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Abstract 16 

 17 

In the last years, forward osmosis (FO) has gained increasing prominence, new 18 

membranes are being developed and new applications are being considered. In this 19 

study, the recovery of nitrogen and phosphorus of the anaerobically digested sludge 20 

centrate was studied by FO using two industrial effluents characterized by high osmotic 21 

pressure (residual stream from an absorption process for ammonia elimination and brine 22 

from a seawater desalination facility) as draw solutions. The experiments were carried 23 

mailto:Tel:%2034629786077


out in a laboratory plant testing two FO membranes (CTA-NW and Aquaporin Inside 24 

membrane). Results showed that nitrogen concentration was achieved with both 25 

membranes and both draw solutions. The use of the effluent from ammonia absorption 26 

enhanced of the nitrogen concentration in the feed stream to the FO membrane. The 27 

reached concentration factor in the laboratory tests was 1.61 when Aquaporin 28 

membrane was used. Phosphorus could not be concentrated because of its precipitation 29 

as calcium phosphate (confirmed by EDX analysis) as a consequence of the high 30 

calcium concentration of the municipal wastewater.  31 

 32 

 33 

Keywords: forward osmosis; draw solution; nutrients concentration; waste water. 34 

 35 

1. Introduction 36 

In the last years the recovery of nutrients from wastes and streams coming from sludge 37 

treatment processes of municipal wastewater treatment plants (MWWTP) has aroused 38 

increasing interest [1]. On the one hand, the recirculation of ammonium nitrogen to the 39 

entrance of the MWWTP entails its nitrification increasing the aeration cost. On the 40 

other hand, the scarcity of natural sources of phosphorous [2,3] has caused increasing 41 

attention to the possibility of phosphorous recovery from streams with high 42 

phosphorous concentration like the anaerobically digested sludge centrate (ADSC). In a 43 

common wastewater treatment plant, the mixed sludge from primary and secondary 44 

treatments is anaerobically digested and then dehydrated by centrifugation. The clarified 45 

stream is commonly called ADSC (also called sludge water or sludge liquor from 46 

centrifuge).  47 



The separated treatment of ADSC began to be studied because of its contribution to the 48 

total ammonium nitrogen entering the biological reactor, which makes difficult the 49 

accomplishment of the legal nitrogen discharge standard [4]. In fact, the nitrogen load 50 

of this stream could contribute to the total nitrogen entering the wastewater treatment 51 

plant (WWTP) up to 25% [5,6]. Thus, the main characteristic of this stream is its high 52 

ammonium nitrogen concentration, which can be higher than 1000 mg·L-1. In addition 53 

to it, the concentration of phosphorous is also high [7], around 8% of the phosphorous 54 

load entering the plant, as reported by Holloway et al. [8]. In this way, Ping et al. [9] 55 

proposed recently a separated treatment consisting of a reactor for precipitating it in 56 

struvite form in order to recover phosphorous from the ADSC. They published that 57 

amorphous calcium phosphate (predominant with low PO4-P precipitates), calcite, 58 

brucite (predominant with high PO4-P precipitates) and magnesium phosphate were also 59 

precipitated. 60 

Most of the works that can be found in the literature proposing the separated treatment 61 

of the ADSC suggest eliminating the nitrogen biologically without taking into account 62 

the possibility of its recovery for a further agricultural use. Thus, a separated biological 63 

treatment based on the Single reactor system for High 64 

activity Ammonium Removal Over Nitrite (SHARON) processes [10] was even 65 

implemented at industrial scale [11] and deeply studied by other authors [12]. Fux et al. 66 

[12] studied nitrogen removal by nitration/denitritation process by means of a 67 

sequencing bath reactor (SBR) operating with continuous dewatering liquor addition. 68 

Results showed that around 85-90% nitrogen was removed. Biological nitrogen 69 

elimination through nitrite saves aeration costs since the oxidation of nitrite to nitrate 70 

was avoided. Furthermore, the combination of SHARON and anaerobic ammonium 71 

oxidation (ANAMMOX) processes [10] could reduce the costs even more; since nitrites 72 



are reduce by the ammonium-nitrogen in this process. However, a solution including 73 

nitrogen recovery instead of nitrogen elimination is undoubtedly better from an 74 

economical and an environmental point of view. 75 

In the last years, forward osmosis (FO) has gained increasing prominence, new 76 

membranes are being developed and new applications are being considered [13]. Thus, 77 

applications of this technique can be found in the literature. For example, Holloway et 78 

al. [8] studied nutrients removal by FO from anaerobic digester centrate combining with 79 

a reverse osmosis (RO) process. They found that at larger-scale approximately the 70% 80 

of water was recovered (results from mathematical model). FO allows concentrating one 81 

liquid stream diluting another one simultaneously. According to the article review about 82 

hybrid FO processes by Checkly et al. [14], the key of the success of the application lies 83 

on avoiding an expensive further treatment of the diluted draw solution (DS) for its 84 

regeneration or on finding an economically feasible hybrid process [14]. Van der 85 

