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Abstract  

Hybrid forward osmosis (FO) processes such as forward osmosis with membrane 

bioreactors (FO-MBR), electrodialysis (FO-ED), nanofiltration (FO-NF) or reverse 

osmosis (FO-RO) present promising technologies for wastewater reuse in agriculture as 

they meet high effluent quality requirements, especially regarding boron and/or salt 

content. An FO-NF demonstration plant for this application was built and operated 

treating 3 m
3
 h

-1
 of real wastewater with a salinity of 3-5 mS cm

-1
 and 1.5 mg L

-1 
of 

boron in continuous mode for 480 days.  Three draw solutions (DS) were evaluated in 

different periods of experimentation. Sodium polyacrylate led to reversible fouling on 

the FO and NF membranes and the permeate was not suitable for irrigation. Magnesium 

sulphate, used as DS in a second phase, generated severe irreversible fouling on NF 

membranes and therefore it was discarded. Finally, magnesium chloride showed the 
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best performance, with FO-NF membranes presenting a stable permeability and low 

membrane fouling during long-term operation. The FO-NF permeate showed high 

quality for irrigation, achieving a conductivity value of 1 mS/cm, a boron concentration 

below 0.4 mg L
-1

 and an average SAR of 1.98 (mequ L
-1

)
0.5

. DS replacement costs were 

reduced by working with high rejection NF membranes. However, energy consumption 

costs associated with the NF step make the global process more energy intensive than 

conventional technology.  

 

Keywords: Forward osmosis, hybrid FO-NF system, membrane fouling, economic 

analysis, demonstration plant, water reclamation.  

 

1. INTRODUCTION 

 

Forward osmosis (FO) processes use a draw solution (DS) to create an osmotic pressure 

gradient that induces water from a feed solution to flow through a semi-permeable 

membrane that prevents the passage of most solutes. This is generally followed by a 

process to reconcentrate the diluted DS and produce water, except in the case of 

particular applications where no DS reconcentration is necessary [1], [2]. For the 

application studied here, forward osmosis-nanofiltration (FO-NF) was identified as a 

promising option because NF presents a high rejection of multivalent ions and a 

sufficiently low pressure to achieve high recovery rates [3], [4]. Several authors have 

studied this hybrid technology, validating its application for divalent and organic DS 

separation with high flux and acceptable salt rejection [5]–[8]. FO-NF may even offer 

many benefits over the stand-alone RO process for desalination of brackish water [9].  
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The concept of fertiliser-driven FO (FDFO) coupled with NF membranes for indirect 

fertigation has been widely studied by Phuntsho et al. [10]–[13] at batch lab- and pilot-

scale and with full-scale simulation, obtaining useful information about reverse 

diffusion, accumulation of feed solutes, membrane fouling and energy consumption. 

However, the results obtained in these studies are not comparable to those of 

conventional technologies at demonstration scale, working continuously and using real 

wastewater, for instance as regards energy and DS consumption, clean-in-place (CIP) 

frequency, or fouling deposited on FO and NF membranes.  

Only a few publications [13]–[17] have provided an energy consumption comparison 

between hybrid FO technologies and conventional RO, all of which were only 

performed theoretically and all indicate that RO is more energy efficient because the DS 

recovery step implies high energy input.  The only exceptions would be an FDFO-NF 

hybrid system using a thin film composite (TFC)-FO membrane [13] and a lab-scale 

FO-ED process [18], which present lower energy consumption than RO.  

Meanwhile, CIP chemical consumption in FO processes is highly dependent on fouling 

propensity. One of the main advantages reported for the FO process compared with 

conventional membrane technologies when applied to wastewater treatment, is the low 

fouling tendency of FO membranes.  This is because the lack of hydraulic pressure, and 

thus fouling layer compaction [17], [19], reduces the need for cleaning chemicals 

throughout the entire process, leading to a corresponding reduction in plant shutdowns 

in comparison with RO membrane systems. Some authors have studied the FO fouling 

phenomenon using deionised water as feed water matrix [20]–[22], while others have 

used more representative feeds [23]–[25], but none have assessed fouling performance 

during long-term operation. Although some studies in the literature have evaluated the 

influence of flux, temperature, pH, feed or DS on fouling, these were all based on 
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experiments performed at bench scale using simulated feed and focusing solely on the 

FO step [21], [26], [27]. No studies have been identified that investigated fouling 

occurrence and chemical cleaning frequency in FO membranes and membranes from 

the DS recovery step alike. 

