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Abstract 16 

This research project aims at investigating the performance of hydroponic nutrient solutions as draw solutions 17 

for desalination using the fertilizer drawn forward osmosis (FDFO) process. Six different lettuce and leafy 18 

greens hydroponic nutrient stock solutions were prepared according to the literature and used in this study and 19 

tested on a bench-scale forward osmosis unit as draw solutions for the process. The feed solution for the process 20 

was De-Ionized water mixed with NaCl in different concentrations, to represent different salinities of brackish 21 

groundwater. The draw efficiency of each solution was measured based on water flux, specific reverse solute 22 

flux, water recovery, and salt rejection. It was concluded that of the six tested nutrient solutions, the “Resh 23 

Florida, California” solution is the recommended solution to be used as draw solution for fertilizer drawn 24 

forward osmosis, due to its high performance in terms of water recovery (15.75%), flux (11 l/m2/h), salt 25 

rejection (92%) and SRSF (highest recorded SRSF for a specific ion (SO4
2-) was 7.3 g/l), as well as its low cost, 26 

relative to the other highly performing draw solution “Chekli” ($1.07/l vs. $3.73/l). 27 
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Introduction 55 

Water is among the most essential natural resources, and is utilized in nearly all human activities; it is necessary 56 

for domestic use, agriculture and industry, is one of the sustainers for ecosystems, and sometimes even is a 57 

hazard, such as in the cases of floods and droughts (Anandhi and Kannan, 2018). The water cycle is affected by 58 

many factors, including pollution, land use changes, population growth, climate change, urbanization, and 59 

industrial growth (Navarro-Ortega et al., 2015; Koutroulis et al., 2013). Globally, water demand is projected to 60 

increase by 55% by the year 2050, mainly due to growing demands from manufacturing (increasing by about 61 

400%), thermal electricity generation (increasing by about 140%) and domestic use (increasing by about 130%) 62 

(Shahzad, Burhan, Ang and Ng, 2018). 63 

Water is the most essential resource for agricultural production and is very critical to food security; 64 

irrigated agriculture forms about 20% of the total cultivated land and it contributes about 40% of the total global 65 

food production (The World Bank, 2020). Agriculture is the biggest consumer of freshwater (“blue” water), 66 

where almost 90% of diverted freshwater in the world is used for irrigated agriculture (Traitler et al., 2018). This 67 

led to the introduction of the Water-Energy-Food Nexus, which is a concept that is central to sustainable 68 

development; the tangled connection between those 3 crucial domains means that managing water resources is 69 

essential for food security, while water resources are affected by climate change, which in turn, is affected by 70 

global energy usage and production. 71 

Many societies now face the issue of water scarcity, which is a situation defined as having the water 72 

availability in a country or region be less than 1000 m3/person/year (Pereira, Cordery and Iacovides, 2009). 73 

Almost a quarter of the human population, approximately 1.6 billion people, live under water scarcity, and this 74 

number may double in two decades (Roson and Damania, 2017). It is also projected that by 2050, more than 75 

40% of the world’s population will be living in areas of severe water stress (Shahzad et al., 2018). 76 

In order to combat shortages in clean freshwater resources, more countries are resorting to desalination, 77 

where desalination widens the potential of utilisation of water resources by producing freshwater from saline or 78 

brackish natural water sources (Burns et al., 2015). Water desalination processes are categorized into thermal 79 

desalination and membrane desalination. Thermal desalination processes are generally characterized by high 80 

costs and being energy intensive, hence, new facilities have been designed to utilize more membrane 81 

desalination processes (Cotruvo, 2016). On the other hand, membrane desalination technologies have started to 82 

gain traction as the preferred desalination technology in the past few decades, due to advancements in 83 

membrane technologies. The commercially established membrane desalination technologies are RO, NF, and 84 

ED (Burn et al. 2015). 85 

Hence, recent efforts have been directed at developing less energy and capital costly desalination 86 

processes, such as Forward Osmosis (FO). FO has the advantage of operating without the need for hydraulic 87 

energy, and operating at a lower pressure than RO, which decreases the capital cost (Shon, Phuntsho, Zhang and 88 