Bruggen and Luis [15] and Shaffer et al. [16] published interesting critical reviews 86 

about the FO process and its applications. There is a lack of works of the literature that 87 

report FO processes using industrial effluents as DS. Only the work performed by Duan 88 

et al. [17] is cited in these review papers. These authors proposed the use of sodium 89 

lignine sulfonate (a residual stream of the paper manufacturing). The diluted draw 90 

solution was applied directly as a medium for plant growth in deserts [17]. The use of 91 

actual industrial effluents has the great advantage that they have not to be regenerated.  92 

The selection of the DS is of great importance, since the concentration difference of the 93 

compounds between feed and draw sides enhances the reverse salt flux by the Fick’s 94 

law [18]. In this way, the increment of the ions concentration in the feed solution has to 95 

be previously taken into account. In this way, studies about direct and reverse salt 96 

passage through FO membranes using model solutions can be found in the literature 97 



[19–21]. Hancock et al. [19] reported that the specific reverse salt flux in FO processes 98 

ranges between 80 and 3000 mg·L-1 stating that monovalent ions had lower range of 99 

permeation than divalent ions. Philip et al. [20] noticed that the reverse salt flux was 100 

independent of the DS concentration and the structure of the membrane support layer. 101 

Holloway et al. [21] reported that the RSF was lower for mixed salts DSs than for pure 102 

NaCl solutions.  103 

Until now, the treatment of the ADSC by FO has hardly been studied. Table 1 104 

summarizes these previous studies. For example, Ansari et al. [7] used FO for 105 

recovering the phosphorous by precipitation, since the progressive pH increase in the 106 

ADSC used as feed solution enhanced the separation of the phosphorous by 107 

precipitation. However, any of these studies uses actual industrial wastewater as DS. 108 

In this work, the concentration process by FO of nitrogen and phosphorus in the 109 

anaerobically digested sludge centrate was studied using two industrial effluents 110 

characterized by high osmotic pressure (residual stream from an absorption process for 111 

ammonia elimination and brine from a seawater desalination facility) as draw solutions. 112 

The behavior of two FO membranes were compared both in terms of the permeate flux 113 

and in terms of reverse salt flux for the aforementioned application. 114 

Table 1: Previous studies about the treatment of the ADSC by FO. 115 

Year Membrane Feed Solution Draw solution Concentration rate Reference 

2007 CTA-HTI Raw and 
filtered centrate 

NaCl solution (70 
g·L-1) 

high retentions of 
orthophosphate (higher 

than 99.5%) and ammonia 
(between 85 and 91.6%) 

[8] 

2016 CTA-HTI Digested Sludge 
Centrate See water 95% of the initial 

phosphate [7] 

2017 Aquaporin 
Inside  

Synthetic 
digestate NH4HCO3 solution 

Recover the 99,7% of 
ammonium nitrogen and 
79,5% of phosphorous 

[22] 

2018 CTA-HTI Municipal 
sewage NaCl solution Sewage concentration up 

to 90% [23] 



2. Material and methods 116 

 117 

2.1. Feed solutions 118 

Two feed solutions (FS) were used for each DS tested in the FO experiments. The first 119 

FS was deionized water with a conductivity value lower than 10 µS·cm-1. The second 120 

one was the ADSC from a municipal wastewater treatment plant located near Valencia 121 

