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Abstract 24 

Solutions to mitigate the reverse diffusion of solutes are critical to the successful 25 

commercialisation of the fertiliser drawn forward osmosis process. In this study, we proposed 26 

to combine a high performance fertiliser (i.e., ammonium sulfate or SOA) with surfactants as 27 

additives as an approach to reduce the reverse diffusion of ammonium ions. Results showed 28 

that combining SOA with both anionic and non-ionic surfactants can help in reducing the 29 

reverse salt diffusion by up to 67%. We hypothesised that, hydrophobic interactions between 30 

the surfactant tails and the membrane surface likely constricted membrane pores resulting in 31 

increased rejection of ions with large hydrated radii such as SO4
2-. By electroneutrality, the 32 

rejection of the counter ions (i.e., NH4
+) also therefore subsequently improved. Anionic 33 

surfactant was found to further decrease the reverse salt diffusion due to electrostatic 34 

repulsions between the surfactant negatively-charged heads and SO4
2-. However, when the 35 

feed solution contains cations with small hydrated radii (e.g., Na+); it was found that NH4
+ 36 

ions can be substituted in the DS to maintain its electroneutrality and thus the diffusion of 37 

NH4
+ to the feed solution was increased.  38 

Keywords: Forward osmosis, fertiliser draw solution, surfactant, reverse salt flux.  39 
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1 Introduction 40 

Fertiliser-drawn forward osmosis (FDFO) process for water reuse from low-quality sources 41 

such as impaired waters has been recognised as one of the few viable applications of FO 42 

(Kessler and Moody, 1976; Phuntsho et al., 2012a; Van der Bruggen and Luis, 2015). In fact, 43 

because irrigation is known to be the largest water consumer, FDFO could bring a substantial 44 

contribution to the development of alternative water sources for water-scarce regions to 45 

ensure the sustainability of agriculture. So far, FDFO studies have focused on the 46 

desalination of either brackish groundwater, high saline wastewater or seawater (Phuntsho et 47 

al., 2013a; Phuntsho et al., 2016; Phuntsho et al., 2011; Phuntsho et al., 2012a; Phuntsho et 48 

al., 2012b) and more recently on the reuse of low saline impaired waters (Chekli et al., 2017a; 49 

Chekli et al., 2017b) at both laboratory and pilot-scale. Various fertilisers have been tested as 50 

DSs including single inorganic salts (Phuntsho et al., 2011), blended salts (Phuntsho et al., 51 

2012b) and also commercial fertilisers containing all essential nutrients for plant growth 52 

(Chekli et al., 2017a). Ammonium sulphate (SOA) has been tested in most FDFO studies, at 53 

both laboratory and pilot scales, because it has demonstrated superior or comparable 54 

performance in terms of water flux and reverse salt flux (RSF) with other fertilisers. 55 

However, the recent pilot-scale study using SOA has revealed that the RSF was still high 56 

which resulted in the feed brine ions concentration exceeding the standard for direct 57 

discharge (Phuntsho et al., 2016). Besides the negative environmental impacts upon discharge 58 

to the environment such as eutrophication, the loss of draw solution (DS) is also 59 

economically unfavourable (i.e. DS replenishment cost, loss of the osmotic driving force, and 60 

can also potentially lead to enhanced membrane fouling and scaling) (Achilli et al., 2010; 61 

Phuntsho et al., 2014). Finding solutions to minimise the RSF is therefore critical for the 62 

development of the FDFO process to a commercial reality.  63 

Gadelha et al. (2014) were the first to introduce the concept of using surfactants as DS. 64 

Surfactants are amphiphilic molecules presenting dual structural units: a long hydrocarbon 65 

chain (hydrophobic), the tail and a hydrophilic group, the head (which can be anionic, 66 

cationic, non-ionic or zwitterionic) (Aiad et al., 2012, 2013; Shaban et al., 2016). One 67 

interesting property of surfactants is the formation of micelles which are the reversible 68 

aggregation of surfactant monomers when their concentrations are above the critical micelle 69 

concentration (CMC) (Akram and Kumar, 2014; Kumar and Rub, 2017, 2018; Rub et al., 70 

2014; Rub et al., 2015). The micelle-monomer equilibrium in aqueous solution displays a 71 

relatively constant osmotic pressure, independent of the concentration (Xiao and Li, 2008); 72 
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which proved to be useful in maintaining more stable operation of the FO process. Results 73 

from this initial study revealed that all tested surfactants demonstrated between 3 to 300 times 74 

less reverse diffusion compared to NaCl at similar concentration. This was explained by the 75 

fact that, above the CMC, molecular weight of the micellar mass can reach up to 14,000 to 76 