Surampalli, 2015). The disadvantages of FO are that the resultant of the process is a diluted draw solution, from 89 

which freshwater would need to be separated, which requires further processing. Moreover, membrane 90 

technologies and draw solutions are still in need of further development before FO could be commercially 91 

widespread (Phuntsho et al., 2012a; Nasr and Sewilam, 2015). 92 

Fertilizer Drawn Forward Osmosis (FDFO), demonstrated in figure (1),  isan application of FO in 93 

which the draw solution is a highly concentrated fertilizer solution, which is diluted by drawing freshwater from 94 

the feed solution (saline or brackish water). It is a method of overcoming the inherent disadvantage of FO, in 95 

which the resultant end product is diluted draw solution, not freshwater. This diluted draw solution could 96 

hypothetically be used directly to grow agricultural crops, if it was diluted to the required concentration for 97 

agriculture.   98 
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FDFO technology can be integrated with modern agriculture, such as Hydroponics, to capitalize on 99 

water and energy savings. Hydroponics, demonstrated in figure (2) is defined as the practice of growing plants 100 

without using soil, either by using an inert medium, such as gravel, sand, peat, vermiculite, pumice, perlite, coco 101 

coir, sawdust, rice hulls, or other substrates, to which a nutrient solution that contains all the essential elements 102 

needed by the plant is provided (Resh, 2012). Hydroponic systems are divided into liquid systems, which have 103 

no supporting medium for the plant, and aggregate systems, which have a solid medium for support (Jensen, 104 

1997).  105 

Theory 106 

In the following sections, the theory behind forward osmosis and hydroponic agriculture will be explored. 107 

Forward Osmosis 108 

When investigating processes related to forward osmosis, 3 main parameters have to be examined. These 109 

parameters are: Water flux, Reverse Solute Flux, and Salt Rejection. 110 

Flux 111 

When a feed solution of a low osmotic pressure is separated from a draw solution of high osmotic pressure by a 112 

semi-permeable membrane, the concentration of the draw solution decreases and the concentration of the feed 113 

solution increases due to the solvent transfer caused by the difference in osmotic pressure (Δπ) (Shon et al., 114 

2015), where osmotic pressure (π) can be defined as “the amount of pressure that is required to prevent the 115 

transport of pure water through an ideal semi-permeable membrane into a specific solution” (Mulder, 1996, as 116 

cited in Shon et al., 2015). 117 

The model that is commonly used to describe mass transfer through an FO membrane is the solution-118 

diffusion model; in an FO process, the water flux (𝙅v) and solute flux (𝙅s) can be calculated by (Lee et al., 1981, 119 

as cited in Shon et al., 2015): 120 

 121 

  𝐽𝑣 = 𝐴(𝜎∆𝜋 −  ∆𝑃) (1) 

  𝐽𝑠 = 𝐵∆𝐶 (2) 

 122 

where A is the membrane water permeability coefficient, B is the solute permeability coefficient, C is the solute 123 

reflection coefficient, usually assumed to be unity; ∆𝑃 is the applied hydraulic pressure, which is zero (P= 0) in 124 

the FO process, and hence, water flux can be expressed as the multiplication of the membrane water 125 

permeability and the difference in osmotic pressure. 126 

 127 

  𝐽𝑣 = 𝐴(𝜋𝑑𝑟𝑎𝑤 −  𝜋𝑓𝑒𝑒𝑑) (3) 

 128 

where 𝜋𝑑𝑟𝑎𝑤 and 𝜋𝑓𝑒𝑒𝑑 are the osmotic pressures of the draw solution and feed solution, respectively (Shon et 129 

al., 2015). 130 

Equation (3), however, only describes the theoretical ideal situation. In experiment, the FO water flux 131 

is found to be much lower than that ideal value of product of membrane water permeability coefficient and the 132 

osmotic potential difference of the draw and feed solutions, due to the concentration polarization phenomenon 133 

(Shon et al., 2015). In FO process, concentration polarization exists on the both external sides of the membrane 134 

when there are solutes in both the feed and draw solutions (Shon et al., 2015). The build-up of solutes on the 135 

feed side of the membrane is defined as concentrative external concentration polarization (concentrative ECP), 136 

while the depletion of solutes on the draw side of the membrane is referred to as dilutive ECP (McCutcheon and 137 