(Spain). All the ADSC samples have been taken from the outlet pipe of the centrifuge, 122 

which works at 3000 rpm. The ADSC pre-treatment before each FO test consisted of 123 

filtering the sample with a 500 microns mesh. After this pre-treatment, the ADSC was 124 

characterized and results were shown in Table 2.  125 

It has to be highlighted the great variability of the values of total phosphorous (TP), 126 

chemical oxygen demand (COD) and suspended solids (SS) in comparison with pH, 127 

conductivity, total nitrogen (TN), ammonium nitrogen (NH4-N) and calcium (Ca+2), 128 

whose standard deviations are in a much lower percentage. The explanation for the SS 129 

variability lies on the efficiency of the centrifugation process. In addition to it, a slight 130 

increase in the ADSC suspended solids concentration will also entail an increase in the 131 

total COD of the sample. Concerning to the phosphorous variability, this fact may be 132 

due tospontaneous calcium phosphate and struvite precipitation occurring at the 133 

anaerobic digester exit. The uncontrolled struvite precipitation was recently estimated 134 

by Martí et al. [24] in 9.5 g of TP per kg of sludge. 135 

 136 

 137 

 138 



Table 2: Characterization of the CADS used in the FO experiments as FS (number of samples = 5). 139 

Parameter Value 
pH 8.1 ± 0.2 
Conductivity (mS·cm-1 ) 9.69 ± 1.50 
COD (mg·L-1) 1,941 ± 837 
SS (mg·L-1) 559 ± 343 
TN (mg·L-1) 975 ± 164 
NH4-N (mg·L-1) 886 ± 189 
TP (mg·L-1) 10.4 ± 8.1 
Ca2+ (mg·L-1) 203 ± 25 
Mg2+ (mg·L-1) 114 ± 29 
SO4

2- (mg·L-1) 110 ± 37 
Cl- (mg·L-1) 1,412 ± 301 
Na+ (mg·L-1) 417 ± 102 
K+ (mg·L-1) 388 ± 41 
Osmotic pressure (bar) 5.3 

 140 

2.2. Draw solutions 141 

Two DS were used in the FO tests: brine from seawater desalination taken in a plant 142 

located in Alicante province (Spain) and the liquid effluent from an absorption process 143 

for ammonia removal taken in an industrial wastewater treatment plant located in 144 

Galicia (Spain). The absorption liquid effluent (ALE) consisted basically of ammonium 145 

sulfate since sulfuric acid was employed for ammonia recovery coming from a 146 

desorption process. Thus, the characterization of the ALE has been carried out in terms 147 

of pH, conductivity, NH4-N and sulfates (SO4
-2) concentration. Table 3 shows the 148 

composition of the brine and the ALE samples used in the experiments. The pH of the 149 

ALE was increased up to 7.0 (with NaOH 40% w/w, from Panreac, Spain) so that 150 

membranes could not be damaged by the acidic pH. The molarity values of the sodium 151 

chloride in brine and the molarity of the ammonium sulfate in ALE were 1.2M and 1 M, 152 

respectively. These values were calculated on the basis of the chloride and ammonium-153 

nitrogen measured concentration, respectively. 154 

 155 



Table 3: Characterization of the DS used in the experiments. 156 

Parameter ALE Brine  
Conductivity (mS·cm-1) 152  84.7 
SO4

2- (mg·L-1) 154,500 5,750 
NH4-N (mg·L-1) 28,618 ---- 
Cl- (mg·L-1) ---- 43,850 
Na+ (mg·L-1) ---- 23,000 
Ca2+ (mg·L-1) ---- 2,475 
Mg2+ (mg·L-1) ---- 3,075 
K+ (mg·L-1) ---- 740 
Osmotic pressure (bar) 76  54  

 157 

 158 

2.3. Analytical methods 159 

The characterization of the draw and feed solutions included the analysis of the 160 

following ions: NH4
+-N, Ca+2, magnesium (Mg+2), SO4

-2, chloride (Cl-), potassium (K+) 161 

and sodium (Na+). NH4
+-N content was determined by a “Pro-Nitro M” distiller (P-162 

Selecta, Spain). Ca+2, Mg+2, SO4
-2, Cl- and K+ concentrations were measured using kits 163 

and the spectrophotometer NOVA 30 both provided by Merck (Spain). The Na+ 164 

concentration was analyzed by means of sodium selective electrode ISE IntelliCAL HQ 165 

40d supplied by Hach Lange (Spain). All of these parameters were analyzed after 166 

filtering the samples with a 60 μm filter.  167 

 168 

pH and conductivity measurements were carried out with pHMeter GLP 21+ and EC-169 

Meter GLP 31+ (CRISON), respectively. Total solids (TS) were measured according to 170 

