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Abstract 

Forward osmosis is a low-energy water treatment emerging technology, which has demonstrated 

improved solute rejection and low fouling propensity. In this study, the applicability of aquaporin-

based forward osmosis membranes during separation of biogas digestate liquid fractions was 

investigated. The results showed that Total Ammonia-Nitrogen rejection was higher than 95.5% in 

all experiments, independently of the type of draw solution (NaCl and hide preservation effluents), 

experimental period and the use of feed acidification. The results also confirmed that high draw 

osmotic pressures (i.e. 3.5M sodium chloride and hide preservation wastewater) combined with 

feed acidification had a negative effect on the membrane water permeability. Membrane rinsing 

after fouling was also successful in recovering the membrane initial water flux as well as removing 



  

2 

the remaining foulants on the membrane surface. The membrane inspection results from Scanning-

Electron Microscope, Energy-Dispersive X-Ray analysis and Fourier Transform Infrared–

Attenuated Total Reflectance showed that fouling in this application was mild and reversible after 

membrane rinsing. The applicability of aquaporin-based forward osmosis membranes during 

separation of biogas digestate liquid fractions has been demonstrated. The results showed the 

potential of this technology to achieve enhanced ammonia-nitrogen rejections and low-fouling 

propensity.  

1 Introduction 

Manure treatment and management is getting increased attention. Especially in areas with intensive 

farming, manure poses a potential pollution threat for air and water bodies. In this regard, anaerobic 

digestion has proved to improve manure fertilizer quality, reduce odours, allow energy recovery and 

produce biogas as a renewable fuel [1]. By applying anaerobic co-digestion of manure with 

agricultural feedstocks, an energy efficiency of 45-55% approximately can be obtained [2]. 

However, a purification step of the biogas for removing CO2 and other impurities needs to be 

considered, especially if the biogas is intended to be upgraded in the form of natural gas and 

supplied in the natural gas grid. These purification techniques can involve physical and chemical 

absorption, pressure swing adsorption, membrane separation, etc., being membrane contactors for 

gas absorption a highly efficient and promising alternative [3], [4]. Additionally, the digestates 

obtained after anaerobic digestion can be further separated into a solid and a liquid fraction (LF) 

that can be applied in agriculture. However, the fertilizer composition of these fractions remains 

unbalanced, [5]–[7] which reduces the efficiency of reusing digestate fractions as organic fertilizers 

in agriculture. Membrane technology has shown promising results in the context of anaerobic 

digestion, when applied during separation of digestate and raw manure LFs and when combining 

feed acidification and filtration to obtain an increased ammonia-nitrogen recovery [8]–[12]. 
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However, there are few disadvantages when using pressure-driven membrane technologies. These 

disadvantages are mainly related to the high energy requirements and membrane fouling propensity, 

which increase the operating costs at farm level [12], [13]. As an alternative to pressure-driven 

membrane processes, forward osmosis (FO) could be of interest in those applications where low 

energy usage is required, lower water fluxes (Jw) can be allowed and the treatment of the final brine 

is possible [14]. Additionally, FO has also shown higher rejections of pollutants as compared to 

other membrane techniques [15], which could be of special interest during nutrient recovery from 

waste streams [16]. However, FO presents some limitations related to the presence of concentration 

polarization on both sides of the membrane (external concentration polarization - ECP, and dilutive 

internal concentration polarization - ICP), which hinders permeation across the membrane, leading 

to a much lower attained Jw in the FO process than the one expected theoretically [17], [18]. In this 

regard, biomimetic aquaporin FO membranes have introduced few advantages over traditional FO 

membranes. These advantages include increased Jw, lower reverse salt fluxes Js and high solute 

rejections, thanks to the incorporation of selective water channel proteins, which only allow water 

to pass through, rejecting all other compounds [19].  