29,000 g/mol, preventing their diffusion to the feed solution (FS). Two other studies from the 77 

same group (Nawaz et al., 2013; Nawaz et al., 2016) focusing on osmotic membrane 78 

bioreactor also demonstrated the low reverse transport of surfactant DS. However, these 79 

studies also indicated that when using surfactants only as DS, the water flux is significantly 80 

lower than when using inorganic salts at the same concentration. 81 

More recently, Nguyen et al. (Nguyen et al., 2015a; Nguyen et al., 2015b; Nguyen et al., 82 

2016) tested a mixture of non-ionic surfactants and both organic and inorganic salts as DSs 83 

with the aim to reduce RSF in osmotic membrane bioreactor systems. When a non-ionic 84 

surfactant was combined with a highly water soluble salts (i.e. MgCl2), a relatively high water 85 

flux (i.e. 11.4 L/m2.h) and a RSF as low as 2.03 g/m2.h (specific RSF of 0.18 g/L) were 86 

achieved (Nguyen et al., 2016). In these studies, it was only hypothesised, without further 87 

investigations, that hydrophobic interactions between the surfactant tails and the membrane 88 

created an additional layer on the membrane surface that constricted membrane pores; 89 

resulting in increased ions rejection (due to size exclusion effect).   90 

In the present study, we propose for the first time to combine surfactants (both non-ionic and 91 

anionic) with a fertiliser (i.e. SOA) as a novel approach to reduce the RSF phenomena, in 92 

particular the reverse diffusion of nutrients during the FDFO process. While non-ionic 93 

surfactants have already been tested and proven effective in reducing the RSF of inorganic 94 

salts, anionic surfactants have not yet been evaluated. It is hypothesised that electrostatic 95 

interactions arising from the surfactant negatively-charged head can further enhance the 96 

rejection of anions such as SO4
2-. Surfactants are widely used in various areas of agriculture 97 

including crop protection and agrochemical formulations (Castro et al., 2013; Deleu and 98 

Paquot, 2004). Therefore, combining surfactants with fertiliser in the FDFO process is not 99 

expected to be detrimental to the final produced nutrient solution for fertigation crops. The 100 

study also investigated how the presence of surfactants in the DS affects the membrane 101 

intrinsic properties (pure water permeability coefficient of the active layer, salt rejection, salt 102 

permeability, hydrophobicity and chemistry of both the active and support layers) and the 103 

process performance (water flux and RSF). The effect of membrane type, membrane 104 
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orientation and the presence of salts in the FS were also assessed. 105 

2 Materials and Methods 106 

2.1 FO membrane and draw solutions 107 

Two different commercial flat-sheet FO membranes were tested and compared in this study: a 108 

cellulose triacetate (CTA) membrane (Hydration Technology Innovations - HTI, Albany, 109 

USA) and a polyamide (PA) thin film composite (TFC) membrane (Toray Chemical Korea 110 

Inc., South Korea). While the commercial CTA membrane from HTI has been studied 111 

extensively (Cath et al., 2006; McGinnis et al., 2005; Tang et al., 2010), the commercial PA 112 

TFC membrane from Toray has only been reported in a few studies (e.g. (Chekli et al., 113 

2017a)). 114 

The pure water permeability coefficient of the active layer (A value) as well as the salt 115 

rejection (R%) and salt permeability coefficient (B value) for both NaCl and SOA were 116 

determined for both membranes in reverse osmosis (RO mode). The A value was measured at 117 

8 bar pressure and was calculated by dividing the average water permeate flux (i.e. measured 118 

every minute continuously for an hour) by the applied pressure. The salt rejection (using 500 119 

mg/L of either NaCl or SOA) was determined from the difference between the bulk feed and 120 

permeate salt concentration. Finally, the B value (L.m-2.h-1) was determined using the 121 

following equation: 122 

𝐵 =  
1−𝑅

𝑅
(∆𝑃 − ∆𝜋)𝐴           (1) 123 

where ΔP is the applied pressure (8 bar in this study), Δπ is the osmotic pressure of the FS 124 

(1.6 bar for 500 mg/L NaCl and 0.96 bar for 500 mg/L SOA) and A is the pure water 125 

permeability coefficient (L.m-2.h-1.bar-1). The salt rejection and both A and B values for both 126 

membranes in the presence of surfactants were also assessed using the most efficient 127 

surfactant concentration determined during the batch FO experiments. Experiments were run 128 

in duplicate and the data presented are the average of the two measurements. 129 

All chemical fertilisers used in this study (SOA and NaCl) were reagent grade and purchased 130 

from Sigma-Aldrich Australia. DSs were prepared by dissolving the salts in deionised (DI) 131 

water. Tergitol 15-S-9 (Tergitol) and sodium dodecyl sulfate (SDS) were also purchased from 132 