Standard Methods [25]. COD, TN, and TP were analyzed using kits and the 171 

spectrophotometer DR600, both provided by Hach Lange (Spain).  172 

 173 

2.4. Laboratory plant 174 



Experiments were carried out in a laboratory plant (Fig. 1) equipped with a CF042-FO 175 

module (STERLITECH, USA) that could house a flat sheet membrane with an active 176 

surface of 42 cm2. In order to measure continuously the conductivity of the feed and 177 

draw solutions, two conductivity meters (model CDH-SD1 from Omega Engineering, 178 

United States) trademark was used in the tests performed. The draw and the feed 179 

solutions were pumped to the module by two peristaltic pumps, Pumpdrive 5106 180 

(HEIDOLPH, Germany). The flow rate of the draw and the feed solutions were 181 

measured with flow meter 2300 from TECFLUID (Spain) and was adjusted to 30 L·h-1. 182 

The mass of water that passes through the membrane was measured from the mass 183 

change of the draw solution tank. For it, a digital scale model PKP from KERN 184 

(Germany) was used. It can measure up to 4,200 g with a maximum deviation of 0.01 g. 185 

The measurements were registered every minute in a computer with a RS232 to USB 186 

cable and the software “Kern Balance Connection SCD-4.0”. 187 

 188 

 189 

Figure 1: Scheme of the laboratory-scale plant. (1) forward osmosis module, (2) peristaltic pump, (3) Tank, (4) 190 
flow meter, (5) pressure gauge, (6) conductivity meter, (7) scale, (8) magnetic stirrer. 191 
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2.5. Membranes and experimental planning 192 

Two flat sheet membranes were used in the experiments: CTA-NW from HTI (USA) 193 

and Aquaporin INSIDE™ (AIM) from AQUAPORIN A/S (Denmark). The tests were 194 

carried out with the active layer of the membrane facing the feed solution. After each 195 

FO experiment, the membrane was cleaned out of the module. It was submerged in a 196 

solution with EDTA (0.8% w/v) and Alconox (1% w/v) during 1 hour and the pH of this 197 

solution was corrected until reaching a pH value of 6.6. 198 

 199 

All the experiments followed the same methodology. The duration was 72 hours. 200 

Conductivity of draw and feed solutions and mass of the DS were measured 201 

continuously. The analysis carried out depended on the DS and the FS tested. Nine 202 

experiments were carried out. They are detailed in Table 4.  203 

Before and after each test, membrane was characterized by determining its permeability 204 

and its salt reverse flux as it was detailed in a previous study [18]. The membrane water 205 

flux (Jw) was calculated following Eq. 1: 206 

𝐽𝑤 =  
∆𝑉
𝐴 · ∆𝑡

                                                                                                                                   (1) 

Where, ΔV is the total volume increase in the draw solution tank (L) in a Δt (h) period, 207 

and A is the active FO membrane area (m2). The specific reverse salt flux (SRSF) 208 

expressed in mg·L-1 in the FO experiments has been calculated according to Eq. 1.  209 

Several authors like Nguyen et al. [26] and Zou et al. [27] also calculated the SRSF as it 210 

is showed in Eq. 2.  211 

 212 



𝑆𝑅𝑆𝐹 =  𝑉𝐹,𝑓·𝐶𝐹,𝑓− 𝑉𝐹,𝑖·𝐶𝐹,𝑖

𝑉𝐹,𝑖− 𝑉𝐹,𝑓
                                                                                (2) 213 

 214 

Where VF,f is the feed volume at the end of the FO experiment, CF,f is the ion 215 

concentration in the feed at the end of the experiment,  VF,i is the feed volume at the 216 

beginning of the FO experiment (t = 0) and CF,i is the ion concentration in the feed at 217 

the beginning of the experiment (t = 0). 218 

Membranes samples before and after the FO tests with ADSC as FS were also observed 219 

with a Field Emission Scanning Electron Microscopy (FE-SEM) model Ultra 55 from 220 

Oxford Instruments (United Kingdom). Elemental analysis was also carried out to find 221 

out the composition of the precipitated salts. 222 

 223 

Table 4: Experimental planning for the FO tests. 224 

Test number Membrane FS DS 
1 CTA-NW Deionized water ALE 
2 CTA-NW ADSC ALE 
3 CTA-NW Deionized water Brine 
4 CTA-NW ADSC Brine 
5 AIM Deionized water Brine 
6 AIM ADSC Brine 
7 AIM Deionized water ALE 
8 AIM ADSC ALE 