Elimelech, 2006, as cited in Shon et al., 2015). However, the effect of ECP, demonstrated in figure (3) on the 138 

FO flux is relatively small, and could be mitigated through manipulating the flux and mass transfer coefficient, 139 

through approaches such as adjusting the crossflow velocity, using spacers, vibrations, or ultrasound, etc. (Lee 140 

et al., 1981; Sablani et al., 2001; Cath et al., 2006, as cited in Shon et al., 2015). 141 

A more severe problem compared to ECP that contributes to low FO water flux is internal 142 

concentration polarization (ICP) (Shon et al., 2015). Semi-permeable membranes often have a thicker and 143 

porous support layer underneath the thin selective layer, in order to provide enough support strength (Shon et 144 

al., 2015). The support layer often inhibits mass diffusion and hence, lead to the accumulation of a concentration 145 

polarization layer within it (Shon et al., 2015), which is the phenomenon that is referred to as ICP, and is 146 

demonstrated in figure (4). In FO, the asymmetric semi-permeable membrane can be installed with the active 147 

rejection layer (AL) facing either the draw solution (referred to as AL-DS) or the feed solution (AL-FS) (Shon 148 

et al., 2015). 149 

 150 
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 In the ICP model, water flux can be modelled (Lee et al., 1981; Loeb et al., 1997; as cited in Shon et 151 

al., 2015): 152 

 Concentrative ICP (AL-DS): 153 

  𝐽𝑣 =  𝐾𝑚 ln (𝐴𝜋𝑑𝑟𝑎𝑤 − 𝐽𝑣 + 𝐵𝐴𝜋𝑓𝑒𝑒𝑑 + 𝐵 ) (4) 

 Dilutive ICP (AL-FS): 154 

  𝐽𝑣 =  𝐾𝑚 ln ( 𝐴𝜋𝑑𝑟𝑎𝑤  + 𝐵𝐴𝜋𝑓𝑒𝑒𝑑 + 𝐽𝑣 + 𝐵) (5) 

where 𝐴 is water permeability coefficient; 𝐵 is solute permeability coefficient; and 𝐾𝑚 is the mass transfer 155 

coefficient, defined as: 156 

  𝐾𝑚 =  𝐷𝑆  (6) 

where 𝐷 is the solute diffusion coefficient; 𝑆 is the structural parameter of membrane, defined as:  157 

  𝑆 =  𝜏𝑙𝜀  (7) 

where 𝜏, 𝑙 and 𝜀 are the tortuosity, the actual thickness and porosity of the porous support layer, respectively. 158 

Reverse Solute Flux (RSF) 159 

Reverse solute flux (RSF) is an important parameter to consider in the FO process; since a reverse diffusion of 160 

the draw solutes would cause an economic loss due to the inability to recover these draw solutes (Cath et al., 161 

2006, as cited in Nasr and Sewilam, 2016). Moreover, reverse solute permeation increases the occurrence of 162 

fouling by creating complexes between draw and feed ions (Cath et al., 2006; Lay et al., 2010, as cited in Nasr 163 

and Sewilam, 2016). The FO solute flux can be determined by (Tang et al., 2010, as cited in Shon et al., 2015): 164 

  𝐽𝑠 =  𝐵𝐴 .  𝛽𝑅𝑔𝑇 𝐽𝑣 (8) 

where 𝛽 is the van’t Hoff coefficient; 𝑅𝑔 is the universal gas constant; T is the absolute temperature. 165 

Specific Reverse Solute Flux (SRSF) 166 

Specific reverse solute flux (SRSF) is the ratio between RSF and water flux. SRSF is a measurement that was 167 

created to signify the mass of draw solutes that was lost through reverse permeation per unit volume of water 168 

extracted from the FS (Cath et al., 2006, as cited in Nasr and Sewilam, 2015). SRSF can be calculated by using 169 

the equation below: 170 

  SRSF = 
𝐽𝑠𝐽𝑣 (9) 

By combining equations (8) and (9), SRSF can be expressed as: 171 

  𝑆𝑅𝑆𝐹 = 𝐵𝐴 .  𝛽𝑅𝑔𝑇 (10) 