Sigma-Aldrich Australia. The properties of these surfactants are presented in Table 1.  133 
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Table 1: Properties of surfactants used in this study. 134 

 
Tergitol 15-S-9 Sodium dodecyl sulfate 

Type Non-ionic Anionic 

CAS Number 68131-40-8   151-21-3 

Molecular weight (g/mol) 595 288 

CMC a at 25°C (mM) 0.09 8.2 

Density at 20°C (g/mL) 1.006 1.01 

HLB b 12.6 40 
a Critical Micelle Concentration 135 
b Hydrophilic-Lipophilic Balance 136 

According to a recent FO study (Nawaz et al., 2013), surfactants are suitable DSs with 137 

minimal RSF compared to inorganic salts when used at concentration above their CMC. 138 

Therefore, in the present study, all experiments with surfactants were conducted above their 139 

CMC (i.e. 0.25-10 mM for Tergitol and 10-50 mM for SDS). Preliminary experiments were 140 

conducted using DI water as FS and surfactants only as DS at concentration just above their 141 

CMC (i.e. 0.1 mM for Tergitol and 10 mM for SDS). Results confirmed previous findings 142 

with a low water flux (1.9 L.m-2.h-1 and 2.1 L.m-2.h-1 for Tergitol and SDS respectively) and 143 

negligible RSF. In fact, the conductivity of the FS did not vary during the test (Figure S1, 144 

Supporting Information (SI)) and the final total organic carbon (TOC) concentration was 145 

below the detection limit for both surfactants. 146 

2.2 Bench-scale FO system 147 

The performances of the FDFO process (water flux and RSF) were all evaluated in a batch 148 

mode of FO operation, similar to the one used in previous studies (Kim et al., 2015; Lee et 149 

al., 2010). The FO system was operated under the co-current flow mode. The FO cell has two 150 

symmetric channels on each side with internal dimensions of 7.7 cm length, 2.6 cm width and 151 

0.3 cm depth (i.e., effective membrane area of 0.002 m2). Variable speed gear pumps (Cole 152 

Parmer, USA) were employed to circulate the feed and draw solutions. The DS tank was 153 

placed on a digital scale connected to a computer to determine the water flux by measuring 154 

the weight changes over time. A portable conductivity and pH meter (Hach, Germany) was 155 

connected to the feed tank to record the variation of pH and electrical conductivity in the FS. 156 

The experiments were conducted under the active layer facing the FS (AL-FS) mode; unless 157 

otherwise stated. A new membrane was used for each new experiment (described in Table 158 

S1, SI) and the FO membrane was initially stabilised with DI water on both sides for 30 159 

minutes before starting the experiment. Then after, both the feed and draw solutions were 160 
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replaced and the water flux was measured continuously every 3 minutes. All experiments 161 

were conducted at a cross-flow velocity of 8.5 cm/s, and a constant temperature of 25 ºC 162 

maintained with a temperature control bath connected to a heating/chilling unit. 163 

2.3 Experimental protocol 164 

Short-term experiments (i.e. 24 hours) were initially conducted to evaluate the effect of 165 

surfactants concentrations in the DS (combined with 0.5 M SOA) on the basic FO 166 

performance (water flux and RSF). Both CTA and TFC membranes were tested and results 167 

were compared to determine the optimum combination (type of surfactant, surfactant 168 

concentration and membrane type). All these experiments were conducted with DI water as 169 

FS. Experiments were also conducted in the pressure retarded osmosis (PRO) mode (active 170 

layer facing the DS) with both membranes and the most efficient DS to assess the effect of 171 

membrane orientation. The water flux was measured continuously and the data were 172 

averaged. The RSFs from the DS (NH4
+ and SO4

2-) were calculated by analysing their final 173 

concentration in the FS upon completion of each experiment. Samples (50 mL) were taken 174 

from the FS for nutrient analysis. All experiments were run in duplicate and the data 175 

presented are the average of the two replicates with standard deviation. 176 

Following these initial experiments, the effect of salts (NaCl and MgCl2) in the FS was also 177 

evaluated. FSs that consisted of either 500 mg/L NaCl or 500 mg/L MgCl2 (diluted with DI 178 

water), were tested with the most efficient membrane and DS. Water flux was measured 179 

continuously and the data were averaged. The salt fluxes from both the feed and draw 180 

solutions (NH4
+, SO4

2-, Na+ and Mg2+) were determined by measuring their initial and final 181 

concentration in both solutions. Samples were taken at the beginning and end of each 182 

experiment for nutrient analysis. These experiments were run in duplicate and the data 183 

presented are the average with standard deviation. 184 

2.4 Analytical methods 185 

2.4.1 Membrane surface characterisation 186 

The presence of surfactants on the surface (active and support layers) of both CTA and TFC 187 

membranes was determined using a Fourier Transform Infrared Spectrometer (FTIR-8400S, 188 

