from 0.025 – 1 mol L
-1

. Osmotic pressures πD and πF values were taken from 

literature. Diffusion coefficient D is 1.45×10
-9

 m
2
s

-1
 calculated using Stoke-Einstein equation (Eq. 

4.10). Eight sets of readings were taken. The membrane parameters were calculated by putting the 8 

sets of experimental results in eq. 4.19 and eq. 4.20 and solving by non-linear least square analysis 

[212]. The programming codes are given in Appendices. The results are presented in Table 5.13 

which shows water and solute permeability coefficient values of 4.31 L m
-2

h
-1

bar
-1

 and 0.35 L m
-2

h
-

1
 respectively. The structural parameter of the FO membrane was determined at 722 µm. S is used 

to decide the extent of ICP in the support layer of FO membranes and low S value is always 

preferable. S value of cellulose triacetate (CTA) asymmetric membrane and polyamide thin film 

composite (TFC) membrane developed by HTI, Inc. for FO process are reportedly 600 µm and 450 

µm respectively [12]. FO membrane commercialized by Porifera Inc. reported S value of 215 µm 

[44]. The S value of this FO membrane was found to be in similar range to the commercial FO 

membranes. This membrane having bigger pores and good hydrophilicity, the water permeability 
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was found to be high which resulted in higher water flux. The value of solute resistivity K (= S/Ds) 

was found to be 4.98×10
5 

s m
-1

 indicating low ICP resulting in high water flux. The value of K is 

similar to that reported for CTA FO membrane in a similar system at 4.5×10
5 

s m
-1

 [43].  

 

Table 5.13 Value of membrane parameters A, B and S calculated numerically by fitting the 8 sets of 

experimental values of water flux Jw and reverse solute flux Js at different concentrations of draw solute 

for FO membrane. 

Parameters Unit Observation 

Water flux, Jw 

 

L m-2h-1 8.33 11.57 13.45 14.26 14.98 15.59 16.56 18.64 

Solute flux, Js 

 

g m-2h-1 0.31 0.73 1.21 1.66 2.24 2.86 3.48 3.99 

Draw solution osmotic 

pressure, πD 

bar 6 12 18 25 33 37 43 50 

Feed solution osmotic 

pressure  πF 

bar 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 

Draw solution 

concentration, cD 

mol L-1 0.125 0.25 0.375 0.5 0.675 0.75 0.875 1 

Feed solution 

concentration, cF 

 

mmol L-1 112 103 107 115 108 106 110 112 

Diffusion coefficient, D m2s-1 1.45 × 10-9 

 

Water Permeability, A  L m-2h-1 

bar-1 

4.11 

Solute  Permeability, B  

 

L m-2h-1 0.65 

Structural Parameter, S  

 

µm 722 

Solute resistivity,  
K (=S/Ds) 

sm-1 4.98×105 

 

The water flux was determined after putting the values of A, B and S in the model equation (Eq. 

4.19 and Eq. 4.20) for each experimental parameter. The comparison of model predicted water flux 

with experimental water flux for FO membrane using NaCl draw solute and DI water feed solution 

at 22°C is shown in Fig. 5.34. The figure shows a reasonably good fit.  
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Fig. 5.34 Comparison of model predicted water flux with experimental water flux for FO 

membrane using NaCl draw solute and DI water feed solution at 22°C. 

 

 

Fig. 5.35 Comparison of model predicted RSF with experimental RSF for FO membrane 

using NaCl draw solute and DI water feed solution at 22°C. 
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Similarly, the   RSF was determined after putting the values of B and S in the model equation 4.20 

for each experimental parameter. The comparison of model predicted RSF with experimental RSF 

for FO membrane using NaCl draw solute and DI water feed solution at 22°C is shown in Fig. 5.35. 

The figure shows a moderately good fit at lower concentrations.  

It may be noted that the structural parameter determined by this method was found to be suitable for 

the FO process. Most of the values reported in literature, used the conventional method (RO-FO 

based) hence the values may not be directly comparable. Compared to RO based methods, more 

accurate predictions of performance could be achieved [213]. Moreover, while calculating the 

membrane parameters, A, B and S, the bulk concentration of feed and draw solution were measured 

and taken into consideration. The data were not corrected for ICP effects; therefore the actual 

osmotic pressure difference at the membrane interface is not the same as the calculated one. 