To the best of our knowledge, no experimental research has been conducted on hybrid 

FO-NF technology under realistic conditions at close-to-market scale. For the first time, 

the present study implemented a hybrid FO-NF demonstration plant at commercial scale 

over a long period of time (480 days) using real feed water in order to evaluate this 

technology considering fouling propensity, energy and chemical costs and permeate 

water quality for agricultural purposes. Plant construction was guided by the 

conclusions drawn from a preliminary pilot-scale study [4] aimed at identifying the 

most suitable DS and FO membrane modules. Additionally, this study evaluated 

operational costs and compared them with those of the main alternative, UF-RO, in 

order to determine the feasibility of this emerging technology.  

 

 

2. MATERIALS AND METHODS 

 

2.1. FO-NF hybrid system  

The FO-NF demonstration plant was located next to a wastewater treatment plant 

(WWTP) in San Pedro del Pinatar (Murcia), based on membrane bioreactor (MBR) 

technology. As feed water, the FO-NF demonstration plant used the MBR effluent, 

which is free from solids and pathogens. Figures 1.a and 1.b present a diagram and a 

picture, respectively, of the plant. NF technology and TFC-FO flat-sheet (FS) 

membranes were selected according to a preceding work [4], hence, two racks of six FO 
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commercial FS membranes (model number PFO 100) were used, comprising an area of 

84 m
2
 of TFC (Porifera, CA, USA). The active layer was in contact with the feed 

solution, and co-current contact was implemented according to instructions from the 

manufacturer. Two pressure vessels were installed with four NF membranes (Filmtec), 

each one, model numbers NF 270 4040 (TFC, high flux) or NF 90 4040 (TFC, high 

rejection), with an area of 60.8 m
2
. Some parameters, such as conductivity, redox 

potential, pH, flow rate, pressure and temperature were automatically monitored, 

registered and controlled at different points in the plant using a supervisory control and 

data acquisition system (SCADA) from Rockwell Automation (Allen Bradley). All the 

instrumentation was acquired from Endress+Hauser (Switzerland). An FO control loop 

was implemented between the permeate flow rate and the fresh DS dose to maintain the 

permeate flow rate constant by means of a set-point. NF membrane permeate flow rate 

and FO permeate flow rate were coordinated so that both processes worked 

simultaneously [28]. 

 

2.2. Feed water (FW)  

The MBR effluent from San Pedro del Pinatar WWTP was characterised. Table 1 

compiles the main parameters of the effluent. Except for conductivity and boron, which 

were higher than expected due to marine intrusion, the values of the parameters 

measured were in the range of those typical for MBR effluent from an urban wastewater 

treatment plant.  In line with Spanish water reuse legislation (RD1620/2007) [29] for 

irrigation purposes, these values thus indicated the need for treatment with a 

desalination process to reduce both salinity and boron concentration. 
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2.3. Chemicals 

According to a previous study [4], three DS were selected to test: sodium polyacrylate, 

magnesium sulphate and potassium pyrophosphate. The last one was replaced by 

magnesium chloride. The high molecular weight polymer DS (sodium polyacrylate with 

6500 Da previously diluted, 43% w/w) was purchased from Kemira Ibérica (Spain). The 

two inorganic DS tested, magnesium sulphate with 98% purity (2% of impurities mainly 

consisting of silicates, gypsum and iron) and magnesium chloride with >99% purity, 

were purchased from Barcelonesa de Drogas y Productos Químicos (Spain), as were the 

CIP chemicals, hydrochloric acid (25% purity) and sodium hydroxide (50% purity). 

Genesol 703, a commercial cleaning product that is particularly effective against 

aluminium silicate, was acquired from Genesys. 

 

2.4. Demonstration plant operation 

A continuous flow of 3 m
3 

h
-1

 of MBR effluent, from the WWTP at San Pedro del 

Pinatar, was treated in the FO modules of the demonstration plant using 2 m
3 

h
-1

 of 

concentrated DS (sodium polyacrylate, magnesium sulphate or magnesium chloride). 

The diluted DS stream was treated by NF membranes. Filter cartridges of 5 µm passage 

were installed just before the FO and NF membranes in order to protect membranes 

from thicker suspended solids. The permeate flow rate (water for irrigation) set-point 

was kept constant at 200 L h
-1

, which corresponds to a flux of 2.4 L m
2 

h
-1

 for FO and 

3.3 or 6.6 L m
2 

h
-1

 for NF depending on the period. A DS osmotic pressure of about 10 

bar, according to Corzo et al. [4], was set. As an exception, the permeate flow rate was 

increased on days 160 and 187 to 350 L h
-1

.  