Shimadzu, Japan). Each spectrum was collected after 16 scans at a resolution of 2 cm-1. FTIR 189 

measurements were performed on pure SDS (powder form) and Tergitol (liquid form) as well 190 
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as on the virgin surface (active and support layers) of both membrane types. Measurements of 191 

the “surfactant-treated” membranes were performed on membrane coupons collected upon 192 

completion of FO experiments (in both FO and PRO mode) with the optimum surfactant 193 

concentrations. 194 

Surface properties of the virgin and “surfactant-treated” CTA and TFC membranes were also 195 

characterised in terms of hydrophilicity by measuring the contact angle. Contact angle 196 

measurements were performed using an optical tensiometer (Theta Lite 100) equipped with 197 

an image processing software. At least five independent measurements (i.e. at different 198 

locations on the membrane surface) were carried out and the data presented are the average 199 

values with standard deviation. The membrane coupons used for contact angle measurements 200 

were the same used for the FTIR analysis. 201 

2.4.2 Ions concentration analysis 202 

N-NH4
+

, SO4
2-, Na+ and Mg2+ concentrations were determined using Merck cell tests and 203 

spectrophotometer (Spectroquant NOVA 60; Merck, Germany) to determine their 204 

concentrations in both the feed and draw solutions.  205 

3 Results and Discussion 206 

3.1 Effect of surfactants on membrane properties 207 

3.1.1 Membrane transport parameters 208 

The membrane transport parameters (A and B values and salt rejection) of both commercial 209 

FO membranes are presented in Figure 1 and Table S2 (SI). Results clearly show that the 210 

TFC membrane from Toray outperforms the CTA HTI membrane for both the pure water 211 

permeability (1.035 L.m2.h-1.bar-1 and 5.482 L.m2.h-1.bar-1 for CTA and TFC membranes 212 

respectively) and the salt rejection (e.g. 89.5% NaCl rejection for the CTA membrane against 213 

96.7% rejection for the TFC membrane). The B values for SOA are lower than the B values 214 

for NaCl for both membranes. As expected, divalent ions (SO4
2- - 0.40 nm) exhibit lower 215 

diffusion rate compared to monovalent ions (Na+ - 0.36 nm) and are therefore better rejected 216 

by the membrane through size exclusion (Nightingale Jr, 1959; Phillip et al., 2010).  217 

When surfactant was added to the FS, the A value and B value for NaCl remained fairly 218 

constant (or slight but insignificant decreased for the A value) while the B value for SOA 219 
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decreased with both tested surfactants. These results are in accordance with previous studies 220 

(Nguyen et al., 2015a; Nguyen et al., 2015b; Nguyen et al., 2016) where it was found that the 221 

addition of surfactant in a DS containing multivalent ions resulted in a significant increase in 222 

salt rejection without affecting the water permeability (or water flux). In those studies, it was 223 

explained that the interactions between the hydrophobic tails of the surfactant and the 224 

membrane surface created a layer on the membrane surface that reduced the membrane pores 225 

size. Therefore, the contribution of size exclusion effect to the rejection of multivalent ions, 226 

such as SO4
2-, increases; resulting in lower B values for SOA. By comparing the results with 227 

the two surfactants, the B values for SOA obtained with SDS are lower than the ones 228 

obtained with Tergitol for both membrane types. This can be explained by the fact that SDS 229 

is an anionic surfactant and therefore, additional repulsive forces between the negatively-230 

charged head of the surfactant and SO4
2- could have further increased the rejection of SOA; 231 

resulting in lower B values. 232 

 233 

Figure 1: Membrane transport parameters (A and B values) of (a) CTA and (b) TFC membranes. 234 

Experimental conditions: applied pressure – 8 bar; feed solutions were either pure DI water or DI water 235 

mixed with surfactant for A values or pure NaCl/SOA solutions or NaCl/SOA solutions mixed with 236 

surfactant for B values; surfactant concentration – 1 mM Tergitol or 25 mM SDS; NaCl/SOA 237 

concentration – 500 mg/L. 238 

3.1.2 Membrane surface characterisation 239 

The FTIR spectra of both CTA and TFC membrane active layers, virgin and “surfactant 240 

treated” as well as the spectra of both surfactants, over wave numbers of 4000-500 cm-1, are 241 

presented in Figure 2. The peak assignments for all FTIR spectra over these wave numbers 242 

are detailed in Table S3 (SI) (Bera et al., 2012; Drmosh et al., 2010; Luo et al., 2016; Tang et 243 

al., 2009). The FTIR spectra measured on the support layers of both membranes are also 244 
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presented in the SI (Figure S2). 245 