Furthermore, the same ICP effect keeps the concentration of draw solution low at the support layer 

interface compared to bulk concentration. Thus, it can be assumed that the deviation from ideality 

due to higher concentration is not significant and would have minimal effect on the generated 

osmotic pressure following the Van’t Hoff equation (Eq. 4.2). Also, it must be noted that the near 

constancy of Js/Jw is a necessary condition for the successful application of this method [212] which 

was not observed exactly in our case as Js/Jw increased with draw solution concentration. 
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CHAPTER - 6 
 

Conclusions and future scope 
 

 

The burgeoning interest in forward osmosis (FO) as a promising technology to supplement, if not 

substitute, the existing membrane processes for wastewater reclamation merits an in-depth research 

to explore the real potential of this technology in the current membrane market. In this final chapter 

of this dissertation, major conclusions are drawn, based on the objectives defined in Chapter 1 and 

some lights have been shed on the future directions and scopes of further research. 

6.1 Overall conclusions 

The performance of forward osmosis (FO) process using different inorganic salt solutes and a 

natural deep eutectic solvent as a draw solution was investigated for the treatment of simulated as 

well as actual industrial effluent. The membranes used the present study were characterized for their 

composition and morphology following standard analytical methods. The effect of several physico-

chemical parameters such as draw solute concentration, temperature, feed flow rate, membrane 

orientation on the water flux and reverse solute flux was investigated. Recovery of draw solute by 

various methods was also carried out. Fouling mitigation techniques to recover water flux and 

prolong membrane life was verified. The standard membrane parameters like water permeability 

coefficient A, solute permeability coefficient B and membrane structural parameter S were 

determined. The water flux and reverse solute flux were modeled based on existing theories and the 

predicted values thus obtained, were compared with the experimental ones. In essence, the study 

focused on the complex interaction between the membrane and solute and the effect of various 

parameters coupled with theoretical inputs to have a better understanding of the process for the 

overall improvement of the FO system and to make it commercially implementable using 

indigenous resources. The salient findings and significant conclusions of the present study are 

outlined below: 

● Despite showing an initial major dip in water flux, the FO system gained some sort of 

equilibrium and thereafter water flux was maintained for a sufficiently long period of time. 

Nevertheless the final flux was much less compared to initial flux. This phenomenon held 
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true even for wastewater feed. The complex interaction between the membrane and solutes 

along with the hydrodynamics resulted in an almost stable system with respect to water flux.  

● The thickness of the membrane support layer played a major role in determining the water 

flux. Thick support layer reduced the water flux by reducing the net osmotic potential across 

the active layer due to the dilutive internal concentration polarization (ICP) effect. Highly 

porous and thin support layer provided the required diffusivity for facile movement of draw 

solutes thereby reducing dilutive ICP effect, leading to high water flux. The FO membrane 

(~70 µm thick) showed the maximal water flux, while RO and NF membrane (~200 µm 

thick) displayed lower water flux. The highest water flux in the present study  was estimated 

to be 19.15 L m
-2

h
-1

 at 50°C using FO membrane with 20% (v/v) ChCl-Glycerol (1:2 mol) 

NADES. 

● The reverse solute flux (RSF) is highly dependent on the selectivity of the membrane. Had 

the selectivity been not high the factors which are responsible for augmentation of water 

flux, could also increase the RSF. Larger molecules like MgCl2 and Na2SO4 exhibited low 

RSF (< 0.5 g m
-2

h
-1

) which ensured low draw solute replenishment cost and suitability in 

contamination sensitive application. The specific RSF (Js/Jw) was found to increase with 

draw solution concentration; a phenomenon somewhat contradicting the literature findings 

and the assumption used in modeling that Js/Jw is independent of draw solution 

concentration. 

● Amongst all the inorganic draw solutes used, MgCl2 gave the best results in terms of highest 

flux and lowest RSF followed by Na2SO4, NaCl, KCl and MAP. Divalent draw solutes like 

MgCl2 and Na2SO4 were found to be efficient as draw solutes due to their favorable 

physico-chemical properties and could be easily recovered by using nanofiltration process. 

Low Js/Jw ratio (< 0.1 g L
-1

) indicated low draw solute loss leading to low replenishment 

cost and low contamination of feed solution. All the first three salts need an energy intensive 

recovery process whereas KCl and MAP could be beneficial if used for farming and 

irrigation purposes where the recovery part can be avoided. Low cost and widely available 

local sources would be beneficial in this respect e.g. Glauber salt is available as a cheap by-

product of local textile manufacturing units in Gujarat.   