The application of FO in the real world has also been hindered by the lack of an ideal draw solution 

(DS). Ideally, a DS should provide a high osmotic potential and an ease for regeneration to produce 

pure water [20]. Industrial effluents with high salinity could be considered good candidates as DSs, 

without the need of any further regeneration or dilution steps before being discharged. In this paper, 

hide preservation wastewater (HPWW) from beam house operations in the tannery industry has 

been introduced as a DS for FO application. Tannery industry is known as one of the most polluting 

existing process industries, with effluents from beam house operations having conductivities as 

high as 200 mS∙cm
-1

 [21]–[23], being these effluents responsible for 76% of the total polluting 

charge produced during the hide manufacturing processes [24]. Apart from their high salt 

concentrations, tannery effluents are also rich in nitrogen compounds, especially organic nitrogen, 
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but very poor in phosphorous, which makes their biological treatment difficult [25], [26]. 

Therefore, it is interesting to explore the applicability of these highly saline effluents as a potential 

candidate for a DS during FO. 

In this study, the applicability of biomimetic aquaporin FO membranes for processing digestate LF 

from animal waste has been assessed. To date, there are few studies focusing on the application of 

FO membranes for processing digestate LF [27]–[30]. The membranes were examined in terms of 

membrane performance (Jw, Js), ammonia-nitrogen rejection and post-mortem membrane surface 

characterization after rinsing. Furthermore, the role of the selected DS (a model sodium chloride 

NaCl solution and an effluent from tannery industry) was evaluated, as well as the effect of feed 

acidification. 

2 Materials and methods 

2.1 Feed solutions 

Two feed solutions (FS) were used during the experiments. Deionized (DI) water (~5µS∙cm
-1

) was 

used during water permeability tests to obtain the membrane baseline. The real FS was cow 

digestate LF. The digestate LF samples were collected from a biogas plant in Sant Esteve de 

Guialbes (Girona, Spain). The digestates were generated by anaerobic co-digestion of cow manure 

(83.4%) and other organic substrates (16.6%), and mechanically separated in a solid and a liquid 

fraction by means of a decanter centrifuge (Bauer GmbH). The physico-chemical characteristics of 

the obtained LF are shown in Table 1 and Table 2. The pH of the FS fraction averaged 8.4 (Table 

1). The elemental composition of the unmeshed samples (Table 2) was, in decreasing 

concentrations, calcium (Ca) > potassium (K) > phosphorus (P) > sodium (Na), which are 

commonly found elements in digestates and animal waste [8]. Due to the high coarse solid content 

of the obtained digestate LF, sample pre-meshing was necessary to avoid damaging the membranes. 
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Previous studies on digestates LFs have described that particles mean and median sizes vary from 

31 to 257 µm and from 14 to 116 µm, respectively [31]. Based on this, it is reasonable to select a 

sieve mesh size of 2mm, 350 µm and 125µm to remove the coarse solids present in the studied LFs 

to mitigate potential membrane surface damages or excessive fouling [32]. Pre-meshing reduced 

total solids of the LF from 49 g L
-1

 to 36 g L
-1

 after meshing with 350-125 µm sieving. The 

resulting sample was then diluted to simulate a commonly used thinner digestate LF with a total 

solid content of 20 g·L
-1

, approximately [8], [9]. 

FS acidification was also evaluated for selected experiments. Concentrated sulfuric acid (H2SO4 

96%, ISO. 131058.1611, AppliChem Panreac) was added to pre-meshed FS until reaching a pH 

6.7±0.2, following previous work [12]. Sodium hydroxide (NaOH pellets for analysis, AppliChem 

Panreac) was used to readjust the pH when needed. The pH of the FS was not adjusted during the 

experiment to avoid any disturbances on the conductivity readings. After acidification, it was noted 

that the FS conductivity increased slightly on average from 9.2 to 11.2 mS∙cm
-1

.  

