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Abstract 14 

Forward osmosis (FO) plays an increasingly important role in membrane processes 15 

because of its advantages compared to traditional pressure-driven membrane processes. 16 

There are different types of water-selective FO membranes. In this study, a biomimetic 17 

hollow fiber module comprising an active layer of polyamide thin film composite (TFC) 18 

with integrated aquaporin proteins and an effective area of 0.6 m2 is used to study the 19 

rejection of 24 Contaminants of Emerging Concern (CECs). The rejections obtained for 20 

all the contaminants studied were higher than 93% and for 19 of them rejections of up 21 

to 99% were reached. It was observed that although all the tested compounds showed 22 

rejections very close to 100 %, they were not completely recovered in the feed solution 23 

which makes the retention within the membrane an important factor to be considered. 24 

Hence, two membrane rinses were necessary after each membrane operation to 25 

completely recover each contaminant. The results were analyzed considering the 26 
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physicochemical properties (molecular weight, charge and hydrophobicity) of the 27 

contaminants. 28 

 29 

Keywords: Forward Osmosis (FO); Aquaporin membrane; Contaminants of Emerging 30 

Concern (CECs); Hollow fiber module.  31 

 32 

1. Introduction 33 

In recent decades, there has been a growing interest in Contaminants of Emerging 34 

Concern (CECs). They are organic pollutants that are present in the environment at 35 

increasingly abundant concentrations, as detected in current studies, and can cause 36 

damage to the environment and human health [1–3]. Only recently, some of these 37 

compounds have been included in the environmental legislation as they were previously 38 

not easily detected due to the lack of robust enough analysis technologies. Nevertheless, 39 

thanks to new methodologies and alarming research on their effects, concentrations 40 

limits are beginning to be considered and established [4–9]. 41 

The main sources of emerging contaminants include pesticides used in agriculture, 42 

veterinary drugs and food additives used in livestock farming, Pharmaceuticals and 43 

Personal Care Products (PPCPs) which, if not fully metabolized in the body, can be 44 

excreted through urine and feces, reaching Waste Water Treatment Plants (WWTP) and 45 

eventually arriving to the water bodies. All these sources can cause point source 46 

pollution, but also diffuse pollution by leaching into surface waters and groundwater as 47 

a result of rainfall, soil infiltration and surface runoff. One of the most important 48 

problems for the aquatic environment is the discharge of effluents from hospitals, 49 

industrial and the urban WWTPs [10–12]. The presence of CECs in the water 50 



environment is known to potentially affect aquatic organisms and result in changes that 51 

threaten the sustainability of aquatic ecosystems. Although some contaminants can be 52 

efficiently removed in WWTPs, the removal of CECs is often insufficient. CECs are 53 

detected in both influents and effluents ranging from ng/L to mg/L [1,2,13,14]. 54 

Conventional WWTPs are not specially designed to remove these pollutants, and 55 

therefore many of these compounds appear in their effluents. Consequently, its 56 

introduction into surface water and subsequently into drinking water exposes us to such 57 

substances and their possible effects.  58 

There are advanced oxidation technologies that can eliminate some of these 59 

microcontaminants from residual waters like Activated Carbon (AC), ozonation, 60 

UltraViolet (UV) irradiation, sonodegradation and also Membrane BioReactors (MBR) 61 

and membrane filtration processes. [15–20].  62 

Pressure-driven membrane techniques such as NanoFiltration (NF) and Reverse 63 

Osmosis (RO) have also been used to treat microcontaminant-contaminated water. NF 64 

has been found to be efficient for some large contaminants while RO effectively 65 

removes small contaminants. However, due to high hydraulic pressures and 66 

concentration polarization, RO has several disadvantages, such as membrane fouling, 67 

increased costs, and scale limitations [21].  68 

A possible alternative to overcome RO and NF drawbacks could be the use of the 69 

Forward Osmosis (FO) processes [22]. In the forward osmosis process, the driving force 70 

is the osmotic gradient instead of pressure driven force, which could be an important 71 

advantage about membrane fouling. In this process, the osmotic pressure gradient 72 

between a concentrated extraction solution and a less concentrated feed solution is used 73 

to facilitate the transport of water through a semipermeable membrane, allowing water 74 



molecules to pass while retaining other solutes. This leads to dilution of the draw 75 

solution, while the solutes in the feed stream are being concentrated [23,24]. This 76 

process does not apply hydraulic pressure, resulting in a lower propensity for 77 

irreversible fouling of the membrane and lower energy cost compared to NF / RO 78 

processes. However, FO is a technology that requires more study since although the 79 

membrane fouling is quite low, the permeate fluxes are also not very high and this is a 80 

limitation in scaling [22]. 81 

There are different types of forward osmosis membranes that have been studied in the 82 

rejection of pollutants in recent years such as Cellulose TriAcetate (CTA) membranes, 83 

for which a wide range of data are available on their rejection characteristics for 84 

different trace organic compounds [25–29]. Hancock et al. (2011) shown that CTA 85 

membranes had a high rejection towards different organic traces when tested on a pilot 86 

scale, whereas when it was done on a bench scale, the membrane rejection capabilities 87 

decreased [30].  88 

Furthermore, a comparative study between a CTA membrane and a Thin Film 89 

Composite (TFC) FO membrane showed advantages of the TFC membrane with respect 90 

to water permeability, rejection of organic traces and pH stability [31].  91 

Frequently plate and frame or spiral bound modules are used. Nevertheless, for 92 

applications that require light weight and low space designs (eg, portable FO systems), 93 

as well as large volume separations, other membrane configurations, such as Hollow 94 

Fiber (HF) modules, may be advantageous. Promising, and commercially available in 95 

hollow fiber modules, are those integrating Aquaporin proteins. They are 96 

transmembrane proteins mainly promoting water permeation, which are attached within 97 

the active layer of the membrane [32,33]. The Aquaporin membranes include aquaporin 98 



proteins that give a high-water transport in a very selective way with high chemical 99 

resistance including resistance bearing cleaning procedures with all the customary 100 

chemical agents [34]. 101 

Substantial improvements in water permeability have been fully demonstrated in the 102 

literature reaching 5 to 1000 times bigger permeabilities [34,35].  103 

Engelhardt et al. (2018) tested a hollow fiber Aquaporin membrane model to reject three 104 