● The increase in concentration, temperature and flow rate of draw solute has a positive effect 

on water flux for all inorganic solutes under present experimental conditions. But the same 
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factors were also responsible for the increase in RSF. Higher water flux was observed in 

AL-DS mode of membrane orientation compared to AL-FS mode for DI water feed. 

Concentration of inorganic salts beyond 2 mol L
-1

 is not recommended due to scaling issues. 

● There is a 5-25% reduction in water flux with industrial wastewater feed compared to DI 

water feed. Appreciable feed rejection ability of the polyamide/polyether sulfone based 

membrane ensured passage of water through the membranes.  

● Absence of external pressure makes the FO process ideal for handling complex liquid 

effluents. Gradual deposition of loose foulants on the membrane surface was observed in 

case of industrial wastewater feed, always keeping some space for water permeation. Loose 

fouling deposition was easily removed by water wash leading to restoration of 90% flux. 

Due to reversible membrane fouling, the membranes could perform even after multiple 

washing cycles. 

● Low pressure NF process (≤ 10 bar) was found suitable for recovery of inorganic divalent 

salt draw solute. Solute retention was around 98%, producing very good quality permeate 

water with low TDS content (< 1000 mg L
-1

). The coupled FO-NF process could produce 

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

● Fertilizers could not generate high water flux from industrial wastewater feed but low RSF 

could be beneficial for avoiding eutrophication issues. Partial regeneration of feed solution 

using NF process could produce low concentration fertilizer solution with 117 mg L
-1

 N 

content suitable for fertigation and hydroponics.  No positive effect of blending of fertilizers 

on water flux was observed. 

● In the case of FO-NF integrated systems using the same polyethersulfone TFC membrane, 

the possibility of accumulation of feed contaminants in the draw solution is negligible which 

renders the draw solute usable even after multiple recycling. This could be advantageous 

compared to other FO hybrid systems involving higher selective membrane in regeneration 

step (e.g. FO-RO) leading to accumulation of feed contaminants in draw solute and may 

need partial/total replacement. 

● The draw solute regeneration step consumed much more energy than the FO process itself. 

As a result, the total energy consumption of FO hybrid process is much more compared to 

established wastewater treatment processes like RO. Elimination of recovery step (e.g. 

osmotic dilution using fertilizer draw solute) or usage of a low pressure NF/RO system for 
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draw solute recovery which can use less expensive sources of energy like low grade heat or 

solar energy will be beneficial. 

● The membrane parameters were evaluated by a single-stage FO based test method using 

NaCl draw solute. The water permeability coefficient A, solute permeability coefficient, B 

and structural parameter, S was determined. The structural parameters of FO and NF 

membrane were determined at 722 μm and 2025 μm respectively. Reasonably good fit was 

obtained with model predicted water flux and RSF values compared to experimental values. 

● In case of choline chloride-glycerol (1:2 mol) NADES, addition of water and increase in 

temperature had a positive effect on viscosity reduction which increased the solute 

diffusivity leading to higher water flux.  The viscosity decreased to about 1/10
th

 of the 

original value with addition of 25% water. Similarly 76% drop in viscosity was noted when 

the temperature increased from 30 to 60°C. Hence it is proposed that the NADES after 

dilution can be used as an effective draw solute in hot weather conditions due to retention of 

osmotic potential, low viscosity, good ionic activity, and inexpensive. 

● Between 10 – 30% (v/v) ChCl-Glycerol, at 20% (v/v) NADES the Jw/Js ratio was found to 

be the highest and was tested as a draw solute for FO application. At 20°C, water flux of 

14.98 L m
-2

h
-1

 with low RSF of 0.125 g m
-2

h
-1

 with DI water feed was observed. The 

maximum water flux was measured at 19.15 L m
-2

h
-1

 at 50°C. With industrial wastewater 

feed, the water flux declined only 21% at 11.9 L m
-2

h
-1

 with good solute rejection. For long 

duration operation (24h) the average water flux could be maintained at 9.54 L m
-2

h
-1

 by 

controlling the ECP and fouling/scaling mitigation by simple periodic DI water wash. 

● In the case of NADES, the draw solute could be recovered by chilling, utilizing the UCST 

nature of draw solute. After chilling, the NADES in liquid form showed around 75% 

NADES content which could be again used as draw solute. Recovered ice showed around 

5% of NADES content which needs further polishing to generate potable water. 