2.2 Draw solutions 

Two draw solutions (DS) were used during the experiments. A model NaCl solution and a hide 

preservation wastewater (HPWW) source. For membrane characterization purposes, several 

concentrations of NaCl solutions (technical NaCl, VWR chemicals, Prolabo) were prepared at 25, 

50, 100, 150, 200 g∙L
-1

 NaCl (0.43, 0.85, 1.7, 2.6, 3.5 M, respectively) (Figure 2). For experiments 

using digestate LF with model NaCl as a DS, 1.1 M and 3.5 M NaCl solutions were used. The 

HPWW source, with an osmotic pressure equivalent to 3.5M NaCl approximately (Table 1), was 

collected from a tannery factory in the region of Murcia (Spain). This effluent was rich in sulfate, 

presented a basic pH >10 (Table 1), green coloration and an intense sulfur smell. For ensuring a 

safe handling of HPWW during the experiments, the samples were pretreated using desulfurization 

and prolonged aeration. Aeration was used in both pretreatments (EHEIM, air pump 100). 
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Desulfurization of HPWW was further assisted with a manganese (II) sulfate (MnSO4) catalyzer. 

The aeration was maintained for 5 days. Parallelly, prolonged aeration was allowed for a minimum 

period of 24 hours. After both pre-treatments, the HPWW samples were pre-meshed using a 60 µm 

cartridge filter to ensure removal of any precipitates. 

2.3 Laboratory scale plant 

Figure 1 shows the FO laboratory setup. A Sterlitech CF042 cross membrane flow cell was used 

during the experiments. The FS and DS were placed in separated plastic containers. FS was stirred 

continuously. The DS weight was logged continuously from a scale (Kern PKP, Germany) 

connected to a PC. Two peristaltic pumps (Hei-FLOW Advantage 06, Heidolph Instruments) were 

used for recirculating the FS and DS. Both solutions were recirculated in counter-flow during the 

experiments. Pressure readings were determined on the membrane feed side using an analog 

manometer (Nuova Fima). The conductivity of both the FS and DS were monitored and recorded 

using a high range conductivity meter (CDH-SD1 conductivity meter, Omega Engineering). The pH 

(HD 2305.0 pH-mV meter, Delta Ohm) of both FS and DS were measured at the beginning and at 

the end of each experimental run. 

2.4 Membranes and experimental procedures 

Aquaporin Inside
TM

 FO flat sheet membranes (Aquaporin A/S, Denmark) were used for the 

experiments. The membrane is based on a thin film composite (TFC). The aquaporin protein 

reconstituted vesicles are embedded in a polyamide (PA) active layer on a sulfonated porous 

support (PSf). Membranes were soaked in DI water for a minimum period of 30 minutes before use, 

following manufacturer’s recommendation. The membrane position was kept in FO mode (i.e. FS 

facing the active layer - FS-AL) for all the experiments. Both FS and DS pumps were adjusted to a 

flow rate of 30 L·h
-1

 (i.e. cross-flow velocity of 9.2 cm∙s
-1

) for all experiments. Both FS and DS 
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were run in batch mode. The pressure increase at the feed side was kept below 0.12 bar, to avoid 

membrane damage. Experiments were done at room temperature (24 ± 1
o
C). Sampling of FS and 

DS was done at the beginning and at the end of each experiment, and samples were stored at 4
o
C 

until further analysis. The membrane coupons were initially characterized in terms of osmotic Jw 

and reverse solute flux (Js) using DI water and NaCl (see sections 2.1. and 2.2).  

Experiments were performed using both a non-acidified and an acidified FS. The DS consisted of 

NaCl solutions (1.1M and 3.5 M NaCl) and pretreated HPWW (desulfurized and aerated HPWW). 

For each experiment, pristine membrane coupons were used. The volumetric concentration factor 

(VCF), defined as the ratio between the initial FS volume and the concentrate volume, was 

maintained at VCF 1.04±0.03. All experiments were run for 180 minutes. After this fouling period, 

the membranes were rinsed and soaked in DI water. Membrane rinsing alone with DI water allows an 

increase in water flux by removal of soluble material or desorption of foulants [33]. Additionally, a 

longer experiment consisting of 12 hours fouling using non-acidified FS and 3.5M NaCl as a DS was 

also performed. This experiment was done in three fouling-rinsing intervals. After each 4 hour-

fouling step, the membrane was rinsed and soaked in DI water. Soaking in DI water allowed the thick 

fouling cake layer to detach from the membrane surface. All membrane surfaces were examined after 

soaking in DI water. 