Trace Organic Contaminants (TrOCs). They reported> 99% rejection for all tested 105 

compounds [36]. Nikbakht et al. (2020) studied the rejection of three pesticides with an 106 

Aquaporin hollow fiber membrane and compared the results with those obtained with a 107 

flat sheet FO membrane. They reported >98% rejection for the three pesticides with the 108 

HF membrane [37]. In this study, through preliminary evaluation, it was shown that 109 

using a small, low-cost FO configuration could be scaled by a laboratory scale FO 110 

configuration or a small pilot scale configuration due to reproducibility of results.  111 

So far, few research groups have investigated the potential of Aquaporin hollow fiber 112 

membranes in removing emerging contaminants. Up to now, mostly flat sheet 113 

membranes have been used for this purpose. There are still few studies carried out with 114 

forward osmosis technology, and many emerging compounds present in the 115 

environment. In this respect and taking into account this background the objective of 116 

this work is to study the behavior of a hollow fiber Aquaporin membrane to evaluate the 117 

rejection of a total of 24 emerging contaminants from different groups such as 118 

Antibiotics (Ciprofloxacin, Ofloxacin, Sulfamethoxazole, Metronidazole, 119 

Erythromycin, Clarithromycin), Analgesics ( Diclofenac, Naproxen, Ibuprofen, 120 

Salicylic acid, Acetaminophen), Lipid regulators (Clofibric acid, Gemfibrozil), 121 

Psychiatric drugs (Carbamazepine), Antimicrobials (Triclosan), Hormones (17-α -122 



Ethinylestradiol (EE2), 17-β-Estradiol (E2), Estrone (E1)), β-blocker (Atenolol), X-ray 123 

contrast (Iohexol), Stimulant (Caffeine), Anti-itching (Crotamiton) Insect repellant, 124 

(DEET) and Herbicides (Atrazine). In addition, changes in membrane flow, different 125 

Draw Solution (DS) concentrations, and different doping concentrations of some of the 126 

contaminants were investigated to better understand the membrane behavior. 127 

 128 

2. Materials and Methods 129 

2.1. Experimental setup 130 

The FO concentration system (Fig. 1) consisted of a membrane module provided with a 131 

feed solution (FS) and a draw solution (DS) compartments. An Aquaporin InsideTM FO 132 

hollow fiber module (Aquaporin A/S, Kongens-Lingby, Denmark) was used for the 133 

experiments. The hollow fiber module contains 0.6 m2 of a membrane with an active 134 

layer of thin film composite (TFC) polyamide with integrated aquaporin proteins. 135 

Counter-current recirculation closed circuits of the feed and draw solutions were applied 136 

on each side of the FO membrane via two peristaltic pumps. In all experiments FS was 137 

pumped through the lumen side of the hollow fibers (active side) while the DS was 138 

pumped through the shell side. The feeding container starts from 2L of MilliQ water 139 

with magnetic stirring and the extraction solution container with 1L of NaCl. The 140 

device has been operated with different NaCl concentration and flow rates.  All changes 141 

in volume of DS were measured by weighing using digital electronic scales to calculate 142 

the water flux. Moreover, a conductivity meter was immersed in both solutions to 143 

measure concentration and to evaluate the saline flux. To know the FS and DS flow 144 

rates through the corresponding loops and the inlet and outlet pressures, two flowmeters 145 

and two manometers were placed, as shown in figure 1. It is worth noting that any 146 



pretreatment, totally essential for real WWTPs effluents, should be needed in our 147 

conditions. 148 

 149 

 150 

Membrane specifications can be found in Table 1. These membranes have a dense active 151 

layer inside the fiber with a porous Support layer on the external side of the fiber. They 152 

consist of a biomimetic TFC selective layer [38] supported by polysulfone fibers. SEM 153 

pictures of flat and hollow fiber aquaporin membranes can be found in the literature [34, 154 

39, 40]. Fini et al. [37] made a revision of literature on contact angles for Aquaporin flat 155 

membranes registering results from 59º to 96º with an average value of 73º. This contact 156 

corresponds to a fairly high hydrophilicity for the aquaporin flat membrane that could be, 157 

without risk, assumed for our hollow fiber membranes. 158 

 159 

  

 

Figure 1. Schematic illustration of the FO setup. 

 

 

 

 

               
    



Table 1. Specifications for the Aquaporin Inside TM FO hollow fiber module as 160 

provided by the membrane manufacturer. 161 

Manufacturer Aquaporin A/S (Copenhagen, Denmark) 
Membrane module HFFO.6 
Active area 0.6 m2 
Number of fibers 8000 
Fiber length 120 mm 
Inner diameter of fibers 200 μm 
Wall thickness of fiber 35 μm 
Active layer Polyamide thin film composite (TFC) with 

AQP vesicles 
Porous support layer Polysulfone (PS) 
Cross sectional area shell 3.28E-05 m2 
Cross sectional area lumen 2.51E-04 m2 
Water flux (DI water vs.0.5M NaCl, 25 L/h as 
feed flow rate and 15 L/h as draw flow rate, 
temperature 298 K) 

11 ± 1.5 L/m2h 

Specific reverse salt flux (DI water vs.0.5M 
NaCl, 25 L/h as feed flow rate and 15 L/h as 
draw flow rate, temperature 298 K) 

0.15 ± 0.05 g/L 

 162 

2.2. Membrane characterization and operation conditions  163 

To characterize the initial membrane operation, the tests recommended by the 164 

manufacturer have been carried out. These tests have been also carried out before each 165 

experiment, to check membrane performance, with the different emerging contaminants 166 

assayed.  167 

 To determine the reverse salt flux, sJ   and the water flux wJ  , weight and conductivity 168 

measurements were taken every minute for the duration of the experiment, and both 169 

volume and salt flows are extrapolated to zero time. 170 

To calculate  sJ , equation (1) was used, where 
1iFS tC
+

is the salt concentration of the 171 

feed solution in time 1it + , 
iFS tC  the salt concentration of the feed in time it  , 