Hydroponic Nutrient Solutions 172 

In hydroponic nutrient solutions, 3 main parameters guide the successful selection of solutions. These 173 

parameters are: The required nutrients for the plant, the solubility of the nutrient salts in water, and the 174 

concentration of each of these salts. 175 

Plant Nutrition 176 

In order to supply the plants with the essential elements in hydroponics, fertilizer salts are dissolved in water to 177 

form hydroponic nutrient solutions (Resh, 2012) and many researchers have developed basic formulae for 178 

nutrient solutions, such as Hoagland, Arnon, Robbins, Hewitt, Cooper, Steiner, Bollard, Middleton, Shive, and 179 

Tollens. These nutrient solutions are often referred to as standard nutrient solutions. While various fertilizer salts 180 

can be used in the nutrient solutions, the choice of salts is affected by their solubility (Resh, 2012). It is well 181 

established that the external concentration of each of the nutrients that is required to satisfy the internal demands 182 

of plants vary between different species; there cannot be a single nutrient solution that is effective under all 183 
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circumstances (Smith, Johnston, and Cornforth, 1983). 16 elements have been identified as essential for the 184 

growth of higher plants, and they are divided into macronutrients (H, C, O, N, K, Ca, Mg, P, S), which are those 185 

required in relatively large quantities, and micronutrients (Cl, Fe, Mn, B, Zn, Cu, Mo), which as those required 186 

in smaller quantities (Resh, 2012) . 187 

Solubility 188 

Solubility of fertilizer salts is a property that dictates the concentration of the salt that remains in solution when 189 

dissolved in water; in hydroponics, fertilizer salts with a high solubility are necessary in order for them to 190 

remain in solution and be available to be absorbed by the plants (Resh, 2012).  191 

Moreover, the proportion of ions that is provided by each of the salts is important to consider when designing 192 

the nutrient solution; for example, one molecule of calcium nitrate (Ca(NO3)2) will yield one ion of calcium 193 

(Ca2+) and two ions of nitrate 2(NO3
-) (Resh, 2012), and depending on the type of plant that is being grown, 194 

different combinations and concentrations of fertilizer salts will have to be used in order to achieve optimum 195 

growth. 196 

Concentrations 197 

The amount of nitrogen (N) in an ion of nitrate (NO3
-) can be calculated by calculating the fraction that each 198 

element represents within its compound source, in order to calculate the conversion factor (Resh, 2012). 199 

The conversion factors can be utilized to find the ppm concentration of each element that is obtained by 200 

dissolving a specific compound. For example, if 100 mg of calcium nitrate (Ca(NO3)2) is dissolved in 1L of 201 

water, the concentration of Ca will be 24.4 mg/L (24.4 ppm) and the concentration of N will be 17.1 mg/L (17.1 202 

ppm). Table 1 lists the concentration of the elements in some of the standard hydroponic nutrient solutions. 203 

Materials and Methods 204 

The materials used in this study consist of the apparatus, which is the bench-scale crossflow filtration unit, the 205 

membrane, and the solutions used in each experiment. 206 

Apparatus 207 

 208 

For this experiment, a bench-scale crossflow filtration unit with an FO cell was used, illustrated in figure (5). On 209 

both sides of the membrane, two channels are connected to allow flow of feed solution on one side, and draw 210 

solution on the other side. Crossflows were operated in counter-current flow directions, by using a variable 211 

speed peristaltic pumps (Stenner, model 170DMP5, 25 psi, 1.7 bar, 50 Hz, USA). All solutions were kept at a 212 

temperature of 25 ºC through a temperature water bath controlled by a heater/chiller (Polyscience temperature 213 

controller, model 9106A12E). Experiments were operated at a crossflow rate of 400 mL/min, which can be 214 

converted to a crossflow velocity of 8.5 cm/s. The change in the volumes of the DS in the DS tank and FS in the 215 

FS tank were continuously recorded by placing the DS and FS on a digital mass scale, which was connected to a 216 

computer for online data logging at intervals of 3 minutes. This change of volume was used to calculate the 217 

water flux across the membrane. 218 

 The initial volume of both the DS and the FS was 250 mL, and most experiments were run for 2.5 to 3 219 

hours, since a stable flux was usually achieved after the first hour of operation. Experiments were conducted 220 

under (AL-FS) orientation, where the active layer was facing the feed solution 221 