 

Taken as a whole it can be concluded that the membrane and draw solute selection are 

complementary and a trade-off between permeability and selectivity is essential to ensure the 

success of the FO system for a particular application. Indigenously developed polyamide/ polyether 

sulfone based membranes with optimized/thin support layer and added hydrophilic agents can 

provide high water flux and required selectivity to control reverse solute flux. Inorganic divalent 
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salts like MgCl2 and Na2SO4 are effective as draw solutes due to their favourable physico-chemical 

properties and low cost. FO may be extremely suitable for handling complex wastewater streams as 

a pretreatment process due to low fouling tendency. 20% (v/v) choline chloride-glycerol (1:2 mol) 

NADES proved to be an efficient, low-cost, nontoxic, and reusable draw solution to reclaim water 

from industrial wastewater streams.   

 

6.2 Original contribution by the thesis 

Forward osmosis (FO) is an emerging membrane separation process, compared to more established 

membrane separation process like RO and NF which has caught the researcher’s interest of late 

after breakthrough in membrane development. Remarkable research activities are underway to 

make the FO technology commercially competitive with other conventional pressure driven 

membrane processes. The present research provides useful insights to the various aspects of the 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 has been reported. Prospect of ionic liquids and deep eutectic solvents as new generation DS 

in forward osmosis process has been critically reviewed. A novel natural deep eutectic solvent 

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

a draw solute is explored. Detailed performance analysis of this NADES as a draw solute in FO 

process and the effect of various parameters thereon have been reported for the first time to the best 

of our knowledge. Feasibility of locally available commercial TFC low pressure RO/NF membrane 

and an indigenously developed FO membrane has been explored. The idea of using an indigenously 

developed RO/NF membrane, as an improvised FO membrane stems from the premise that both 

shares a considerable structural as well as functional similarity, the study of which will provide 

useful insights for future use as FO membrane after necessary structural/compositional 

modification. 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 the 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 can be useful for development of FO based hybrid systems for commercial implementation.  
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6.3 Future scope of work 

The FO process has proven its ability to concentrate wastewater and subsequent generation of good 

quality water with a hybrid FO-NF or FO-chilling system. However, the commercialization and 

full-scale implementation of FO based systems require further research. The focus of the research 

should be orientated on the development of membranes and draw solute combination which could 

achieve high water flux and low reverse solute flux simultaneously combined with energy efficient 

recovery of draw solute.  

The polyether sulfone based TFC NF membrane used in the present work provided low water flux 

but very low RSF. Optimizing the thickness of the support layer could lower the ICP effect thereby 

increasing the water flux without compromising the RSF which might expedite the FO process. 

Similarly, the polyamide TFC FO membrane despite giving high water flux suffers from high RSF 

which could probably be controlled by adding suitable additives like graphene oxide to increase 

membrane selectivity. Understanding of the complex membrane-solute interaction and system 

hydrodynamics is necessary to sustain a higher water flux after the sharp initial dip. 

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

for effluent concentration. Blending of fertilizers could be undertaken for improved performance. 

Considering the vast world of IL/DES, only a few have been attempted as a draw solution which 

keeps the area wide open. Especially, the ease of availability, low cost, non-toxicity and eco-

friendly nature make NADES and its water mixtures particularly suitable as draw solutes for 

dewatering of heat sensitive products such as biomedical and food products.  

Increase in concentration of draw solution adds to material costs and increase in temperature and 

flow rate incurs energy costs which contribute to operating costs. A careful cost calculation needs to 

be undertaken to evaluate the benefit of higher throughput vis-à-vis added operational costs to 

obtain optimal operating conditions. The hot climatic conditions of our country should be exploited 

extensively to improve water flux. 

Absence of external pressure in FO processes makes the process ideal for handling complex liquid 

effluents. The membrane fouling is reversible and can be effectively controlled by optimizing the 

hydrodynamic conditions of the FO system. Simple membrane cleaning techniques like high 

velocity water works well while advanced techniques like ultrasonication can be used in high 

fouling application. Low fouling propensity of FO membrane gives a tremendous advantage which 
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should be harnessed to the maximum possible extent where other commercial systems like RO set 

limitations.  Improvement in feed channel and spacer design could be undertaken to promote 

mixing near the boundary layer with the aim of decreasing ECP and ensuing smooth passage of 

small solutes through the membrane overcoming problems of particle accumulation and biofouling 

due to local hydrodynamic conditions (low shear region) and physical blockage (large particle size). 