1iFS tV
+

and 172 



iFS tV  are the feed volumes in times 1it + and it  respectively and A  is the surface area 173 

of the active side of the membrane. 174 
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 wJ   was calculates by using equation (2). 176 
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In order to know the effect of DS concentration in flow rate, experiments have also been 178 

carried out with different NaCl concentrations 250 mol/m3, 500 mol/m3, 750 mol/m3, 179 

1000 mol/m3, 1500 mol/m3, 2000 mol/m3 and with different feed flows rate 5.0·10-6 180 

m3/s, 6.7·10-6 m3/s, 8.3·10-6 m3/s, 10.0·10-6 m3/s, 11.7·10-6 m3/s maintaining constant 181 

the difference of the flows of the feed and the draw solutions (2.5·10-6m3/s). All 182 

measurements were carried out at a temperature of 298 K.  183 

 184 

2.3 Emerging contaminants 185 

All target contaminants of emerging concern (CECs) were purchased from Sigma 186 

Aldrich (Merck KGaA, Saint Louis, MO, USA), Fisher (Fisher Sci., Waltham, MA, 187 

USA) and Scharlab (Scharlab, Barcelona, Spain). The list of contaminants is presented 188 

in Table 2. All of them were prepared individually in stock solutions of 1000 mg/L in 189 

methanol (MeOH), except for amoxicillin which was in MeOH/H2O (1:1) and, 190 

ciprofloxacin and ofloxacin which were in 0.2% HCl MeOH/H2O (1:1). All of them 191 

were saved in the freezer at -80 °C. Subsequently, each stock solution was diluted to 20 192 

mg/L with MeOH and they were kept in the freezer at -20 °C until being used for the 193 

experiments.  194 



Molecular weights (MWs) as well as the octanol–water distribution coefficients (Kow) 195 

were taken from SciFinder database. The octanol / water partition coefficient Kow, which 196 

were used to determine the hydrophobic/hydrophilic character [41,42] of CECs, 197 

represents the concentration ratio of a compound that partially dissolves between two 198 

immiscible phases, one is octanol and the other is water. The octanol / water partition 199 

coefficient is typically used as log Kow and it is positive when the species is hydrophobic, 200 

since it means that more concentration is dissolved in octanol than in water.  201 

The charge can be obtained from the acid / base equilibrium constants, since they allow 202 

us to determine the dominant species at a given pH. In the case of charged species that 203 

depend on the pH of the solution, the hydrophobic / hydrophilic character must consider 204 

their presence. For this purpose, Tetko and Bruneau [43] defined the log D  coefficient 205 

that has been calculated for the compounds of this work (See table 2 and tables S-1 and 206 

S-2 in the supplementary material): 207 

 ( )log log log 1owD K K+−= − +   (3) 208 

Where  209 
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 211 

Table 2. Properties of compounds. 212 

Analytes MW 
(amu) log Kow at 25 °C log D Charge pH 7  

Ciprofloxacin 331.34 1.625 1.625 Neutral 
Ofloxacin 361.37 1.855 1.855 Neutral 

Sulfamethoxazole 253.28 0.659 -0.558 Negative 
Metronidazole 171.15 -0.135 -0.135 Neutral 
Erythromycin  733.93 1.909 0.720 Positive 

Clarithromycin 747.95 2.805 1.616 Positive 
Diclofenac  296.15 4.548 1.727 Negative 
Naproxen 230.26 2.876 0.713 Negative 



Ibuprofen 206.28 3.502 0.911 Negative 
Salicylic acid 138.12 2.011 -1.979 Negative 

Acetaminophen 151.16 0.475 0.475 Neutral 
Clofibric acid 214.65 2.425 -1.395 Negative 
Gemfibrozil 250.33 4.302 2.050 Negative 

Carbamazepine 236.27 1.895 1.895 Neutral 
Triclosan 289.54 5.343 5.343 Neutral 

17-α- Ethinylestradiol (EE2) 296.40 4.106 4.106 Neutral 
17-β-Estradiol (E2) 272.38 4.146 4.146 Neutral 

Estrone (E1)  270.37 3.240 3.624 Neutral 
Atenolol 266.34 0.335 -2.097 Positive 
Iohexol 821.14 -2.921 -2.921 Neutral 
Caffeine 194.19 -0.628 -0.628 Neutral 

Crotamiton 203.28 2.464 2.464 Neutral 
DEET 191.27 2.419 2.419 Neutral 

Atrazine 215.68 2.636 2.636 Neutral 
 213 

The experiments were carried out spiking milliQ (Merck KGaA, Saint Louis, MO, 214 

USA) water with each of analytes individually in FS and at 500 mol/m3 NaCl in DS to 215 

find out the rejection of the membrane to each of the contaminants. Flow rates were set 216 

at 8.3·10-6 m3/s for FS and 5.8·10-6 m3/s for DS  in all experiments. All measurements 217 

were performed at a pH around 7. Spiking levels were selected according to the average 218 

concentrations found for each analyte in the influent of sewage to European urban 219 

WWTPs, especially in Spain, published in the scientific literature [1, 2]. It is worth 220 

noting that the range of concentrations is of the same order at the entrance and exit of 221 

the WWTPs [1,2,13,14] because WWTPs are not designed to remove this type of 222 

pollutant. These concentrations ranged from 2 to 20 μg/L. System operation consisted of 223 

feeding 2 L of spiked DI water against 1 L of a 0.5 M NaCl solution in the draw until a 224 

reduction of the feeding volume of around 50% is achieved. This took around 14 225 

minutes per batch although for times over 10 min the rejection of CECs remained 226 

already stationary. Samples were collected from FS at time 0 and, FS and DS at the end 227 

of the experiment, and immediately stored in the freezer at -20 °C until analysis. 228 