The demonstration plant was maintained in operation for 480 days. During the 

operation, different changes (three different DS, changes in NF membrane type and 



 

7 
 

number of modules) were introduced with the aim of reducing the operation 

expenditures (OPEX). The reason for each change is described further in the results 

section. During 480 days of operation, five different operational periods were clearly 

distinguished (Table 2). When DSs were changed, the operation of the plant was 

stopped and all elements (pipes, pumps, tanks and membranes) were flushed with 

deionized water. When replacing NF membranes, flushing out the membrane 

preservative solution was done for at least 30 minutes.  

 

2.5. Monitored parameters 

Permeability (Perm) or normalised specific flux was calculated continuously in FO and 

NF membranes as follows: 

Perm = 
        

   
                                                                                                          (eq. 1) 

         
  

   
                                                                                                       (eq. 2) 

TCF=
 

                                                                            
                    (eq. 3)  

where Jw (25ºC) represents the flux corrected at 25ºC [L m
-2 

h
-1

] obtained by equation 2 

and 3, to be TCF the temperature correction factor and NDP the net driving pressure  

[bar] which is obtained by equation 4.  

        
      

 
    Pp or DDS, CDS  Пf,c + Пp or DDS, CDS     (eq. 4) 
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where P is the hydraulic pressure, П the osmotic pressure and P the differential pressure 

[bar].   The subscripts f, c, p, DDS and CDS indicate feed, concentrate, permeate, 

diluted DS and concentrated DS, respectively.   

Permeability is an intrinsic parameter of each type of membrane and thus monitoring 

this parameter allows fouling problems or alteration of structural parameters to be 

inferred. The water from the region of Murcia has extreme temperatures during summer 

and normalization at 25ºC has been applied to Jw, Js and P using the TCF (eq. 3). 

Magnesium or sodium mass balance (depending on the DS employed) between DS and 

FW streams was used to check normalised reverse salt diffusion (Js) from the DS side to 

the feed water side. Conductivity water quality was monitored online. FO and NF 

membrane CIP was implemented when membrane permeability was observed to 

decrease. DS and energy consumption was recorded in order to determine OPEX.  

 

2.6. NF autopsy 

A detailed examination of two nanofiltration elements (one NF 270-4040 and one NF 

90-4040) located in the 1st position of the demonstration plant pressure vessel was 

conducted. The examination included external inspection of the elements, autopsies and 

analytical tests of the active layer surface, as well as an analysis of deposited matter by 

means of quantification, moisture determination, the loss on ignition (LOI) test and 

scanning electron microscope with energy dispersive X-ray analysis (SEM-EDX). 

The LOI test was performed under oxidant conditions, from room temperature to 550ºC, 

in order to determine the composition of the organic and inorganic solid matter present 

on both NF elements subjected to autopsy. The EDX analysis was conducted to identify 

membrane fouling components. Samples of deposited solid on the membrane surface 
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were dried and calcined before EDX analysis. The SEM-EDX analysis identified the 

elements in the solid deposited on the membrane surface. SEM was performed using a 

Philips XL30 ESEM microscope and an EDX analyser from EDAX. 

 

2.7. Analytical methods  

The parameters to be evaluated in the demonstration plant laboratory were analysed 

weekly. Osmotic pressure was measured using an Osmomat
®
 030 Cryoscopic 

Osmometer from Gonotec. TDS and conductivity measurements were performed with a 

Crison CM 35 conductivity meter with temperature compensation. Sodium, magnesium 

and boron were determined by ICP-mass spectrometry using an ICP-MS 7500cx 

spectrometer from Agilent Technologies and isotopic dilution analysis. For calcium 

analysis, potentiometric titration was carried out with a Titrando 809 system controlled 

by PC control software following SM 2340 C. COD was analysed by using LCK 414 kit 

from Hach Lange. 

 

 

3. RESULTS AND DISCUSSION 

 

3.1. FO-NF performance at demonstration scale 

Hydraulic performance, water quality and OPEX due to DS replenishment, energy 

consumption and CIP frequency, were monitored and evaluated over the 480 days of 

demonstration plant operation in order to determine the feasibility of the FO-NF system. 