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

commercially viable. Intelligent application of this technology where the energy intensive recovery 

of draw solute may be avoided will be immensely beneficial for commercialization of this 

technique. For example osmotic dilution can be really energy efficient where the draw solute 

recovery can be completely avoided or partial recovery may be undertaken using less energy. 

Wastewater reclamation using fertilizer draw solutes should be seriously explored where industrial 

and agricultural activities occur simultaneously in close vicinity along with problems of water 

scarcity. Apart from chemical fertilizers, organic fertilizers can be investigated for their suitability 

in osmotic dilution. Low pressure NF/RO systems have the potential to consume much lower 

energy. NF/RO membranes can be developed which can operate at very low pressure and provide 

higher permeate flux for complete/partial draw solute recovery. This can perhaps replace the costly 

electrical energy with less expensive sources like low grade heat or solar energy. Other alternatives 

to draw solute recovery may be explored.    

Identification of chemical process plants can be undertaken where concentration and dilution of 

process streams may occur simultaneously at different places. FO may be suitable for doing both 

these operations in one step with very low energy consumption. For example, FO process can be 

used for dewatering of effluent streams by using a concentrated stream from the same industry 

(which needs dilution). Good results can be anticipated by doing proper stream networking along 

with some reorientation in pumping requirements. Similar to energy integration, mass integration 

can be carried out with positive results. Overall, a proper combination of research efforts in the right 

direction and its intelligent application should go a long way to make the FO process successful in 

the near future and applicable on a large scale.  
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APPENDIX - A 
 

SCILAB programs for determination of membrane parameters 

 /********************************************************************* 

 Program using Scilab 

 Programmer - S. M. Dutta 

 Program for determination of NF membrane parameters  

 *********************************************************************/ 

 /* Variable i, E, Ew, Es, Jwc, Jsc, S, A=0, B=0, k, Z, Af, Bf, Sf */ 

 

     // Water flux values 

     Jw = [4.3 4.96 5.3 5.79 6.12 6.6 7.13 7.52]; 

     // Reverse solute flux values 

     Js = [1.25 1.78 2.21 2.78 3.42 4.31 5.11 5.9]; 

 // Concentration of draw solution  

      cd = [0.25 0.5 0.75 1.0 1.25 1.5 1.75 2.0]; 

 // Concentration of feed solution 

     cf = [0.000101 0.000112 0.000106 0.000120 0.000115 0.000109 0.000111 0.000112]; 

     // Osmotic pressure of draw solution 

     piD = [12 25 37 50 64 77 91 104]; 

 // Osmotic pressure of feed solution 

     piF = [0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001]; 

     // Diffusion coefficient of NaCl 

 D = 1.45*10^-9; 

     // Error variable for program 

 minE=1000; 

 // Loop start for membrane parameter calculation 

     for A = 0.1:0.01:1.0 

         for B = 0.1:0.01:1.0 

             for S = 1000:1:3000 

          E=0;Ew=0;Es=0; 

          for i = 1:1:8 

             Z = exp(-(Jw(1,i)/3600000)*S*10^-6/D); 
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             Jwc = (A * ((piD(1,i)*Z) - piF(1,i))) - (B * (1-Z)); 

             Jsc = ((cd(1,i)*Z)-cf(1,i)) / ((1/B) + ((1-Z)/Jw(1,i))); 

             Ew = Ew + (Jw(1,i)-Jwc)*(Jw(1,i)-Jwc); 

             Es = Es + (Js(1,i)-Jsc)*(Js(1,i)-Jsc); 

          end 

          E = Ew + Es; 

          if(E<minE) 

            minE = E;Af=A;Bf=B;Sf=S; 

               end 

                      end 

                  end 

               end 

     printf("\nA = %f, B = %f, S = %f, E = %f",Af,Bf,Sf,minE); 

 // END 
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APPENDIX - B 
 

Sample calculation for water flux determination 

Parameters Unit Feed solution Draw solution 

Name - DI water MgCl2 

Temperature °C 25.2 25.1 

Cross Flow velocity cm s
-1 

20.2 20.1 

Concentration mol L
-1 

- 1 

Weight g 1863 1510 

Conductivity S m
-1 

316 - 

Membrane TFC nanofiltration membrane 

Membrane orientation AL-FS (FO mode) 