Afterwards, Afterwards, osmotic washes of the membrane were performed by placing 229 



milliQ water in FS and DS for 14 minutes each wash. The washes were carried out to 230 

recover the part of the compound that has been retained inside the hollow fibers of the 231 

membrane. To know if the target analytes are retained on the membrane after the 14 232 

minutes run, FS and DS samples were also collected after each wash for analysis. A 233 

total of 3 wash cycles were carried out, maintaining operational flow rates for both FS 234 

and DS. 235 

 236 

2.4 Rejection rate calculations for CECs.  237 

Rejections of CECs were calculated by equation (5) [36].  238 

 
( )0

1
2

DS end DS end

total FS FS end

V C
R

V C C

 
 = −
 + 

  (5) 239 

Where VDS end is the end volume of the draw, CDS end the end draw concentration, CFS 0 240 

the initial feed concentration, CFS end the end feed concentration and Vtotal the total 241 

transported water volume. Here, this Equation will be applied, and R will be calculated, 242 

for an approximate 50% volume reduction in the feed solution. 243 

 244 

2.5. Analytical Method 245 

The samples were analyzed by Ultra-High-Performance Liquid Chromatography 246 

(UHPLC) – tandem Mass Spectrometry (MS/MS) in Selected Reaction Monitoring 247 

(SRM) mode. More specifically, the chromatographic separation was carried out by a 248 

Sciex Exion UHPLC (Danaher, Washington, DC, USA) and a Phenomenex (Danaher, 249 

Washington, DC, USA) reversed-phase column Kinetex EVO C18 (2.1 mm × 50 mm, 250 

particle size 1.7 μm), making use of H2O and MeOH-based mobile phases containing 251 

0.1% formic acid as modifier. The column was heated up to 40 °C. Injection flow rates 252 



varied from 15 to 500 μL, depending on the analyte and its initial FS concentration, in 253 

order to get optimum analytical conditions. Gradient flow rate was set at 8.3·10-9 m3/s 254 

and total chromatographic run time was 10 min. Mass detection was performed by a Sciex 255 

6500+ QqQ, both positive and negative electrospray ionization (ESI) modes in the same 256 

run. The full list of SRM parameters is given in supplementary material (Table S-3). 257 

Limits of detection (LOD) and quantification (LOQ) are shown in table S-4 of the 258 

supplementary material.  259 

 260 

3. Results and discussion 261 

3.1 FO membrane characterization with pure water feed  262 

The membrane module characterization along the experiments functioned practically 263 

according to the manufacturer's specifications. The small deviations could be attributed 264 

in part to batch-to-batch variability and other differences in the measurement 265 

procedures. Moreover, it is not rare to find worst performances than these claimed by 266 

the manufacturers. In any case, an average permeate flux value of (2.33±0.19) 10-6 m/s 267 

was obtained which is 23 % lower than that consigned by the manufacturer. Besides, a 268 

reverse flow of salt of (3.09±0.16) 10-6 mol/m2s was obtained which is 61 % lower than 269 

claimed by the manufacturer.  270 

The manufacturer gives, for deionized water as feed and 0.5 M NaCl, with a feed rate of 271 

25 L/h and a feed rate of 15 L/h as extraction rate, a specific salt flow of 0.15 ± 0.05 272 

g/L. Here, under the same conditions, we got a specific salt flow Js/Jw = 0.08 g /L. 273 

Values of the order of 0.11g /L are found in literature, see reference [37] (table 2) and 274 

other authors[25,36], for similar modules of forward osmosis hollow fiber membranes 275 

with aquaporins. Membranes with aquaporin favor water over NaCl flux giving 276 



reasonably low specific salt fluxes. The values obtained here are fairly good when 277 

compared to those reported for membranes without aquaporins [44, 45] who reported 278 

Js/Jw, for NaCl solutions on the draw side, well over 0.15 g/L to about 0.5 g/L. Lower 279 

specific salt flows would be obtained for other salts as MgCl2 , for example [45], 280 

although these salts would be less convenient from an practical point of view.  281 

 The characterization of the membrane has been repeated after the experiments with all 282 

the emerging contaminants studied here. It has been observed that the both the flow rate, 283 

Jw, and reverse salt flow, Js, remained practically constant what means that fouling is 284 

very low.  285 

3.1.1 Effect of different feed and draw flow rates  286 

Experiments have been carried out with different feed and draw flow rates concentration 287 

of NaCl was set at 500 mol/m3. The corresponding Reynolds numbers show that in all 288 

cases we have laminar regime on both sides of the membrane (See table S-5 in the 289 

supplementary material where, as an example, the Reynolds number for FS are shown). 290 

The aim is to determine the water flux provided by the membrane at different flow rates 291 

inside the fibers. The maximum water flux for each of the feed flow rates used within 292 

the membrane is obtained by extrapolating at time zero. Within the ranges tested flow 293 

rates have a very limited effect on the water flux through the membrane. Note that, as 294 

commented in section 2.2, in these experiments both the DS and FS are simultaneously 295 

varied while keeping their difference constant. 296 



 297 

As can be seen in Figure 2 (left axis), the permeate flux provided by the membrane is 298 

practically constant, within the error range, in the range of tested feed flow rates. In 299 

effect, it is observed that the linear regression fits the experimental data practically with 300 

zero slope and all the points are within the 95% confidence interval. This can be due to 301 

the constancy of osmotic pressure that controls the flow rate of permeate. In effect, 302 

when osmotic pressure does not change, water flux must remain almost constant. This 303 

would mean that the concentration polarization on the DS side would not be very 304 

sensitive to velocity. This is reasonable, since this polarization occurs within the porous 305 

matrix of the hollow fiber support and must not be affected significantly by the 306 

tangential velocity to the surface of this.  307 

The reverse salt flux at the end of the experiment has a slight upward trend as the flow 308 

rate within the fibers increases as shown in Figure 2 (right axis). It is worth noting that 309 
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Figure 3. Maximum water flux, Jw,max (left axis) and reverse salt flux, Js  (right 
axis) versus FS Flow rates. 