Water flux 𝐽𝑣 (in L/m2/h) was calculated using: 222 

  𝐽𝑣 =  ∆𝑉𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒 𝑎𝑟𝑒𝑎 × 𝑡𝑖𝑚𝑒 (11) 

   
Solute flux was calculated as follows: 223 

 𝐽𝑠 = (𝑉𝑖 − ∆𝑉) × 𝐶𝑠𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒 𝑎𝑟𝑒𝑎 × 𝑡𝑖𝑚𝑒 (12) 

   

Where 𝑉𝑖 is the initial volume of FS, ∆𝑉 is the total volume of water displaced from the FS to the DS, and 𝐶𝑠 is 224 

the concentration of the draw solutes in the FS at the end of the experiment. 225 

The FO membrane that will be used in this study was purchased from Porifera Inc. Its active layer is 226 

made out of polyamide, and its support layer is made out of a porous hydrophilic polymer (Tayel, Nasr and 227 

Sewilam, 2019; Porifera Inc., 2015). The average total thickness of the membrane is 70±10 µm (Tayel, Nasr and 228 
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Sewilam, 2019; Porifera Inc., 2015). Properties of the membrane, as provided by the manufacturer, are listed in 229 

table 2 (Porifera Inc., 2015) 230 

Moreover, since salt rejection is a crucial parameter in FO processes, it will be investigated by taking 231 

samples from the DS after every experiment, and analysing its Na+ and Cl- ions; the following equation will be 232 

used to calculate salt rejection percentage (Nasr and Sewilam, 2016): 233 

  𝑅𝑒(%) =  𝐶𝑖 −  (𝐶𝑝,𝐷(𝑉𝑖 + ∆𝑉)∆𝑉 )𝐶𝑖 × 100 

(13) 

where 𝐶𝑖  is the initial concentration of the ion in FS, 𝐶𝑝,𝐷  is the final concentration of the ion in DS, 𝑉𝑖  is the 234 

initial volume of the DS and ∆𝑉 is the total volume of water that entered the DS from the FS (Nasr and 235 

Sewilam, 2016). 236 

Draw Solutions 237 

The chemicals and fertilizer salts were provided by the AUC WEF (Water-Energy-Food) Nexus Labs, and some 238 

additional salts were purchased from Science and Technology Center, Egypt. All chemicals used were 239 

laboratory & reagent grades. 240 

 The lettuce and leafy green nutrient solutions formulae were selected from table 1 (Resh, 2012). The 241 

formulae selected are: 242 

• Dr. H.M. Resh, Tropical - Dry Lettuce - referred to as (RTD) 243 

• Dr. H.M. Resh, Tropical - Wet Lettuce - referred to as (RTW) 244 

• Dr. H.M. Resh Lettuce, Florida (1989), California (1993) – referred to as (RF) 245 

• Dr. H.M. Resh Lettuce, Anguilla, B.W.I (2011) – referred to as (RA) 246 

• Optimum Grow – twin pack hydroponic nutrient solution used in Chekli’s paper, according to the 247 

formula of macro and micro nutrient mentioned in the paper (Chekli et al., 2017) – referred to as 248 

(CHE). 249 

• Robbins (1946). This solution satisfies the ratio of macro and micro nutrient recommended for growing 250 

lettuce in Mediterranean climate in the summer, shown below in table 3 (Resh, 2012) – referred to as 251 

(ROB) 252 

 253 

Listed in table 4 are the macro and micro nutrient compositions (in mg/L) of the selected formulae: 254 

Stock solutions are prepared in different strengths, depending on the size of the application. 50, 100, 200 are the 255 

most common, but strengths as high as 800 times can be used in large scale applications. Stock solutions are 256 

then diluted accordingly when used for hydroponic agriculture (Resh, 2012). 257 

 Hydroponic nutrient stock solutions are prepared in two solutions; A and B solutions. This is done to 258 

avoid any precipitation that might occur between different compounds, such as Nitrates and Sulphates. The 259 

problem of precipitation is especially likely when these compounds are used in very high concentrations (eg. for 260 