Three different DS and some modifications in NF membranes and configuration were 

implemented, divided into 5 different demonstration plant operation periods, as detailed 

in Table 2.  
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A general overview of hydraulic performance is presented in Figure 2, which includes 

permeate flow rate and specific flux for both membranes. Figure 3 shows the evolution 

of the hydraulic pressure required in the NF process and Figure 5 presents the evolution 

of both FO feed and NF permeate conductivity, as well as the boron and sodium 

adsorption ratio (SAR) over the 480 days of experimentation.  Figure 6 (Table S-2) 

gives the number of parameters that indicated whether the water produced were 

acceptable or unacceptable for use in irrigation from the total of 32
 
listed in Table S-1.  

Finally, Table 4 includes OPEX calculated from DS replenishment, cleaning processes 

and energy consumption.  

3.1.1. First period: sodium polyacrylate as DS and 8 NF-270 4040 elements 

The first period encompassed days 1 to 58 of operation using sodium polyacrylate as 

DS and 8 NF 270 4040 membranes. As shown in Figure 2, FO permeability was 

observed to decrease over this period, falling over the first 10 days of operation and then 

remaining stable for the rest of this period. Meanwhile, a substantial change was 

observed in the NF unit over the experimental period, with a considerable reduction in 

permeability. This loss of NF hydraulic properties was probably caused by a fouling 

episode, as shown in Figure 3, where a steep rise in nanofiltration membrane differential 

pressure can be observed between days 40 to 58.  

To clarify the causes of this fouling event, an autopsy was carried out on one of the NF 

membrane elements (see section 2.6) before applying chemical cleaning. As the NF 

membrane feed was basically DS diluted in water, fouling must have been produced by 

the DS selected [30]. An initial visual examination of the NF membrane element 

suggested that organic fouling had settled on the membrane surface. The element was 

completely covered by a thin brown-grey layer, as depicted in Figure 4. A solid sample 

from the surface was collected for subsequent analysis. A LOI analysis showed that the 
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solid from the element contained 86.30% water. These results may indicate that, due to 

the capacity of the DS for water absorption, a jellied layer had formed, which 

considerably reduced the hydraulic properties of the NF module. Calcination of the 

previously dehydrated solid sample indicated that its composition corresponded to 

89.72% organic matter and 10.28% inorganic matter. SEM-EDX analyses of the 

dehydrated solid revealed the presence of C, O and N, and to a lesser extent, of the 

elements Al, Si, Fe, P, S, K, Mg and Cl. Regarding the calcined solid, there was a 

higher proportion of the elements O, Si and P followed by a lower proportion of Fe, Al, 

K, Ca, Mg, C, Cu, Na and S. Therefore, the SEM-EDX analyses confirmed the 

existence of organic matter in the solid. In addition, the analyses showed that the 

inorganic fraction of the solid could be composed of silicates of aluminium, iron and 

other metals, as well as possibly metallic oxides, hydroxides, and phosphates. 

In light of these results, the FO and NF membranes were subjected to conventional 

chemical cleaning, which comprised the steps shown in Table S-3. Table 3 shows the 

results of the hydraulic test (Table S-4) carried out in order to determine the effect of 

chemical cleaning on the membranes. The most relevant observation was that this 

cleaning procedure restored almost 100% of the initial permeability of the NF 

membrane. Thus, it can be concluded that only reversible fouling of this membrane 

occurred when using sodium polyacrylate as DS. In contrast, the FO membrane only 

recovered 78% of its initial permeability, with only 13% being due to reversible fouling. 

Some 22% of losses in terms of specific flux could be attributed to an initial membrane 

maturation period [31].  

 

Product water from the FO-NF demonstration plant during period 1 reached some of the 

quality standards required for agricultural reuse.  For instance, figure 5 shows that boron 
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values were constantly below 0.4 mg L
-1

 and the average conductivity was 0.9 mS cm
-1

, 

meeting the legislative requirements. However, SAR was higher than expected (SAR > 

100 (mequ L
-1

)
0.5

), which exceeded the limit established in RD1620/2007 [29]. This can 

be attributed to the removal of divalent ions by the NF membrane and the high presence 

of sodium. Adjustment with Ca
2+

 or Mg
2+

 salts would therefore be necessary in order to 

comply with reuse requirements. 

As shown in Figure 6, the percentage of parameters indicating that water was acceptable 

for irrigation only increased from 50% up to 75% when water was treated by FO-NF 

using sodium polyacrylate as DS. Nevertheless, the results showed that the permeate 

water still presented a moderate to high content of salts, especially sodium and, 

consequently, was not suitable for irrigation uses. 