It is clear from Figure 2 that both surfactants were adsorbed on the surface of both 246 

membranes since the characteristic peaks of both surfactants and membranes appear on the 247 

spectra of “surfactant-treated” membranes. On the “surfactant-treated” spectra, the 248 

characteristic peaks from SDS (at 2850 and 2916 cm-1) have a lower intensity than the 249 

characteristic peaks from Tergitol (at 2585 and 2924 cm-1) which can suggest that fewer SDS 250 

monomers were adsorbed on the membrane surface compared to Tergitol. This can be 251 

explained by the fact that both hydrophobic (from non-polar tails) and electrostatic (from 252 

negatively-charged heads) interactions play an important role in the adsorption of ionic 253 

surfactants. Since both CTA and TFC membranes have a negative surface charge (Xie et al., 254 

2014), electrostatic repulsions could have occurred resulting in fewer monomers getting 255 

adsorbed onto the membrane surface (Chew et al., 2017). Another explanation could be the 256 

difference in wetting rates of the two surfactants which is related to their HLB. The higher the 257 

surfactant HLB value is, the more hydrophilic it is. Since Tergitol has a lower HLB value 258 

(12.6 against 40.0 for SDS), it is more lipophilic and thus more easily adsorbed via 259 

hydrophobic interactions with the membrane surface (Lin et al., 2015). 260 

 261 
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Figure 2: FTIR spectra of CTA and TFC virgin active layers, pure Tergitol and SDS: (a) Tergitol treated 262 

CTA, (b) SDS treated CTA, (c) Tergitol treated TFC and (d) SDS treated TFC. The membrane coupons 263 

for the “surfactant treated” samples were collected upon completion of the FO experiments with the 264 

optimum surfactant concentration – 1 mM Tergitol and 25 mM SDS. 265 

Membrane coupons of virgin and “surfactant-treated” CTA and TFC membranes were also 266 

analysed for surface hydrophilicity. Contact angle results of the membrane active layers 267 

presented in Figure 3 and revealed that the presence of surfactant increases the surface 268 

hydrophilicity (and thus reduces the contact angles). The contact angle results of the support 269 

layers of both membranes (“surfactant-treated”) were not shown because the water droplet 270 

was systematically absorbed during the measurement. The reduced surface hydrophobicity 271 

can be related to the hydrophobic interactions between the surfactants and the membrane 272 

surface. In fact, the surfactant can reduce the available hydrophobic sites on the membrane 273 

surface rendering it more hydrophilic (Fane et al., 1985). Surfactants are also known to lower 274 

the surface tension of the medium (Kronberg et al., 2014). Therefore, if the surface tension of 275 

the liquid decreases, this results in higher membrane wetting potential (Franken et al., 1987; 276 

Lin et al., 2015). It is worth noting that rendering the membrane surface more hydrophilic is 277 

also advantageous in terms of mitigating the membrane fouling caused by hydrophobic 278 

substances. 279 

Results also show that the contact angle of “SDS-treated” membranes is lower than that of 280 

“Tergitol-treated” membranes and this can be again related to the HLB value of the 281 

surfactants. SDS, having a higher HLB value, is more hydrophilic and can thus provide a 282 

more hydrophilic surface upon adsorption on the membrane surface. Besides, the fact that 283 

SDS is an anionic surfactant (monomers with a negatively-charged head) may also play a role 284 

in the reduced contact angle values. In fact, upon adsorption on the membrane surface, the 285 

negatively-charged sulfate functional groups of SDS molecules can cause the membrane to 286 

become more negatively charged and thus more hydrophilic (Childress and Deshmukh, 287 

1998). 288 
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 289 

Figure 3: Contact angle results of the active layer of (a) CTA and (b) TFC membranes. Measurements 290 

were performed on virgin membranes and “surfactant treated” membranes which were collected upon 291 

completion of the FO experiments with the optimum surfactant concentration – 1 mM Tergitol and 25 292 

mM SDS. 293 

3.2 Effect of surfactant concentrations and membrane types on FDFO performance 294 

Figure 4 shows the water fluxes and specific RSF (SRSF = RSF divided by the water flux) 295 

for both commercial membranes and surfactants at different surfactant concentrations and a 296 

fixed SOA concentration (i.e., 0.5 M). It has to be noted that the surfactant concentration 297 

range was not the same for the two surfactants (i.e., 0.25 mM-10 mM for Tergitol and 10 298 

mM-50 mM for SDS), mainly because they have different CMC values (i.e., 0.09 mM for 299 

Tergitol and 8.2 mM for SDS). Therefore, the concentration range employed for Tergitol 300 

would have been too low for SDS (i.e., below its CMC value) whereas the concentration 301 

range employed for SDS would have too high for Tergitol (i.e., 10 mM is already 100 times 302 

its CMC value and the solution of Tergitol, at this concentration, was already viscous).  303 