 225 

 226 

 227 

 228 

 229 

 230 



3. Results 231 

 232 

3.1. Characterization of the pristine membranes 233 

Fig. 2.a shows the permeability of both membranes used. The water flux values at 234 

different NaCl concentrations in DS (FS was deionized water) can be compared. The 235 

represented values correspond to the mean permeate fluxes of the four characterization 236 

tests. Standard deviations have also been included. It can be observed that the permeate 237 

flux of AIM increases much more with the NaCl concentration in DS than the permeate 238 

flux of the CTA-NW membrane. In fact, the permeate flux of the CTA-NW membrane 239 

was the highest at 25 g·L-1 of NaCl. At 100 g·L-1 of NaCl, the permeate fluxes of both 240 

membranes were very similar, while the permeate flux of the AIM was clearly the 241 

highest one at 200 g·L-1 of NaCl.  242 

Fig. 2.b illustrates the reverse salt flux (Js) of the pristine membranes as a function of 243 

the NaCl concentration in the DS. Js was practically the same at the minimal salt 244 

concentration (25 g·L-1), meanwhile the reverse salt flux was the highest for the AIM 245 

when increasing salt concentration. This is in concordance with the high Jw values at 246 

high NaCl concentrations. 247 

In relation with the Js/Jw ratio, the lowest result was obtained for the CTA-NW (mean 248 

value = 0.47 g·L-1). That means that there will have a lower specific reverse salt flux 249 

when this membrane is used in comparison with the AIM, whose mean Js/Jw ratio was 250 

0.6 g·L-1. From the Jw and Js data the parameters A (water permeability coefficient) and 251 

B (solute permeability coefficient) have been calculated according to an Excel-based 252 

error minimization algorithm developed by Tiraferri et al. [28]. The mean values, 253 



considering four permeability tests, were A = 0.235 L·m-2·h-1·bar-1 and B = 0.095 L·m-2·h-1 for the 254 

CTA-NW membrane and A = 0.231 L·m-2·h-1·bar-1 and B = 0.081 L·m-2·h-1 for the AIM.  255 

 256 

a) 257 

 258 

b) 259 

 260 

Figure 2: a) Water flux of the pristine membranes and b) reverse salt flux of the pristine membranes. 261 
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3.2. Tests using deionized water as feed solution 263 

Comparison in terms of permeate water flux 264 

Fig. 3 shows the permeate water fluxes measured in the experiments using deionized 265 

water as FS for the ALE (Fig. 3.a) and the brine DS (Fig. 3.b). It can be observed that 266 

the measured fluxes in the tests with AIM were higher than those measured in the tests 267 

with the CTA-NW membrane. This is in concordance with the results of the 268 

permeability experiments explained in section 3.1. However, the water flux difference 269 

between the membranes decreased during the experiments. It can be explained by the 270 

faster diminution of the driving force in the case of the AIM, since the water drawn 271 

volume was higher than in the case of the CTA-NW membrane.  272 

In the tests with ALE as DS, the final permeate water fluxes were 3.56 and 3.13 L·m-2·h-1 for 273 

the AIM and CTA-NW, respectively. The final flux values in the experiments with 274 

brine as DS were 3.34 and 2.92 L·m-2·h-1 for AIM and CTA-NW, respectively. In other 275 

words, practically the same flux difference in favor of AIM was achieved irrespective of 276 

the DS. 277 

 278 



a) 279 

 280 

b) 281 

 282 

Figure 3: Flux evolution in the tests with deionized water as FS and  283 
a) ALE as DS and b) brine as DS. 284 

 285 

 286 

 287 

 288 

 289 



Comparison in terms of specific salt reverse flux 290 

Fig. 4 shows the specific reverse fluxes of the ions using ALE (Fig. 4.a) and brine (Fig. 291 

4.b). As the FS was deionized water (conductivity lower than 10 µS·cm-1), it was 292 

assumed that the ions concentration in the feed at the beginning of the experiments 293 