Since the DS selected in this period was organic, COD monitoring was performed. 

Results are presented in Figure 7. COD permeate values were unstable over the first 40 

days but subsequently stabilised to below 100 mg L
-1

, an admissible value for WWTP 

effluents according to European legislation (91/271/CEE) [32]. This phenomenon was 

attributed to wide variations in the molecular weight of the sodium polyacrylate. As the 

DS was operating in a closed loop, when the DS regeneration process started, the low 

molecular weight fractions of the DS would have passed through the NF membrane and 

the DS would have thus been enriched in the high molecular weight fractions. This may 

have increased rejection and permeate quality until only the high molecular weight 

fractions remained in the DS, at which point rejection and permeate quality stabilised. 

Given these results, it can be concluded that the demonstration plant operation under 

period 1 conditions produced water which complied with the quality standards required 

for agricultural reuse except for SAR.  Furthermore, as shown in Table 4, the use of 
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sodium polyacrylate as DS was expensive (2.97 € m
-3

) due to the high cost associated 

with, first, its replacement and, second, the higher CIP frequency needed because of the 

reversible fouling occurring in the NF process.  

 

3.1.2. Second period: magnesium sulphate as DS and 8 NF-270 4040 elements 

The second period encompassed operational days 59 to 83. As shown in Figure 2, at the 

start of the second period, the NF-specific flux recovered its initial performance and 

operation with magnesium sulphate, as DS remained reasonably stable without the need 

to apply CIP. However, as can be seen in Figure 5, permeate conductivity reached mean 

values of around 2 mS cm
-1

. This was attributed to significant DS loss because of the 

higher diffusion coefficient of divalent electrolytes as compared to high molecular 

weight polymers [33]. Figure 5 also shows that SAR and boron were reduced to around 

0.5 (mequ L
-1

)
0.5 

and 0.4 mg L
-1

, respectively.  

Figure 6 shows that the permeate water obtained using an inorganic DS based on 

magnesium sulphate, presented acceptable values for more than 90% of irrigation 

quality parameters such as sodium content, H. Green rules, Wilcox rules and the Scott 

index among others (table S-1). Therefore, the permeate obtained using magnesium 

sulphate as DS presented a suitable quality for irrigation purposes. 

 

3.1.3. Third and fourth periods: magnesium sulphate as DS and 8 and 4 NF-90 4040 

elements, respectively 

The third and fourth periods lasted for more than 8 months of demonstration plant 

operation, from days 84 to 226 and days 226
 
to 327, respectively. 
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When the third period started, the 8 NF-270 4040 elements were changed for the same 

number of higher rejection NF-90 4040 membranes. Immediately after the installation 

of the new NF system, DS losses in permeate decreased significantly, which represented 

considerable savings in DS replenishment and reduced the total process costs (see Table 

4). Although this change entailed a slight increase in the energy required for the process, 

this was by far counterbalanced by the reduction in DS losses obtained with the tighter 

membranes. 

As described in Figure 2, operation with magnesium sulphate was practically stable in 

the third period and fouling did not occur. However, from day 160 it was decided to 

increase permeate flow rate by increasing DS osmotic pressure, and shortly afterwards, 

irreversible fouling appeared on the NF membranes, as shown in Figure 3. As this 

figure also shows, when the third period started, the pressure gap increased up to 4 bars.  

One reason for this might be that the high rejection NF membranes offered more 

resistance than high flux NF membranes (second period). From day 160, the pressure 

gap increased due to fouling occurrence. Therefore, in order to recover the initial 

hydraulic properties of the NF membranes, an element autopsy followed by a chemical 

cleaning were performed.  

As shown in Figure 8, the element was covered by a thin layer of dark, wet, brown-grey 

powder that suggested inorganic fouling. This substance could not be collected in 

sufficient quantity to be quantified by means of LOI.  The most relevant information 

was drawn from an SEM-EDX analysis, which confirmed the presence of inorganic 

matter on the thin layer. Several constituents were detected, including alumina silicates, 

iron and metallic oxides and hydroxides. Gypsum did not appear on the membrane 

surface, but a high retention of this material was detected inside the cartridge filters that 
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protected the NF membranes. Thus, it was confirmed that NF fouling was produced by 

the DS content in impurities (section 2.3).  