Results in Figure 4 show that the commercial TFC membrane exhibits better FO performance 304 

than the commercial CTA membrane with a higher water flux (16.99 L.m2.h-1 against 7.28 305 

L.m2.h-1 for the TFC and CTA membranes respectively) and lower SRSF (0.18 g/L against 306 

0.34 g/L for the TFC and CTA membranes respectively) when 0.5 M SOA is used as DS. 307 

When surfactants are added to the DS, the SRSF decreased quite significantly for both 308 

membranes. For example, with 50 mM SDS as surfactant, the SRSF decreased down to 0.15 309 

g/L and 0.06 g/L for CTA and TFC membranes, respectively. One of the main reasons for 310 

this decrease, as explained earlier, comes from the hydrophobic interactions between the tails 311 

of the surfactants and the membrane surface affecting the membrane pores size; reducing the 312 
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reverse diffusion of multivalent ions with larger hydrated radii such as SO4
2-. Because cross-313 

membrane migration of ions is partially governed by a cross-membrane concentration 314 

gradient (Phillip et al., 2010), the increased rejection of SO4
2- will also improve the rejection 315 

of NH4
+ by electroneutrality (since the FS is DI water). Investigations of individual ion 316 

rejection confirm this result since the NH4
+:SO4

2- molar ratio in the final FS was always close 317 

but slightly higher than 2 (Table S4, SI). Measurements of the initial and final pH in the FS 318 

(Table S4, SI) show an increase in the pH which can be attributed to SO4
2- ions being 319 

partially substituted by OH-; rendering the final NH4
+/SO4

2- molar ratio slightly higher than 2.  320 

Results in Figure 4 also show that the water fluxes decreased slightly when increasing the 321 

concentration of surfactants. This can be due to slightly enhanced internal concentration 322 

polarization (ICP) due to increased viscosity of the DS (not measured but visually observed, 323 

especially at the highest concentration of 10 mM Tergitol and 50 mM SDS. Similar 324 

observation was made in the previous studies using surfactants in the DS (Nguyen et al., 325 

2015a; Nguyen et al., 2015b; Nguyen et al., 2016). This water flux decrease is also more 326 

pronounced using Tergitol surfactant in the SOA DS with both membranes. This result can be 327 

related to the FTIR measurements suggesting that more Tergitol monomers were adsorbed on 328 

the membrane surface which may have likely caused an additional barrier to the water 329 

permeation. Finally, results in Figure 4 also indicate that SDS is more effective in reducing 330 

the SRSF than Tergitol with both membranes. This could be explained by the fact that, on top 331 

of size exclusion effect, electrostatic repulsion between the negatively charged head of SDS 332 

monomers and SO4
2- could have further enhanced the rejection of SOA. 333 
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 334 

Figure 4: Permeate water flux and specific reverse salt flux (SRSF) at different surfactant concentrations: 335 

(a) CTA membrane and Tergitol, (b) CTA membrane and SDS, (c) TFC membrane and Tergitol and (d) 336 

TFC membrane and SDS. Experimental conditions: draw solution – 0.5 M SOA with different surfactant 337 

concentration; feed solution – DI water; FO mode (AL-FS); cross flow velocity – 8.5 cm/s; temperature – 338 

25 °C; operating time: 24 hours). N.B. T = Tergitol. 339 

3.3 Effect of membrane orientation on FDFO performance 340 

Experiments were conducted with different membrane orientations using both the 341 

commercial CTA and TFC membranes and the best DS (i.e. 0.5 M SOA with 25 mM SDS 342 

which gave the best water flux and SRSF performances). Results in Figure 5 show that the 343 

water fluxes in PRO mode (i.e., 12.24 L.m2.h-1 and 24.32 L.m2.h-1 for the CTA and TFC 344 

membranes respectively) were comparatively higher than in FO mode (i.e., 7.28 L.m2.h-1 and 345 

16.99 L.m2.h-1 for the CTA and TFC membranes, respectively, Figure 4). These results are 346 

consistent with previous studies comparing the performance of FO in both operating modes 347 

(Gray et al., 2006; Jung et al., 2011; Lay et al., 2012; Phuntsho et al., 2013b). This difference 348 

in water fluxes is mainly due to the difference in the membrane structure. In fact, in the FO 349 

mode, the DS is facing the support layer and the incoming water from the FS dilutes the DS 350 

at the membrane surface and within the support layer which reduces the net osmotic pressure 351 
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at the membrane surface; thereby reducing the driving force of the process. This phenomenon 352 

is known as dilutive internal concentration polarization (ICP) which severely affects the FO 353 

performance since it significantly restricts the diffusivity of the draw solutes through the 354 

support layer (Gray et al., 2006). When the process is operated in PRO mode, dilutive ICP 355 

effect occurs too but on the surface of the membrane active layer. The external concentration 356 

polarisation (ECP) has less impact on the process performance since it can be mitigated by 357 

the crossflow shear on the membrane surface compared to ICP. However, in this study, since 358 