in this case a salt accumulation appears on the active layer of the membrane, which is 310 

efficiently swept by the tangential flow. As the salt flux in this type of system is mainly 311 

diffusive, less polarization means lower salt concentration in the FS side and higher 312 

saline flux, as long as the salt concentration within the porous layer of the membrane on 313 

the DS side can be considered constant [46].  314 

Since wJ  is not nearly sensitive to tangential flow, it can be thought that it is better to 315 

work at low speeds to reduce salt flow. However, since the objective is to use FO for the 316 

elimination of CECs, decreasing the tangential flow (at least on the FS side) would 317 

increase the polarization of the CECs, increasing the loss of CECs on the DS side. 318 

According to figure 2, from a flow of the order of 6.7 .10-6 m3/s, the saline flow remains 319 

almost constant, so something similar is expected to happen with the CECs. 320 

 321 

3.1.2 Effect of NaCl concentration 322 

Experiments were carried out maintaining the feed flow at 6.7·10-6 m3/s and the draw 323 

solution at 4.2·10-6 m3/s and changing the NaCl concentration from 250 mol/m3 to 2000 324 

mol/m3. The objective of this experiment is to determine if there is an optimal NaCl 325 

ratio that allows a lower salt consumption. As in the previous experiment, the maximum 326 

permeate flow rate for each concentration of NaCl studied was obtained by 327 

extrapolating to zero time.  328 



Figure 3 shows the trend of maximum water flux (left axis) and reverse salt flux (right 329 

axis) as a function of DS bulk concentration.  As expected, in both cases the behavior is 330 

increasing with the concentration of DS, since an increase in osmotic pressure will 331 

produce an increase in ,maxWJ  and the increase in the concentration gradient between DS 332 

and FS will increase the diffusive transport of salt, sJ   333 

In FO, when the FS is in contact with the active layer and the DS with the support, 334 

water flux can be calculated as [47]:  335 

 ( ),max ,maxexpw p DS bulk w FS mJ L J Kπ π = − −    (6) 336 

 337 
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Figure 4. Maximum water flux (left axis) and reverse salt flux (right axis) versus 
concentration of salt in the bulk of the DS.  



Where pL  is the hydraulic permeability, DS bulkπ  is the osmotic pressure of the DS in the 339 

bulk and FS mπ  is the osmotic pressure of FS on the membrane surface, K  is the solute 340 

resistivity for diffusion within the porous support layer, defined as [48]: 341 

 
l

DK τ
ε=   (7) 342 

Where l  is the thickness of the active layer,τ  the tortuosityε  porosity and D  the 343 

diffusivity of the solute.  344 

In our case ( ) 123.78 0.07 10 /pL m sPa−= ±  as determined by flow measurements 345 

against pressure in a range between 0.5 and 2.5 bar. Since in this case, maxwJ  346 

corresponds to the extrapolation at zero time (not giving time to the passage of the 347 

solute next to the FS) we can assume that the salt concentration of FS in contact with 348 

the membrane should be zero and therefore, its osmotic pressure. In addition, given the 349 

low flows shown in Figure 2, the osmotic pressure of FS should be negligible compared 350 

to DS. 351 

( ),max ,maxexpw p DS bulk wJ L J Kπ= −     (8) 352 

The osmotic pressure can be determined from the Van't Hoff equation; since, for NaCl 353 

solutions below 2000 mol/m3, the Van't Hoff estimates it with notable accuracy [46, 354 

49]: 355 

 DS bulk g DS bulkiR TCπ =   (9) 356 



Where i  is the Van’t Hoff factor, gR  is the universal constant of the gases, T the 357 

absolute temperature and DS bulkC  the concentration of DS in the bulk.  358 

 359 

Figure 4 shows the values of ,maxwJ  as a function of the osmotic pressure in the DS bulk. 360 

An adjustment to equation (8) allows us to determine the solute resistivity for diffusion 361 

within the porous support layer ( ) 53.36 0.10 10 /K s m= ± . It is appreciated that although 362 

there is a certain dispersion in the experimental data, the trend of the values is like that 363 

of the model. According to equation (7) if we multiply K  by the diffusivity of the NaCl 364 

we obtain the value of a relation that only depends on geometric values of the 365 

membrane: ( ) 4/ 4.99 1.4 10l mτ ε −= ± . This value is very similar to the one found by 366 

other authors for FO membranes. [47].  367 
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Figure 5. Maximum Water Flux Values versus DS Osmotic Pressure in Bulk. The 
curve corresponds to the fit of the data to the model (Equation (5)). 

 

 



It is observed that the model predicts an increase in ,maxwJ  as the osmotic pressure (that 368 

is, the concentration of DS) increases. However, the slope is decreasing, which makes 369 

us weigh other factors such as saline flow and energy costs of increased tangential flow. 370 

Figure 3 shows an approximately constant increase with concentration of DS in the 371 

bulk. This is known as the diffusive Flow: 372 

 s DS m FS mJ B C C = −     (10) 373 

 Where B is the salt permeability coefficient of the active layer , DS mC  and FS mC  are 374 

the salt concentration of the DS and FS in contact with the active layer of the membrane 375 

respectively. According to McCutcheon and Elimelech [47]: 376 

        
( )
( )

,max

,max

exp

exp /
DS m DS bulk w

FS m FS bulk w m

J K

J k

π π

π π

= −

=
   (11) 377 

  378 



where DS mπ  and FS mπ  are the osmotic pressures in contact with the active layer of the 379 

membrane on the DS and FS side respectively, and mk  is the mass transfer coefficient in 380 

the FS. Making use of Film Theory and using the Graetz-Leveque relationship [50] we 381 

can determine mk . Thus, the use of Van't Hoff's equation, the (11) equations, allows us 382 

to determine the concentrations of the solution on both sides of the active layer of the 383 

membrane. The adjustment of the saline flow against the difference of concentrations on 384 

both sides of the active layer of the membrane (equation (10)) allows us to determine 385 

the salt permeability coefficient of the active layer, ( ) 82.83 1.3 10 /B m s−= ±  although 386 

with a wide range of uncertainty (see fig S-1) in supplementary material). However, 387 

taking into account equation (8) and considering despicable FS mC  versus DS mC  in the 388 

equation (10), the following relation is obtained [46]: 389 
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Figure 6. Reverse saline flux versus maximum water flux. 