Conventional cleaning was performed with the aim of recovering the initial NF 

hydraulic properties, following the procedure set-up shown in Table S-3. Table 5 gives 

the results of the standard test (Table S-4) carried out in order to determine membrane 

performance before and after conventional chemical cleaning. The NF membrane only 

recovered 59% of its initial permeability after chemical cleaning. About 21% of flow 

loss was caused by reversible fouling and 41% by persistent fouling. The effect of this 

cleaning only increased NF permeability for a few days, as shown in Figure 2.   

In period 4 (from day 226), the number of NF-90 4040 elements was reduced by half, 

from 8 to 4.  The main objective was to increase NF cross flow velocity to double in 

order to prevent fouling, but an additional goal was to optimise savings in chemical 

consumption by means of enhancing NF rejection. Figure 2 shows that NF permeability 

increased, but Figure 3 indicates that the pressure gap also increased up to 6 bars 

because of foulants deposited on the membrane surface. Since foulants in general, and 

alumina silicates in particular, are difficult to remove, chemical cleaning was performed 

with a special cleaner, Genesol 703, following the procedure shown in Table S-5. Table 

5 gives the results obtained, where only the 63% of the initial permeability was 

recovered by the NF membrane. Only about 11% of flux was recovered following this 

special cleaning, and 37% of losses in terms of specific flux were caused by irreversible 

fouling. Thus, although Figure 5 indicates high permeate water quality during these 

periods; the marked fouling detected entailed higher energy costs in the regeneration 

process (see Table 4).  
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3.1.4. Fifth period: magnesium chloride as DS and 4 NF-90 4040 elements 

The fifth and longest demonstration plant operation period lasted from days 328 to 480.  

During this period, magnesium chloride was used and evaluated as DS, having been 

selected because it is an economical substance with high magnesium content.  

Furthermore, diffusivity and the Van’t Hoff coefficient are higher than in magnesium 

sulphate [34]. When using magnesium chloride, less DS was required to achieve the 

same osmotic pressure, and there was less internal concentration polarisation on the FO 

membrane; therefore, a lower quantity of chemical was lost in the recovery step in 

comparison with the prior period.  

It can be observed in Figure 2 that NF permeability increased significantly during the 

fifth period. Figure 3 shows a pressure gap increasing trend during the fifth period 

probably due to initial NF membrane maturation and an operational problem: a slight 

rise in the permeate flowrate up to 250 L h
-1

 from the 367 to 381 day (see Figure 2). 

Thereafter, this tendency was higher but quite stable, the pressure gap returned to below 

4 bars and low fouling was detected, with the consequent reduction in NF energy 

consumption throughout the entire period (Table 4). On the other hand, as can be seen 

in Figure 5, permeate conductivity increased to around 1 mS cm
-1

. Chloride is more 

conductive than sulphate, thus, when using magnesium chloride, the electrical 

conductivity was higher than in the previous period [35]. Most of the water quality 

parameters maintained acceptable standard values. FO membrane boron rejection was 

constant at around 70%, thus boron values remained below 0.4 mg L
-1

 throughout the 

entire operation. Although the mean SAR value increased from 0.92, when using 

magnesium sulphate as DS, to 1.98 (mequ L
-1

)
0.5 

when using magnesium chloride, 

irrigation quality parameters were acceptable in more than 90% of cases (Figure 6), 

primarily due to the low sodium content. Like SAR and conductivity, some other 
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parameters were higher in period 5 than in period 3 or 4. In this case, Riverside rules classified 

period 5 permeate as high salinity water and with moderate hardness (Table S-1). Therefore, 

the permeate presented a suitable quality for irrigation purposes as regards both 

irrigation quality parameters and legislation [29]. 

 

As shown in table 4, after implementing several improvements in every period, the 

operational costs per cubic meter of product water were reduced. The fifth period 

presented stable operation and the lack of fouling problems extends the standard CIP 

frequency.  With these results, the FO-NF demonstration plant operation was completed 

and the data obtained were used for the comparison purposes included in section 3.2.  

 

3.2. Comparison between FO-NF and UF-RO 

The cost per cubic metre of product water obtained by the state-of-the-art technology 

for desalination as tertiary treatment, UF-RO process is estimated at large-scale, 0.35-

0.45 € m
-3 

[36] while, according to this study, the cost of product water obtained by FO-

NF technology reached 0.96 € m
-3

. 