100 and 200 strength solutions). Solution B of each nutrient solution was selected as the draw solution for the 261 

forward osmosis process, due to the fact that they include all macronutrients (N, P, K, Ca, Mg, S), as well as 262 

most micronutrients (Mn, B, Zn, Cu, Mo). While solution A was found to have higher theoretical osmotic 263 

pressure in some solutions, the presence of high concentrations of Ca in A solutions could lead to excessive 264 

fouling of the membrane if diffusion to the feed solution occurs through bridging mechanisms that occur with 265 

organic compounds (Chekli et al., 2017a). 266 

In order to prepare the stock solutions, calculations for each formulae were made, in order to determine 267 

how much of each of the available compounds should be used to achieve the required ratio. Solutions were 268 

prepared in 100 times strength. Listed in table 5 the chemicals that make up each solution, as well as the 269 

theoretical osmotic pressure of each solution, estimated using Lenntech osmotic pressure calcuator (Lenntech, 270 

n.d.): 271 

It is worth noting that solution A contains high amount of Calcium, while solution B contains the 272 

phosphates and sulphates, which can both form insoluble precipitations if mixed in such concentrated form. 273 

Hence, solutions A and B have to be processed separately in FO in parallel stages, or only one of the solutions 274 
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can be used as DS for FO, and the other can be later added in diluted form to complete the nutrient solution 275 

(Chekli et al., 2017). The latter option was opted for, in order to avoid fouling of the membrane caused by the 276 

Ca in A solutions. 277 

Cost Analysis of Draw Solutions 278 

Shown in figure (6) is the cost per liter of each of the draw solutions used, according to Science and Technology 279 

Center, Egypt. It is worth noting that these prices are for laboratory/reagent grade chemicals. In an industrial 280 

scale application, technical grade chemicals would be used, which could be obtained for prices lower than those 281 

listed below 282 

. 283 

Experimental Plan 284 

Feed solutions were prepared by dissolving NaCl in DI (De-Ionized) water in 3 concentrations: 5, 10 and 15 285 

g/L. These concentrations represent different salinities of brackish groundwater. Six different hydroponic 286 

nutrient solutions were investigated as DS for the process. 18 experiments were carried out. All solutions were 287 

prepared by dissolving the salts in DI water, and stirred with a magnetic stirrer for at least 30 minutes, in order 288 

to ensure complete dissolution. Solutions were then stored in plastic bottles. 289 

 For each experiment, 250 mL of both the FS and DS were poured into plastic bottles, and both were 290 

weighed using a digital scale. Moreover, TDS was measured by using a portable TDS and EC meter (Hach 291 

HQ40D multi). Then, bottles were covered with Parafilm, in order to minimise evaporation. Both bottles were 292 

then placed on the crossflow filtration unit, and the unit was run for 2.5 to 3 hours for each experiment. After the 293 

experiment was over, the system was drained from the remaining feed and draw solutions into the corresponding 294 

beakers. After the system was completely drained of draw and feed solutions, which usually took around 20 to 295 

30 minutes, the bottles were carefully removed and replaced with bottles of DI water. The system was then 296 

operated again with DI water, in order to flush the membrane. This flushing was repeated 3 to 4 times, and each 297 

flush was between 10 and 20 minutes. The final weights and TDS of the feed and draw solutions was then 298 

measured and recorded. Samples of each solution before and after processing was stored for ion analysis. 299 

Results and Discussion 300 

Water Recovery 301 

The volume of water recovered through forward osmosis was calculated through the weight of FS and DS 302 

before and after each experiment. The results are shown in figure (7). The highest water recovery was achieved 303 

in Chekli solution, with a recovered pure water volume of 39.57 ml, which represents a recovery percentage of 304 

15.8%. This can be explained by its high osmotic pressure, which is demonstrated in table 5. Water recovery 305 

percentage is shown in figure 7, and was calculated by finding the ratio between the volume of water recovered 306 

through FO and the initial volume of the FS.  307 

Water Flux 308 

Water flux was calculated using equation (11). The average water flux for each draw solution is shown in figure 309 