 



 ,maxs w
g

BJ J
AiR T

=   (12) 390 

This allows to determine the salt permeability coefficient of the active layer in a simpler 391 

way. Figure 5 shows this representation and the fit to the equation (12). In this case,392 

( ) 82.6 0.5 10 /B m s−= ± . Value compatible with the one obtained by the previous 393 

method and with a lower level of accidental error. This value is in the lower range of the 394 

values found in the literature for FO [51]. The figure shows that the increase in water 395 

flux (produced by the increase in osmotic pressure) produces a linear increase in saline 396 

flow. This fact, together with the ,maxwJ curvature shown in Figure 4 and the increase in 397 

process costs incurred by increasing the salt concentration in the DS, suggests that a 398 

concentration of 500 mol/m3 of NaCl may be appropriate for the process of 399 

concentrating CECs by FO. 400 

3.2 Rejection of CECs 401 

These experiments have been performed with a feed flow of 8.3·10-6 m3/s and draw 402 

solution flow of 5.8·10-6 m3/s with a NaCl concentration of 500 mol/m3. A 403 

concentration of 500 mol/m3 has been chosen because it is similar to that of sea water. 404 

The circulation flows on the FS and DS were chosen, in accordance with Figure 2, when 405 

JS and JW are almost constant and CECs concentration polarization is fairly small by 406 

simultaneously keeping energy costs down. Rejection of each emerging contaminant 407 

was evaluated by using Equation (5), when 50% of the feed volume reduction had been 408 

achieved. The experiments were performed for each compound separately in the feed 409 

solution, with a concentration in the interval between 2-20 μg/L depending on each 410 

compound and always considering similar concentrations to those found in the literature 411 

for these compounds. The spiking concentration of each compound is shown in table S-412 

2 of the supplementary material. Figure 6 shows the percentage of rejection for the 24 413 



contaminants tested, divided into three groups according to their charge at pH=7 (See 414 

table 2). All the compounds were found to be at least 93% rejected and 19 of them have 415 

rejections greater than 99%. This was expected as the rejection of this type of 416 

substances in this kind of membranes, with a certain porous structure and chemical 417 

nature, is related to their MW, electrical charge and hydrophilic/hydrophobic character 418 

of the permeating solutes [52]. 419 

 420 

Figure 6. Rejection of contaminants grouped according to their charge at pH=7. 421 

Figure 7 shows the influence of these parameters on the rejection of all the analytes 422 

sorted out by their polarity at pH 7 (positive, negative, and neutral). A clear dependence 423 

on the molecular weight was observed. It can also be appreciated, for neutral or 424 



negatively charged molecules, a tendency to increase rejection with the hydrophobic 425 

character of the substance. Compounds with lower rejection such as DEET, 426 

Metronidazole and Acetaminophen as can be seen in figure 6 have in common the low 427 

molecular weight and the lack of any net charge. Small molecules might be able to 428 

reach the porous structure in the membrane active layer and get a larger adsorption 429 

surface. Since they have a lower molecular weight, they are easier to pass through the 430 

membrane. However, in the case of Atenolol (MW=266.34) that has a positive charge, 431 

we obtained a higher rejection than expected based on its MW. This should be due to 432 

the deposition of part of the compound on the active layer [53] which is negatively 433 

charged. In fact, a membrane from the same manufacturer with a larger area but with 434 

the same type of hollow has an isoelectric point is at 3.7 [37, 39]. An isoelectric point in 435 

the range from 2 to 4 was expected due to the carboxylic groups at the surface of the 436 

polyamide [54]. This would be reflected in a decrease in concentration in the permeate, 437 

more pronounced in systems with small feed concentrations, as in this case. Equation 438 

(5) would give lower rejections than those expected as in this case, and they would 439 

increase when the system completely reached the stationary status as other authors have 440 

observed. [52, 53]. With an analysis of the global loss of mass in the system, as we will 441 

do in the following section, this behavior can be corroborated. Either way, it seems 442 

reasonable to admit that the imperfect fitting of rejection on MW and log D can be 443 

attributed to possible specific chemical or physical interactions of the contaminants with 444 

the membrane. 445 

 446 



 447 
Figure 7: Rejection according to the molecular weight and the hydrophobic/hydrophilic 448 
character of the permeating substances. 449 

 450 

There are several studies with forward osmosis membranes that examine the rejection of 451 

emerging contaminants. Some studies have been performed using cellulose triacetate 452 

(CTA) membranes. Kim et al. (2018) found that for the charged compounds (Atenolol, 453 

Ibuprofen, Naproxen, Gemfibrozil, Sulfamethoxazole and Diclofenac), rejections 454 

between 80-98% were obtained. For nonionic compounds (such as Carbamazepine, 455 

Estrone, 17 α-Ethynilestradiol, Paracetamol, Metronidazole, Clofibric acid, DEET and 456 

Caffeine) Kim et al. obtained rejections between 40-98% [55]. Gao et al. (2018) studied 457 
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the rejections of four contaminants with a CTA membrane and found rejections for two 458 

of our studied hormones (E1 and E2) between 77-99.9% [56]. 459 

However, previous studies have shown that TFC FO membranes, in addition to 460 

achieving higher water flux, also achieve better contaminant rejection than cellulose 461 

triacetate (CTA) FO membranes [31,55,57,58]. 462 

There are more limited studies of the rejection of contaminants by a TFC membrane. 463 

All of them use a hollow fiber configuration for the FO TFC membrane. Nikbakht et al. 464 

(2020) found a high rejection in contaminants such as 2–6 dichloro-benzamide (BAM), 465 