As can be drawn from the previous section, the FO-NF process consumes less chemical 

product than UF-RO. The FO membranes do not require chemical cleaning and NF 

fouling depends directly on the DS used. The only significant chemical cost is caused 

by DS losses (NF permeate and reversal flux), but this is offset by the fertilising 

properties provided by the residual magnesium chloride content in the reclaimed water, 

which is beneficial for some crops [37], leading to savings in agricultural costs. 

Furthermore, if a divalent waste liquid stream with low fouling potential was identified 

as DS [38], no chemical consumption cost would be entailed. However, the UF-RO feed 
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needs pH, coagulant and antiscalant dosage adjustments. According to the 

manufacturer’s instructions, UF chemically enhanced backwash (CEB) must be 

performed once daily, whereas CIP is normally performed once per month using sodium 

hypochlorite, caustic soda and hydrochloric acid [39]. Moreover, the RO cleaning 

solution is usually applied monthly with the consequent expense in caustic soda, 

hydrochloric acid, ethylene diamine tetra-acetic acid and sodium lauryl sulphate [40]. 

Furthermore, a remineralisation process must be implemented with lime or limestone 

and carbon dioxide in order to achieve acceptable SAR values. 

As regards energy requirements, total energy consumption of the FO-NF process is 

about 40% higher than the UF-RO process, as shown in the simulation presented in 

Table S-6.   However, it should be borne in mind that the FO-NF values given in Table 

4, refer to a demonstration plant rather than a large-scale plant. Large-scale cost 

estimation would be desirable, as the scale factor significantly affects energy 

consumption.  It has been estimated that pilot-scale plants may consume between 2 and 

10 times more energy than a full-scale plant [41],  and therefore, costs at large-scale 

might be substantially more economical. Consequently, a large-scale estimation for FO-

NF technology might reduce the cost per cubic metre of product water to a level similar 

to that for UF-RO (around 0.4 € m
-3

). 
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4. CONCLUSIONS 

 

The application of a hybrid FO-NF system for wastewater reclamation was studied at 

demonstration plant scale. Over the 480 days of demonstration plant operation, some 

adjustments were carried out in order to improve performance and minimise OPEX. The 

obtained results suggest that the use of sodium polyacrylate as DS promotes fouling and 

generates permeate quality issues. When employing magnesium sulphate as DS, 

permeate quality showed to be suitable for irrigation but irreversible fouling occurred on 

NF membranes. On the other hand, the use of high rejection NF membranes and 

magnesium chloride as DS significantly reduced operating costs throughout the last 

operational period. Low fouling was observed and no chemical cleaning was required. 

Conductivity, boron, SAR and other irrigation parameters reached the quality standards 

required for agricultural reuse. The only significant chemical cost is caused by DS 

losses although total energy consumption of the FO-NF process is about 40% higher 

than the UF-RO process. 

This study has demonstrated that FO is a low-fouling technology that can achieve a 

stable, high quality permeate for wastewater treatment and reuse in the long-term.  

Chemical consumption is only relevant in terms of DS losses, and the residual content 

present in product water can serve as fertiliser for watering crops. However, further 

optimisation is required in terms of energy and DS consumption to transform the 

hybrid-FO process into a competitive technology for water reuse.  
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Table 1. Comparison of San Pedro del Pinatar. MBR effluent parameters analyzed and 

RD1620/2007 criteria for irrigation purposes. 

Table 2. Operation conditions in every period. 

Table 3. Results of hydraulic test
1
 for both membranes showing the conventional CIP 

effect during the first period. 

Table 4. Overall real OPEX calculated from DS replenishment, cleaning processes and 

energy consumption at demonstration plant. 

Table 5. Results of hydraulic test
1
 for NF 90 4040 membrane showing the conventional 

CIP effect in the third period and the special CIP in the fourth. 

 

Figure 1a. Scheme of the demonstration plant. 1b. Picture of the demonstration plant. 

Figure 2. Hydraulic performance of the demonstration plant in their different periods. 

Figure 3. Evolution of the hydraulic pressure required in NF process in order to observe 

the fouling trend. 

Figure 4. Membrane sheet picture and solid sample collected from the membrane 

surface. 

Figure 5. Comparison between feed water and permeate quality. Zoom for SAR in the 

first 60 days. 

Figure 6. Quantification of irrigation parameters that classify the water samples as 

acceptable or unacceptable for this purpose.  
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Figure 7.  Evolution of COD along the first experimentation period. 

Figure 8. Membrane picture and solid sample collected from the membrane surface. 