DI water was used as FS, concentrative ICP is absent on the support layer side of the 359 

membrane. Therefore, in PRO mode, the effective DS concentration at the membrane 360 

interface surface is higher than in the FO mode; resulting in higher water flux but also leading 361 

to higher RSF (i.e., 3.01 g.m-2.h-1 against 2.49 g.m2.h-1 for the CTA membrane and 3.63 362 

g.m2.h-1 against 3.00 g.m2.h-1 for the TFC membrane in PRO and FO modes, respectively). 363 

However, the SRSF is still lower under the PRO mode of operation because the gain in water 364 

flux (i.e., around 30-40%) is higher than the increase in RSF (i.e., around 17%). 365 

 366 

Figure 5: Effect of surfactant on the permeate water flux and specific reverse salt flux (SRSF) in the PRO 367 

mode (AL-DS) with CTA and TFC membranes. Experimental conditions: draw solutions – 0.5 M SOA or 368 

0.5 M SOA with 25 mM SDS; feed solution – DI water; cross flow velocity – 8.5 cm/s; temperature – 25 369 

°C; operating time – 24 hours). 370 
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When SDS was added to the DS, Figure 5 shows that both the SRSF and the water flux 371 

decreased for both CTA and TFC membranes and this decrease is more significant in PRO 372 

mode than in the FO mode (Figure 4). Since the surfactant monomers are directly in contact 373 

with the active layer in PRO mode, it is very likely that more monomers are being adsorbed 374 

on the membrane surface which can create a secondary filtration layer; thereby increasing the 375 

resistance to the water and salt diffusion through the membrane. This hypothesis is somewhat 376 

validated by the FTIR results on both the active and support layers (Figure 2 and Figure S2). 377 

In fact, the intensity of the peaks on the “SDS-treated” membranes spectra is lower in the FO 378 

mode (support layer) than in the PRO mode (active layer). In other words, when the DS is 379 

facing the support layer, the peaks intensity related to SDS is lower due to fewer monomers 380 

being adsorbed which is probably related to the ICP effect within the support layer. 381 

By comparing the results obtained with the two commercial FO membranes, it can be seen 382 

that the water flux reduction is more significant with the CTA membrane (i.e., decreased by 383 

24%) than with the TFC membrane (i.e., decreased by 11%). This result could be explained 384 

by the electrostatic interactions between the negatively-charged head of SDS and the 385 

negatively-charged membrane surface. Since TFC FO membranes are known to be more 386 

negatively charged than CTA FO membranes (Xie et al., 2014), repulsive forces between 387 

SDS and the surface of TFC membrane will be stronger than with the surface of CTA 388 

membrane; resulting in fewer monomers being adsorbed on the surface of the TFC 389 

membrane. Therefore, the decrease in water flux will be more significant with the “SDS-390 

treated” CTA membrane under the PRO mode of membrane orientation. 391 

3.4 Effect of feed solution salinity on FDFO performance 392 

Based on the results presented in the previous sections, our main hypothesis regarding the 393 

role of surfactants in decreasing the SRSF of SOA is as follow: the hydrophobic interactions 394 

between the surfactant tails and the membrane surface reduce the membrane pores size 395 

improving the size exclusion effect of the larger multivalent ions such as SO4
2-. By 396 

electroneutrality, the associated ion pair (NH4
+) is also rejected leading to a reduced SRSF. 397 

When using an anionic surfactant (SDS), the rejection of anions (SO4
2-) is further improved 398 

due to the additional repulsive forces generated by the negatively-charged surfactant heads.  399 

However, all of these results were obtained with DI water as FS. Since most FDFO 400 

applications involve either wastewater, brackish water or seawater as FS; it is also important 401 
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to evaluate the effect of feed salt concentration and composition on the FDFO process 402 

performance. Experiments with the TFC FO membrane and the most efficient DS (0.5 M 403 

SOA with 25 mM SDS) were also conducted with 500 mg/L NaCl or 500 mg/L MgCl2 as 404 

FSs. TFC membrane was chosen since it systematically showed better performance in terms 405 

of water flux and SRSF. Results are shown in Figure 6 and Figure 7. 406 

Results in Figure 6 indicate that the water flux slightly decreased when salt was added to the 407 