2-methyl-4-chlorophenoxyacetic acid (MCPA) and 2- (4-chloro-2-methylphenoxy) 466 

propionic acid (MCPP) (> 97%) [37]. Engelhardt et al. (2018) had a high rejection in 467 

2,4-dichlorophenoxyacetic acid (2,4-D), bisphenol A (BPA) and methyl paraben (> 468 

95%) [36]. 469 

Therefore, if we comparing the previous rejections obtained with a FO flat CTA 470 

membrane with our results with the FO Aquaporin HF membrane, it is observed that we 471 

obtained better rejections for the same contaminants studied. Nonetheless, results with 472 

hollow fiber forward osmosis TFC membranes cannot be compared because they are 473 

much scarcer up to now.  474 

The results of saline flux and water flux do not present significant variations with the 475 

type of contaminant and neither is there a trend that can be related to the molecular 476 

weight, the electrical charge or the hydrophobic/hydrophilic character (see fig S-2 and 477 

S-3) in supplementary material). The mean value with its standard deviation for all 478 

experiences with CECs is (2.28 ± 0.28) 10-6mol/m2s for NaCl flow (Js) and (2.05 ± 479 

0.12). 10-6 m/s for Jw. There is a decrease in the average values of 36% for Js and 16% 480 



for Jw, compared to the values obtained with pure water in FS, at the same salt 481 

concentration in DS and the same speeds (See fig 2). 482 

It seems clear that the presence of the CECs produces a decrease in both flows. On the 483 

one hand, the saline and water diffusion should decrease due to the presence of the other 484 

solute. In addition, the possible adsorption of the CECs could reduce the effective size 485 

of the pores (and even cause their blockage), producing a reduction of both flows. In the 486 

following section, we will see that adsorption is an important phenomenon, which is 487 

present in these experiences. 488 

We should not forget that the rejection values of the CECs shown are calculated as an 489 

average value. In addition, we must consider that it is an observed rejection, since there 490 

will be polarization of the concentration near the surface of the membrane. This 491 

polarization will depend on the concentration of CEC in the FS and the water flux, Jw, 492 

(i.e., the concentration of NaCl in the DS), for certain conditions of tangential flow in 493 

the DS and FS. To see if this effect is important in our system, rejection measurements 494 

were made at two concentrations of CECs in FS (3 and 10 ppm) and two concentrations 495 

of NaCl in DS (500 mol/m3 and 1000 mol/m3) for three of the previous CECs: Clofibric 496 

acid, Atenolol and Diclofenac) maintaining the conditions of the tangential flow equal 497 

to those used for the rest of the CECs in this section.  498 

No significant differences (or trends) were observed with the change of any of the 499 

variables. The values of the standard deviations between the different conditions 500 

measured are less than the experimental error inherent in the measurement (see table S-501 



2 and fig S-4 in the supplementary material). This is to be expected, since the decrease 502 

in the feed concentration considerably reduces its polarization [59]. 503 

Finally, it is worth mentioning that, although an adsorption of some CEC within the 504 

matrix of the membrane could modulate initial rejection, we have not detected it. This 505 

could be due to a very fast kinetics of such initial adsorption step. Anyway, the 506 

corresponding fluctuation would be within the error range. 507 

3.3 Recovery of CECs in the different stages 508 

It was observed, in the previous section that although all the compounds tested showed 509 

rejections very close to 100 %, and even when rejection is 100 %, the compound was 510 

not completely recovered in the feed solution. This phenomenon has already been 511 

observed by other authors for some of the compounds used in this work in a 512 

nanofiltration aromatic polyamide membrane [53]. This may imply that a significant 513 

part of the compounds tested may be retained inside the membrane fibers. In order to 514 

determine whether internal retention occurs, three washings of the membrane with 515 

MilliQ water was performed for each contaminant under the same conditions and with 516 

the same flow rate in order to recover the CECs internally retained. Samples were taken 517 

from the feed solution and from the draw solution.  As can be seen in Figure 8, in the 518 

initial experiment (Test FS+ Test DS) the percentage of recovery of each compound 519 

varies between 50% and 70% except for Ciprofloxacin, Triclosan and Atenolol which 520 

only were recovered around 35%. As it is shown in the figure, most of the contaminants 521 

were recovered after the first wash, in the second wash the recovery percentage was 522 

very low, and the third wash would not be necessary.  The data obtained for rejection in 523 

the previous section show that the aquaporin hollow fiber membrane can reject more 524 

than 93 % of the 24 emerging contaminants analyzed. However, there may be important 525 

interactions between the material of the fibers and the tested compounds, which makes 526 



the retention inside the membrane an important factor to be considered, being necessary 527 

to carry out two washes to completely recover each contaminant. 528 
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Figure 8. Recovery in the different stages. 530 

 531 



To analyze the influence of solute adsorption on the porous matrix (as in the case of 532 

retention analysis) we have analyzed its behavior as a function of the molecular weight 533 

and the log D coefficient. Figure 9 shows the mass of solute recovered in the FS after 534 

the rejection test. We consider that this recovery is the most correlated with the 535 

adsorption active sites, while the recovery after the washing must be more related to the 536 

strength of the interaction between the solute and the membrane. There is a very clear 537 

trend between adsorption (low recovery) and low molecular weight. Compounds of 538 

lower molecular weight can enter into the porous structure of the active layer and 539 

therefore have a larger adsorption surface. However, this adsorption also depends on the 540 

interaction between the compound and the membrane. A clear case is atenolol, which at 541 

pH=7 must have positive character. As it has a low molecular weight it must be able to 542 

penetrate more easily than other compounds in the porous matrix. Nevertheless, their 543 

rejection is 100% and their recovery is the lowest. This fits with the negative charge of 544 

the membrane that interacts with the positive molecules of the compound giving a 545 

recovery of less than 34%. Although later, with the washings recovering increases 546 

substantially, this recovery tends to be proportional to that of the first one. So that the 547 

three CECs that are most adsorbed in the rejection test are the farthest away from full 548 

recovery after the three washes. This should imply a strong solute-membrane 549 

interaction. Although as we see in this case there is no relation with log D for these 550 

three compounds (see table 2). 551 



 552 

An analysis of the recovery capacity of the CECs was also performed as a function of 553 

the CEC concentration in the FS and the NaCl concentration in the DS. The same three 554 