(8). The highest recorded average water flux (12.28 LMH) was observed in the CHE solution when the feed 310 

solution was 5 g/l NaCl (FS1), due to the high osmotic pressure (16.43 bar). The lowest value of average water 311 

flux (1.5 LMH) was observed in RA draw solution when coupled with a feed solution of 15 g/l NaCl (FS3), 312 

which is expected due to the low osmotic pressure of this solution (13.57 bar). While RF had a higher theoretical 313 

osmotic pressure, it exhibited slightly lower flux than CHE, and this could be explained by biofouling or scaling 314 

occurring in the membrane over the period of operation. It has been proven that while having the active layer of 315 

the membrane be facing the feed side (AL-FS) generally generates a more stable water flux performance than 316 

(AL-DS) orientation, the ICP levels are also more severe in this orientation (AL-FS), which leads to relatively 317 

lower water flux (Zhang et al., 2012).  318 

Water flux was plotted against the TDS of each of the draw solutions. As predicted, the draw solution with the 319 

highest TDS exhibited the highest water flux, since water flux is dependent on the osmotic pressure of the draw 320 

solution (𝜋𝑑𝑟𝑎𝑤 ). The correlation between flux and TDS is logarithmic, with R2 being between 0.51 and 0.74, 321 

indicating a good fit for the logarithmic model. This is demonstrated in figure (9).                                                                                322 

                                                                                                                                                                                                                   323 

Figures 10, 11, and 12 are plots of flux vs. time, and they demonstrate the behaviour of the water flux over the 324 

duration of the experiment for each of the feed and draw solutions. The data also is represented by a logarithmic 325 
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fit. It is noticed that flux starts very high in the beginning, then decreases with a high slope till around 40 326 

minutes, at which point, flux becomes almost constant. It is also noticed that the water flux had not reached zero 327 

yet, indicating that osmotic equilibrium was not yet reached, and the process could still be operated for a longer 328 

period of time. It is also worth noting that in the case of using the 15 g/l NaCl solution as FS, and RTD as DS, 329 

flux increased after 60 minutes, instead of the expected behaviour of falling off. This could be explained by 330 

some membrane scaling that was removed by the flow of both solutions on the membrane. 331 

Specific Reverse Solute Flux 332 

Specific reverse solute flux (SRSF) was calculated through equations 9 & 10 for SO4
2-, Mg2+, K+, PO4

3-, NH4
+, 333 

and NO3
-, and plotted vs. flux in figure 13. Figure 14 demonstrates detailed graphs for the separate ions. It can 334 

be observed that SRSF for SO4 and NO3 was significantly higher than the other ions. It should be noted that the 335 

higher the membrane selectivity, the lower the SRSF value should be. From figure 13, it is noticed that at high 336 

flux (≥9 L/m2/h), SRSF values for all ions range between 0 and 6 g/L. Meanwhile, at lower fluxes (< 9 L/m2/h), 337 

SRSF values for all ions are relatively higher, with the highest value being 23 g/L. This indicates a high reverse 338 

flux of the draw solutes at low water flux, which is an issue inherent to forward osmosis. The attraction between 339 

the different ions could also have generated an additional slight driving force across the membrane (Kim et al. 340 

2015; Tan and Ng 2008, as cited in Nasr and Sewilam, 2015). Moreover, dilutive ECP & ICP might have also 341 

contributed in the reverse solute flux. This could be explained by the orientation of the membrane utilized (AL-342 

FS), which might have led to accumulation of ions on the draw side of the membrane. 343 

 344 

Salt Rejection 345 

FS ions (Na+ and Cl-) were calculated using equation (13), and the results are shown in figure (15). As can be 346 

observed in figure 15, high rejection of FS ions was achieved in almost all draw solutions, which indicates that 347 

the used membrane has high selectivity against feed ions. However, ROB solution achieved a lower rejection, 348 

when operated with FS3 (15 g/l NaCl due to its low osmotic pressure (12.94 bars), which lead to the decrease in 349 

the osmotic potential gradient (∆𝜋), which is the main source of force in the FO process, which in turn affects 350 

the rejection of the membrane. 351 

Conclusion 352 

This study investigated the performance of six hydroponic draw solutions as draw solutions for the FDFO 353 

process. The feed solution for the process was chosen to be three different concentrations of NaCl, in order to 354 