FS which is mainly due to the decrease in the osmotic pressure difference (or driving force) 408 

between the feed and the draw solutions. However, the SRSF of the TFC FO membrane 409 

without surfactant did not change when a FS containing NaCl and MgCl2 are used. Figure 7 410 

shows that, similarly to the results with DI water, when MgCl2 was used as FS, the final 411 

molar ratio NH4
+:SO4

2- in the FS was close to the theoretical value of 2. In fact, Mg2+ cations 412 

have a large hydrated radius (0.43 nm) and thus a relatively low diffusion rate in comparison 413 

to NH4
+. It is therefore unlikely for NH4

+ ions to be substituted by Mg2+ and hence 414 

maintaining similar SRSF as DI feed. However, when NaCl was used as the FS, the final 415 

molar ratio NH4
+:SO4

2- in the FS was close to 2.5 and the final DS contained about 0.45 mol 416 

of Na+. This is because Na+ can easily substitute NH4
+ and therefore, more NH4

+ (i.e. molar 417 

ratio of NH4
+:SO4

2- being greater than 2) can diffuse to the FS while Na+ can diffuse to the 418 

DS to maintain its electroneutrality. The pH measurements in the feed solution (Table S4, SI) 419 

also showed that the pH variation in the feed is less when using NaCl since the 420 

electroneutrality of the feed solution is maintained through the exchange between Na+ and 421 

NH4
+. 422 

Similarly, when surfactant was added to the DS, the results with MgCl2 were quite similar to 423 

the results with DI water in terms of SRSF. The presence of SDS in the DS decreases the 424 

reverse diffusion of SO4
2-, as discussed in the previous section. By electroneutrality, this also 425 

affects the reverse diffusion of NH4
+ when DI water is employed as FS. When MgCl2 was 426 

used as FS, similar results were obtained since Mg2+ ions cannot substitute NH4
+ which 427 

therefore diffuses back to the DS to maintain its electroneutrality. Results with NaCl as FS 428 

are quite different since Na+ can easily diffuse through the membrane and replace NH4
+. That 429 

is why the final molar ratio NH4
+:SO4

2-
 in the FS remained above 2, even when surfactant 430 

was added to the DS (Figure 7). These results clearly indicate that combining SOA with 431 

surfactants is likely to be more effective for FS containing divalent cations or low 432 

concentration of monovalent cations such as secondary effluents from municipal wastewater 433 
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treatment plants which have already been investigated for the FDFO process (Chekli et al., 434 

2017a; Chekli et al., 2017b). Addition of surfactants, however, may not be effective in 435 

reducing the SRSF for highly saline feed sources such as brackish or seawater. 436 

 437 

Figure 6: Effect of salts in the feed solution on the permeate water flux and specific reverse salt flux 438 

(SRSF) with and without surfactant in the DS. Experimental conditions: membrane – TFC Toray; draw 439 

solution – 0.5 M SOA or 0.5 M SOA with 25 mM SDS; FO mode (AL-FS); cross flow velocity – 8.5 cm/s; 440 

temperature – 25 °C; operating time – 24 hours). 441 
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 442 

Figure 7: Final ion molar balance in the feed and draw solutions and ammonium/sulfate ratio. Positive 443 

values are the ions transferred from the draw to the feed solution (reverse draw solutes) while the 444 

negative values are the ions transferred from the feed to the draw solution. 445 

4 Conclusions 446 

This study investigated for the first time the influence of adding surfactant to the fertiliser DS 447 

on the performance of the FDFO process as an innovative approach for mitigating the RSF 448 

phenomena. Results showed that combining a fertiliser containing divalent anions, such as 449 

SOA, with surfactants at concentration above their CMC was effective in reducing the RSF 450 

phenomena to a certain extent while keeping similar water flux performance. The 451 

hydrophobic interactions between the surfactant tails and the membrane surface can increase 452 

the size exclusion effects and thus the rejection of large hydrated ions such as SO4
2-. 453 

Compared to early studies where only non-ionic surfactants were tested (e.g. (Nguyen et al., 454 

2015a; Nguyen et al., 2015b; Nguyen et al., 2016), the present work showed that using 455 

anionic surfactants with negatively-charged head can further improve the rejection of anions 456 

through electrostatic repulsion and are therefore preferable. The present study also 457 

highlighted that, when using feed solutions containing cations with small hydrated radii (e.g. 458 

Na+), the diffusion of NH4
+ through the membrane increases, even in the presence of 459 

surfactants, rendering them less effective in reducing the SRSF. This proposed approach of 460 

adding surfactant in the fertiliser DS would be therefore more effective in applications using 461 
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low TDS FSs such as wastewater secondary effluents. Alternatively, other combination of 462 

high performing fertilisers and surfactants could be tested to gain a further understanding of 463 

the performance of this DS in the future. Finally, it is important to maintain the concentration 464 

of surfactants above their CMC and therefore the replenishment cost should be considered in 465 

future studies investigating this alternative DS.  466 
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