CECs were studied as in the case of retention: Clofibric acid, Diclofenac and Atenolol. 555 

In the case of the two compounds with a negative charge at pH = 7 (Clofibric acid and 556 

Diclofenac, see table 2) no significant trends were observed and the differences were 557 

attributed to experimental deviations. The total recovery of both is close to 100% for all 558 

the conditions analyzed (similar to what is seen in Figure 8). In the case of Atenolol, a 559 

compound that as we have mentioned has a positive charge at pH=7, it does present a 560 

significant increase in recovery when the concentration of the compound in FS is 561 

increased, as shown in figure 10. In these figures recovery for several experiments with 562 

different feed solution (atenolol) and draw solution (NaCl) concentrations and 563 

consecutive washings. 564 
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Figure 9: Recovery in the FS of the different CECs after the rejection test against the 
molecular weight and log D. 



 565 

 566 

We have already commented that the low recovery of this compound must be related to 567 

its positive charge and its small size. Under these conditions, the compound can access 568 

the negatively charged sites of the membrane matrix, producing a stable bond. When the 569 

concentration of the compound in FS increases, most of the negative sites have already 570 

been occupied and Atenolol ceases to be accumulated within the porous matrix of the 571 

membrane. A decrease in recovery is also observed when the concentration of NaCl in 572 

the DS is increased. This increase in concentration we have seen produces an increase in 573 

Jw and Js (see fig 3). The increase in Jw will facilitate the flow of Atenolol into the 574 

porous matrix and the increase in Js will increase the concentration of NaCl within the 575 
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Figure 10: Recovery of Atenolol after the rejection test and after several washings. 
Experiments have been made with different concentrations of atenolol in FS and with 
different concentrations of NaCl in DS. 



porous matrix by modifying the electrical double layer and the surface charge 576 

distribution. This double effect must be responsible for the greater affinity of Atenolol 577 

for the surface of the membrane when the concentration of DS is increased. 578 

Previous studies confirmed that diffusion was the mechanism responsible for the 579 

rejection of aquaporin membrane contaminants through the FO system [23,26]. In fact, 580 

the increase in the rejection of the contaminant became less pronounced with the 581 

increase in the concentration of the draw solution (from 0.5 M to 1.0 M NaCl), 582 

according to these studies. This seems consistent with the solution-diffusion 583 

mechanism. In our case, due to the high retention values of the compounds studied we 584 

have not been able to analyze this behavior. However, the decrease of the Atenolol 585 

recovery (higher penetration in the porous matrix) with the increase of the driving force 586 

seems to confirm this behavior. 587 

 588 

4. Conclusions 589 

The research carried out shows that a high rejection of the different pollutants studied 590 

can be achieved when using a hollow fiber forward osmosis aquaporin module. It was 591 

possible to report a rejection higher than 99% for Ciprofloxacin, Ofloxacin, 592 

Sulfamethoxazole, Erythromycin, Clarithromycin, Diclofenac, Naproxen, Ibuprofen, 593 

Salicylic acid, Gemfibrozil, Carbamazepine, Triclosan, 17-α -Ethinylestradiol (EE2), 594 

17-β-Estradiol (E2), Atenolol, Iohexol, Caffeine, Crotamiton and Atrazine. For 595 

Metronidazole, Acetaminophen, Clofibric acid, Estrone (E1) and DEET, minor rejects 596 

were obtained but over 93% in any case. Membrane rejection was probably influenced 597 

by the molecular dimensions, loading and membrane adsorption behavior of the organic 598 

contaminants tested. It is expected that, for a membrane with a certain porous structure 599 



and chemical nature, the retention of this type of substances is related to its molecular 600 

weight (MW), its electrical charge and its hydrophilic/hydrophobic character of the 601 

permeating solutes. We could say that the aquaporin hollow fiber membrane is excellent 602 

in rejecting contaminants, but global mass balance indicates that a part of CECs is 603 

trapped due to adsorption within the porous matrix of the membrane. Hence, up to two 604 

full rinses were necessary to fully recover each contaminant. There is a very clear 605 

relationship between adsorption (low recovery) and low molecular weight. Small 606 

molecules might be able to reach the porous structure in the membrane active layer and 607 

get a larger adsorption surface. 608 

 609 
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 858 

Figure Captions 859 

 860 

Figure 7. Schematic illustration of the FO setup. 861 

Figure 8. Maximum water flux, Jw,max (left axis) and reverse salt flux, Js  (right axis) 862 
versus FS Flow rates. 863 

Figure 9. Maximum water flux (left axis) and reverse salt flux (right axis) versus 864 
concentration of salt in the bulk of the DS.  865 

Figure 10. Maximum Water Flux Values versus DS Osmotic Pressure in Bulk. The curve 866 
corresponds to the fit of the data to the model (Equation (5)). 867 

Figure 11. Reverse saline flux versus maximum water flux. 868 

Figure 6. Rejection of contaminants grouped according to their charge at pH=7. 869 

Figure 7: Rejection according to the molecular weight and the hydrophobic/hydrophilic 870 
character of the permeating substances. 871 

Figure 8. Recovery in the different stages. 872 

Figure 9: Recovery in the FS of the different CECs after the rejection test against the 873 
molecular weight and log D. 874 

Figure 10: Recovery of Atenolol after the rejection test and after several washings. 875 
Experiments have been made with different concentrations of atenolol in FS and with 876 
different concentrations of NaCl in DS. 877 

 878 

Table Captions 879 

Table 3. Specifications for the Aquaporin Inside TM FO hollow fiber module as 880 
provided by the membrane manufacturer. 881 

Table 4. Properties of compounds. 882 
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