Parameter Units 
MBR effluent 

average 

RD 1620/2007 

limit 

E.coli CFU/100 mL 0 100 

Suspended solids mg/L <1 20 

Turbidity NTU 0.22 10 

Conductivity dS/m 5.33 3 

Sodium 

adsorption ratio 
(mequ L

-1
)

0.5
 10.6 6 

Boron mg/L 1.17 0.5 

Arsenic mg/L 0.0015 0.1 

Chrome mg/L 0.0041 0.1 

Copper mg/L 0.002 0.2 

Manganese mg/L 0.018 0.2 

Molybdenum mg/L 0.002 0.01 

Nickel mg/L 0.0016 0.2 

Selenium mg/L <0.004 0.02 

 

 

Table 1



Period Draw Solution NF membranes 
Number of 

membranes
1
 

1 Sodium Polyacrylate NF 270 4040 8 

2 Magnesium Sulphate NF 270 4040 8 

3 Magnesium Sulphate NF 90 4040 8 

4 Magnesium Sulphate NF 90 4040 4 

5 Magnesium Chloride NF 90 4040 4 

1) 4 membranes per pressure vessel 

 

Table 2



 

 

Comments 
NF 270 4040 Specific Flux 

(L m
-2

 h
-1

 bar
-1

) at 25ºC 

PFO 100 Specific Flux  

(L m
-2

 h
-1

 bar
-1

) at 25ºC 

Initial 

conditions 
8.55 0.26 

Before 

Chemical 

cleaning 

4.44 0.17 

After 

Chemical 

cleaning 

8.49 0.20 

 

1)  Hydraulic test procedure was presented in supplementary material, table S-4. 

 

Table 3



 
 

1) Normalized at 25ºC 

2) DS Osmotic pressure (concentration) average: a = 9.28 bar (221.5g L-1); b=8.99 bar (41.0g L-1); c=7.79 bar (34.9g L-1); d=8.08 bar (36.3g L-1); e=7.57 bar (10.6g L-1) 

3) DS price is referred to a small-scale order 

4) Measured by means of an energy counter. It must be taken into account that the values refer to a demonstration plant, and this pumping energy will be significantly reduced in a full-scale plant due to the 

scale factor. 

5) 0.10 KWh/m3 is assumed 

6) Applied when 20% of permeability losses are quantified 

7) NF Membranes fouled 

              NR)  Not required during the experimentation time 

              NA)   Not applicable due to cleaning inefficacy. Irreversible fouling  

 

Period 
FO Jw

1
 

(L m
-2 

h
-1

) 

FO Js
1
 

(g m
-2 

h
-1

) 

Js/Jw 

(g L
-1

) 

DS losses in 

permeate 

(g L
-1

) 

Cost of 

replacement
3
 

(€ m
-3

) 

FO process 

energy 

consumption
4
 

(KWh m
-3

) 

NF process 

energy 

consumption
4
 

(KWh m
-3

) 

Cost of 

energy
5
 

(€ m
-3

) 

FO CIP 

frequency 

(CIP year
-1

) 

NF CIP
6
 

frequency 

(CIP year
-1

) 

CIP 

cost 

(€  m
-3

) 

Overall 

cost 

(€ m
-3

) 

1 2.51±0.11 0.18±0.01 0.072a 0.85±0.05 2.50 0.45 4.12
7
 0.46 NR 18 0.01 2.97 

2 2.16±0.07 0.41±0.03 0.192b 1.52±0.03 1.68 0.41 3.03 0.34 NR NR - 2.02 

3 2.04±0.05 0.35±0.03 0.172c 0.91±0.03 1.06 0.42 3.44
7
 0.39 NR NA - 1.45 

4 2.37±0.04 0.40±0.02 0.172d 0.82±0.02 0.97 0.41 4.14
7
 0.46 NR NA - 1.43 

5 2.58±0.10 0.49±0.03 0.192e 0.39±0.04 0.52 0.38 4.00 0.44 NR NR - 0.96 

Table 4



 

 

Comments 

NF 90 4040 Specific Flux 

under conventional CIP 

(L m
-2

 h
-1

 bar
-1

) at 25ºC 

NF 90 4040 Specific Flux 

under special CIP 

(L m
-2

 h
-1

 bar
-1

) at 25ºC 

Initial 

conditions 
4.69 4.69 

Before 

Chemical 

cleaning 

1.78 2.44 

After 

Chemical 

cleaning 

2.77 2.95 

 

1) Hydraulic test procedure was presented in supplementary material, table S-4. 

 

Table 5



 

a) 

 

b) 
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