(CF,i) were negligible. 294 

In the case of ALE (Fig. 4.a), the SRSF for sulfate was 9.7% higher in the experiment 295 

with the AIM than in the test with CTA-NW membrane. However, the NH4-N reverse 296 

flux was lower in the case of using the AIM. It can be explained by the direct NH4-N 297 

passage (from FS to DS) during the test, which diminishes the final reverse flux 298 

obtained. In other words, it indicates that the ammonium-nitrogen rejection by the AIM 299 

was lower than that of the CTA-NW membrane. This point will be further discussed in 300 

section 3.3. 301 

Nasr and Sewilam [29] used ammonium sulfate solutions of a wide concentration range 302 

as DS in a FO process. These authors reported considerably higher SRSF than those 303 

measured in this work. In fact, for permeate water fluxes between 5 and 10 L·m-2·h-1, 304 

reverse ammonium-nitrogen flux was higher than 15 g·L-1, though the membrane used 305 

was different (CTA-ES). These authors considered that data were too dispersed and that 306 

it was difficult to obtain clear explanations. For water fluxes above 10 L·m-2·h-1, the 307 

SRSF tended to the values that have been obtained in this work for the used membranes 308 

under the described operating conditions. 309 

Concerning to the brine, there were some differences in the SRSF depending on the ion. 310 

It is relevant to note that the reverse flux of divalent cations was slightly lower for the 311 

AIM than for the CTA-NW membrane. This could be explained by the positive charge 312 

of the aquaporins [30] that would cause electrostatic repulsion with Ca+2 and Mg+2 ions. 313 



However, the reverse flux of the rest of the ions was similar for both membranes. In 314 

general terms, it can be stated that the divalent ions of the draw solution had a similar 315 

behavior with both membranes in terms of SRSF, unlike the behavior showed when a 316 

sodium chloride solution was used as DS (Section 3.1). 317 

When the reverse flux of each ion is compared, it seems clear that the lowest one is that 318 

measured for the sulfates as shown in Fig. 4.b. This is due to the fact that sulfate is the 319 

ion in the brine with the highest molecular size. The highest reverse flux corresponds to 320 

chloride (276 and 266 mg·L-1 for CTA-NW and AIM, respectively) due to the high 321 

chloride concentration in the DS (Fick´s law). The higher specific reverse flux of 322 

magnesium in comparison with calcium was due to its higher concentration in the brine. 323 

Comparing the sulfate reverse flux in tests with both DS, it has to be commented that 324 

the values are very different because sulfate is the only significant anion in ALE. In this 325 

way, though the global SRSF for the same membrane could be practically constant, 326 

relevant differences among the specific reverse flux of the ions can be found.   327 

 328 



a) 329 

 330 

 331 

b) 332 

 333 

Figure 4: SRSF (mg·L-1) of different ions in the experiments with deionized water as FS and  334 
a) ALE as DS and b) brine as DS. 335 
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3.3. Tests using anaerobically digested sludge centrate as feed solution 340 

Permeate water flux and membrane fouling 341 

Fig. 5 illustrates the change of permeate flux through time using ADSC as FS. It is clear 342 

that the permeate flux decay is higher in comparison with that observed in the tests 343 

using deionized water as FS (Fig. 3), which is due to the higher membrane active layer 344 

fouling. In addition to it, in both tests with AIM there were time intervals in that 345 

unexpected permeate water flux measurements were displayed. These tests were 346 

repeated three times and a gradual decrease with the time (similar to that obtained for 347 

CTA-NW membrane) was not obtained in either of them. 348 

The active surface of the AIM membrane is characterized by the presence of aquaporins 349 

or water channels (Fig. 6.a) whose size is lower than 250 nm. This in concordance with 350 

Li et al. [31], who prepared TFC aquaporin-incorporated FO membranes, with vesicles 351 

diameter around 100 nm (mean vesicle size). It is important to highlight the exacerbate 352 

decrease and subsequent increase in AIM water flux when it was used brine as DS 353 

around 50 h of operation time (Fig. 5.b). This anomalous behavior could be attributed to 354 

the formation of a cake over the membrane surface.  It seems as if the Aquaporin water 355 

channels were blocked temporary, either by the organic matter of the ADSC or by 356 

precipitated salts, and further they were back transported to the bulk solution and the 357 

water flux was restored.  358 

A sharp decline in permeate flux may be due to salts precipitation, as reported by 359 

Phuntsho et al. [32], who observed a fast flux diminution processing brackish water as 360 