Membrane diameter cm
 

3.81 

Membrane area m
2 

0.00113 

 

  Time Weight 

(g) 

Flux Feed 

conductivity 

0 1863.1  316 

10 1858.5 24.42  

20 1857.5 14.87  

30 1856.8 11.15 326 

40 1855.5 10.09  

50 1854.5 9.13  

60 1853.5 8.49 331 

70 1852.1 8.34  

80 1851.1 7.96  

90 1850 7.73 340 

100 1848.9 7.54  

110 1847.5 7.53  

120 1846.2 7.47 348 

130 1844.7 7.51  

140 1843.3 7.50  

150 1841.9 7.50 355 

160 1840.5 7.5  

170 1839.2 7.46  

180 1837.7 7.49 362 

190 1836.4 7.46  

200 1834.8 7.51  

210 1833.2 7.56 370 

220 1831.6 7.60  

230 1830.1 7.61  

240 1828.6 7.63 375 
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Difference in weight = 1863.1 - 1828.6 = 34.5 g = 0.0345 kg 

Density of feed solution  = 1 g/cm
3
 = 1 kg/L. 

Time = 4h. 

Membrane area = 0.00113 m
2
. 
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APPENDIX - C 

 

Specific energy consumption for integrated FO-NF process:  

Specific energy consumption (SEC) is defined as the energy consumed per unit volume of feed 

water processed (kWh m
-3

) and is calculated as follows: 

     
       

      
 

Energy consumed by pump for wastewater feed solution and draw solution circulation for 4h 

operation: 

Number of pumps used = 2 

Pump rating:  Voltage = 5V, Current = 0.2A 

Power consumed = VIcosΦ  = 5*0.2*0.8/1000 = 0.0008 kW 

Total energy consumed = 2*0.0008 = 0.0016 kW 

Circulation flow rate  =  3.6 L min
-1

 = 0.216 m
3
/h. 

Water flux in forward osmosis = 7.58 L m
-2

h
-1

 = 0.00758 m
3
m

-2
h

-1 

SEC = Energy consumed/water flux 

SEC = 0.0016/0.00758 = 0.211 kWh/m
3
. 

 

Energy consumed by pump for wastewater feed solution and draw solution circulation for long 

duration (24h) operation with and without cleaning. 

SEC without cleaning (Refer Fig. 5.24 a) 

Water flux in Forward osmosis = 5.74 L m
-2

h
-1

 = 0.00574 m
3
/m

2
h 

SEC = 0.0016/0.00574 = 0.28 kWh/m
3
  

SEC with cleaning (Refer Fig. 5.24 b) 

Water flux of each cycle (4 cycles) = 7.59, 7.46, 7.23, 6.59 L m
-2

h
-1

  

Volume of permeate collected = 0.1155 m
3
. 

Time of operation = 4+1+4+1+4+1+4 =19 h 

Average water flux = 0.11548/19 = 0.006078 m
3
/h 

SEC = 0.0016/0.006078 = 0.26 kWh/m
3
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Permeate flux for nanofiltration process (at 10 bar pressure):   

Volume of permeate collected = 447 ml 

Time of collection = 15 min. 

Volumetric flow rate = 0.0298 L min
-1

 = 1.788 L h
-1

 

Membrane area = 0.016 m
2
. 

Permeate flux = 1.788/0.016 = 111.75 L m
-2

h
-1

 (Refer Fig. 5.30). 

 

 

SEC calculation for nanofiltration process (at 10 bar pressure): 

Pump motor rating:  Voltage = 440 V, Current = 2.8 A. 

Power consumed = VIcosΦ  = 440×2.8×0.8×10
-3

 = 0.99 kW 

Feed flow rate  =  14.5 L min
-1

 =0.87 m
3
/h. 

Permeate flux = 111.7 L m
-2

h
-1

 = 0.1117 m
3
 m

-2
h

-1
. 

SEC = 0.99/0.1117 = 8.87 kWh/m
3
 

 

SEC with cleaning for FO with industrial wastewater feed = 0.26 kWh/m
3
  

SEC for Draw solute recovery by nanofiltration at 10 bar pressure = 8.87 kWh/m
3
 

Total specific energy consumption for integrated FO-NF process  = 9.03 kWh/m
3
 

 

 

 

  

Time 

(min) 

Volume 

(ml) 

0 0 

5 158 

10 289 

15 447 
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