represent different salinities of brackish groundwater. 355 

This was done in order to assess the viability of utilizing forward osmosis to facilitate hydroponic 356 

agriculture in arid regions, by diluting the nutrient solutions using water recovered from groundwater through 357 

forward osmosis. Performance of the draw solutions was assessed by determining the water flux, reverse solute 358 

flux, and the forward rejection of the salt ions in the feed solution. Moreover, the cost per litre of each of the 359 

solution was estimated. It was concluded that the TDS of the nutrient solution and the water flux can be related 360 

logarithmically. 361 

From figure 10, it can be concluded that as a general rule of thumb, when comparing between different 362 

hydroponic nutrient solutions, it is expected that the nutrient solution with the higher TDS would usually have 363 

the higher water flux. This is due to the fact that the main driving force in forward osmosis is the osmotic 364 

potential gradient between the FS and the DS (𝜋𝑑𝑟𝑎𝑤 −  𝜋𝑓𝑒𝑒𝑑), as per equation (3). However, the interactions 365 

between the different salt ions could possibly generate minor driving forces, which could affect the overall water 366 

flux. The water flux of each of the draw solutions during each individual experiment could have also been 367 

affected due to membrane scaling caused by monovalent ions (Phuntsho et al., 2014).  368 

 SRSF values for all salt ions were higher at low fluxes, and lower when operated at high flux so they 369 

had an inverse relation. Moreover, it can be observed that across all draw solutions, SRSF values increased as 370 

the concentration of the FS increased. This can be justified by the relation between SRSF and water flux. Salt 371 

rejection values for the studied draw solutions were within the acceptable range ( 90%), except at very low 372 

osmotic potential gradients. For example, for the Robbins solution (TDS = 26.1 ppt) and FS 3 (TDS = 17.15 373 

ppt), the salt rejection for Na+ was 83% and for Cl- was 80%. 374 

 According to the work done in this research, it is suggested to use the Resh Florida, California 375 

hydroponic nutrient solution, which is suitable for the cultivation of lettuce and leafy greens, as a draw solution 376 

for FDFO. This nutrient solution was selected due to its high performance and comparatively low price. While 377 
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the Chekli solution performed better in terms of water flux (12.28 vs 11 LMH), the cost per liter of the Resh 378 

Florida solution is 28% that of the Chekli solution ($1.07/l vs. $3.73/l). Moreover, the SRSF values for the Resh 379 

Florida solution were comparable to those of the Chekli solution in all salt ions.  380 

Future research in the field can be directed at: 381 

• Utilizing a real brackish groundwater sample as the FS for the process. 382 

• Experimenting with other leafy greens nutrient solutions from the literature 383 

• Utilizing nutrient solutions designed for crops other than leafy greens, such as for tomatoes or pepper. 384 

• Experimenting with different concentrations of stock solutions for the same nutrient solution, such as 385 

200 and 800 strength stock solutions. 386 

• Testing the Resh Florida/California (RF) nutrient solution as a draw solution on the pilot-scale. 387 

• Life-cycle assessment of the membrane during FO. 388 

• Growing crops with the resultant draw solutions. 389 

• Experimenting with different types of membranes.390 
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Figures

Figure 1

Standard FDFO Setup (Phuntsho et al., 2012)

Figure 2

Schematic Diagram of Hydroponic System (Designer Water, n.d.)

Figure 3

Osmotic Pressure Pro�le across the FO Membrane without (left) and with (right) Presence of ECP (Shon
et al., 2015)



Figure 4

Osmotic Pressure Pro�les Across an FO Membrane in the (a) AL-DS and (b) AL-FS orientations (Shon et
al., 2015)

Figure 5

Bench-scale Cross�ow Filtration Unit (Porifera Inc., 2015)



Figure 6

Cost per liter of draw solutions

Figure 7

Water Recovery Volume & Percentage



Figure 8

Average Flux

Figure 9

Flux vs TDS
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Flux for 5 g/l FS

Figure 11

Flux for 10 g/l FS



Figure 12

Flux for 15 g/l FS

Figure 13

Overview of SRSF of DS ions



Figure 14

Comparison between SRSF of DS ions

Figure 15

Forward rejection of FS ions for the different DS solutions
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