FS and diamonnium phosphate as DS. The reverse phosphate flux caused magnesium 361 

and calcium phosphates precipitation on the membrane feed side. Since permeate flux 362 

was higher for AIM than for CTA-NW membrane, the highest reverse salt flux could 363 



enhance the flux decay in the tests with the AIM membranes. Anyway, it has to be 364 

commented that the final permeate flux measurements (after 72 h of operation) were the 365 

highest in the tests with AIM for both DS. Zhang et al. [33] reported thoroughly the 366 

calcium phosphate precipitation in FO processes. The flux decay trend reported by these 367 

authors at a pH of 7.5 of the FS were very similar to our data with ADSC (pH = 8.1). 368 

In order to corroborate salts precipitation, AIM membranes were observed after the tests 369 

by FESEM (Fig. 6.b). The highlighted part in Fig. 6.b indicates the selected area 370 

analyzed by EDX (Fig. 7). Fig. 6.b shows the membrane active layer after the test using 371 

ADSC as FS and ALE as DS. Fouling was observed on the membrane active layer. The 372 

square in the microphotography points out the area where the EDX was performed with 373 

the aim of knowing the composition of the precipitates. This analysis is illustrated in 374 

Fig. 7. It can be observed that P and Ca were the main elements determined on the 375 

precipitates. It was due to calcium phosphate precipitation, since the solubility of this 376 

compound in water is very low (25 mg·L-1 at 25ºC). As explained in section 2.1, the 377 

concentration of calcium and phosphate in the effluent exiting the anaerobic digester is 378 

high, which could produce a spontaneous precipitation at the exit of the anaerobic 379 

digester in a wastewater treatment plant. The concentration of salts in ADSC is the same 380 

as in the sludge at the digester exit; therefore it can be understood that an increase of 381 

calcium and phosphate during the FO test may lead to calcium phosphate precipitation 382 

due to concentration polarization at the surface of the membrane on the feed side. 383 

Precipitation is expecting to occur at PO4-P concentrations higher than 5 mg·L-1, 384 

considering the above mentioned solubility. This implies a strong mass transfer 385 

limitation [34]. In addition to it, S has been detected in the EDX analysis as it can be 386 

observed in Fig.7. The presence of S on the active layer of the membrane was due to the 387 



high reverse sulfates flux from the DS to the FS and the subsequent precipitation in the 388 

form of calcium sulfate over the membrane side in contact with FS.  389 

a) 390 

 391 

 392 

b) 393 

 394 

 395 

Figure 5: Flux evolution in the FO tests using ADSC as FS and a) ALE as DS and b) brine as DS. 396 

 397 



a) 398 

 399 

 400 

b) 401 

 402 

Figure 6: FE-SEM images: a) Water channels of the pristine active layer AIM membrane                                       403 
and b) AIM active layer after FO test (DS = ALE, FS = CADS). 404 

 405 

 406 

 407 

Figure 7: Analysis composition by EDX of the precipitates observed on AIM. 408 

 409 

 410 

Aquaporins 



Nutrients recovery in the anaerobically digested sludge centrate 411 

Table 5 shows the concentration of the TP and the ions measured at the beginning and 412 

at the end of the 4 tests with ADSC. According to the results showed in Table 5, it is 413 

clear that phosphorous cannot be concentrated in ADSC by means of FO. This is due to 414 

its precipitation as calcium phosphate, which is corroborated by the measured calcium 415 

concentration. Calcium concentration at the end of the tests using ALE as DS becomes 416 

even lower than the initial one. This may be due to the enhancement of the calcium 417 

precipitation by sulfate, since the reverse flux of this ion is very high, which is 418 

explained by the Fick’s law. In this way, both calcium phosphate and calcium sulfate 419 

precipitates. This was corroborated in the EDX analysis as explained above (Fig. 7). 420 

Summarizing, phosphate precipitation (which is clear especially for the most 421 

concentrated ADSC in phosphate) avoids its recovery by FO when there is at the same 422 

time a high calcium concentration. These results are in concordance with those reported 423 

by Ansari et al. [7] who also observed spontaneous calcium phosphate precipitation. 424 

Unlike phosphorous, ammonium nitrogen could be concentrated by FO. Table 6 shows 425 

the main figures for understanding the ammonium nitrogen concentration in the tests. In 426 

the first column, the volume exchanged between FS and DS can be observed. The 427 

highest exchange volume correspond to the test in that no phosphorous precipitation 428 

was observed (the TP concentration was higher at the end than at the beginning of the 429 

test). 430 

It can be observed that the expected ammonium nitrogen concentration is higher than 431 

the measured one when brine was used as DS. This was due to the fact that there is no 432 

ammonium nitrogen in the brine; therefore no reverse flux is possible. However, there is 433 

passage of ammonium nitrogen through the membrane, since its rejection is not of 434 



100%. In fact, it was calculated an ammonium rejection index of 83% for the CTA-NW 435 

and 66% for the AIM. On the contrary, the ammonium nitrogen concentration is much 436 

more efficient with the ALE than with the brine as DS. This is explained by the reverse 437 

ammonium flux, which concentrated the ammonium nitrogen in ADSC. In this way, the 438 

concentration factor (ratio between final and initial concentrations) of the ammonium 439 

nitrogen in the tests with ALE was 1.42 and 1.61 for CTA-NW and AIM, respectively. 440 

Finally, if concentrations of monovalent ions are evaluated, it has to be commented that 441 

the reverse flux is much higher in the tests with brine, since concentrations of chloride, 442 

sodium and potassium are much higher in the brine than in ALE. 443 

 444 

Table 5: Concentrations of the nutrients and ions in the ADSC (initial) and in the concentrated ADSC (final) 445 
at the end of the tests (all concentration are expressed in mg·L-1). 446 

 CTA-NW 
DS = ALE 

CTA-NW 
DS = brine 

AIM 
DS = ALE 

AIM 
DS = brine 

 initial final initial final initial final initial final 
TP 5.4 3.6 22 12 7 5 3 5 
NH4-N 824 1,172 922 992 655 1,055 928 1,086 
SO4

2- 110 215 120 170 60 320 45 110 
Cl- 1,260 1,620 1,640 2,260 900 1,340 1,560 2,380 
Na+ 454 538 563 795 253 288 390 834 
Ca2+ 345 245 205 227 180 120 200 220 
Mg2+ 166 197 117 133 81 105 180 235 
K+ 435 545 370 480 222 290 360 530 
 447 

 448 

 449 

 450 

 451 

 452 

 453 



Table 6: Ammonium nitrogen concentration in ADSC in the FO tests. 454 

Test 
Volume from 
FS to DS (L) 

Expected final 
NH4-N 

concentration 
(mg·L-1)1 

Measured final 
NH4-N 

concentration 
(mg·L-1) 

Concentration 
factor2 

CTA-NW, DS = ALE 0.79 --- 1,172 1.42 
CTA-NW, DS = brine 0.79 1,207 992 1.08 

AIM, DS = ALE 0.85 --- 1,055 1.61 
AIM, DS = brine 1.05 1,258 1,086 1.17 

1Assuming that there is no ammonium nitrogen reverse flux (in tests with brine) and that the membrane 455 
rejection is 100%. 456 
2 Ratio between final and initial NH4-N concentrations in ADSC. 457 
 458 

 459 

4. Conclusions 460 

In this paper, the recovery of nutrients in ADSC by FO using two actual industrial 461 

effluents has been studied. The results showed higher permeate flux for the membrane 462 

AIM than for the CTA-NW. Thus, the permeate water fluxes at the end of the experiments 463 

with ALE as DS were 3.56 and 3.13 L·m-2·h-1 for the AIM and CTA-NW, respectively. The 464 

final flux values in the experiments with brine as DS were 3.34 and 2.92 L·m-2·h-1 for 465 

AIM and CTA-NW, respectively. These results also showed that using ALE is an 466 

appropriate DS due to its high osmotic pressure. 467 

Concerning the nutrients recovery, it can be concluded that nitrogen can be concentrated 468 

in ADSC. On the contrary, phosphorous cannot be concentrated because of its 469 

spontaneous precipitation as calcium phosphate during the FO process. In this way, a 470 

previous controlled phosphate precipitation, for example using ferric chloride, is 471 

proposed before the ADSC concentration by FO. 472 

Unlike other works, actual industrial effluents have been used as draw solutions. On the 473 

one hand, the use of the brine of a seawater desalination plant would drive to a 474 



discharge of less concentrated brine to the sea. Obviously, it would be possible if the FO 475 

process for ADSC concentration would be carried out near the desalination plant. On 476 

the other hand, the use of the effluent from an absorption tower for ammonia removal 477 

enhanced the ammonium nitrogen concentration in ADSC due to its reverse flux in the 478 

FO process. The achieved concentration factor of the nitrogen using the new AIM was 479 

1.61 when the ALE was used as DS. 480 

 481 
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