The osmotic water flux Jw (L·m
-2

·h
-1

) was calculated following Equation 1. 

   
    

     
 (1) 

where ΔmDS is the mass (kg) or volume (L) increase in the DS, Δt is the time interval (h) and Am is 

the FO membrane area (m
2
).  
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The osmotic pressure π (bar) of the studied solutions, FS and DS, was obtained following Equation 

2. 

       (2) 

where i is the dimensionless van't Hoff factor for the selected solute ion, M is the molarity of the 

specific ion, R is the gas constant, and T is the temperature. Results shown as water permeability 

(K), were calculated as an average of Jw/Δπ. 

The reverse salt flux Js (g·m
-2

·h
-1

) was calculated following Equation 3 (adapted from [34]. 

     
                                      

           
 (3) 

where Js,i is the reverse salt flux,    
 is the concentration of solute in the FS (calculated from 

conductivity readings),    is the volume of FS,     is the membrane active area, Jw,i is the osmotic 

water flux through the semi-permeable membrane,    is the experimental time elapsed.  

2.5 Analytical methods 

FS and DS samples were analyzed in terms of Total Ammonia-Nitrogen (TAN) (Manual Kjeldahl 

distiller, Pro-nitro, Selecta), Chemical Oxygen Demand (COD) (Hach Lange), Total organic 

Carbon (TOC) (Merck), Total Nitrogen (TN) (Hach Lange), Total solids (TS) [35], Total 

Phosphorus (PO4
3—

P) (Hach Lange), pH and conductivity. FS and HPWW elemental analysis 

(Table 2) was performed by ICP-OES (ICAP 6500 Duo, ThermoScientific). TAN analysis required 

diluting 5 mL of sample into 25 mL of DI water in a distillation tube. Ammonia-nitrogen was 

absorbed into 5mL of 4% boric acid (VWR Chemicals Prolabo) with Mixed indicator 5 solution 

(VWR Chemicals Prolabo). For TAN volatilization, the distillation unit used 40 % w/w NaOH 
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(AppliChem Panreac) and DI water. Titration was done with HCl 0.1 N (AVS Titrinorm, VWR 

Chemicals, Prolabo) and HCl 0.1 N titration volume was noted (Equation 4). 

      
               

       
 

(4) 

Where, [TAN] is the concentration of total ammonia-nitrogen (mg·L
-1

); N the normality of the 

titration acid (0.1N HCl); V the volume of acid required during titration (mL) and ArN, the atomic 

weight of nitrogen (14.007 g·mol
-1

). 

TAN rejection was calculated using Equation 5. 

            
             

         
     

(5) 

Where RTAN (%) is the total ammonia nitrogen rejection (%); CTAN,permeate is the concentration (mg·L
-

1
) in the obtained permeate and CTAN,feed is the concentration (mg·L

-1
) in the feed bulk. 

2.6 Membrane surface inspection after fouling-rinsing cycles 

Membrane morphology and elemental composition 

Post mortem membrane morphology characterization and inorganic analysis were done on pristine 

and fouled-rinsed membranes, using a Scanning Electron Microscope (SEM, Jeol JSM6300) 

coupled with a X-ray detector (Oxford Instruments) for Energy-Dispersive X-Ray (EDX) analysis. 

Membrane surfaces were prepared for analysis by carbon sputtering (Sputter SCD 005, Bal-Tec, 

Leica Microsystems). Liquid nitrogen was used to obtain smooth cuts of the membrane cross-

section. The SEM condenser lens (CL) was adjusted to 10 (coarse) during EDX analysis. The 

acceleration voltage was set at 10 and 20kV and the working distance was 15mm. The micrograph 

magnification was adjusted between 10 and 20k during the examinations. The image processing 

time was approximately 100 seconds. Between two and five iterations were required for the 

analysis. SEM-EDX results are given as an average of at least three different membrane sites. 
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Membrane organic composition 

Fourier Transform Infrared–Attenuated Total Reflectance (FTIR–ATR) (Platinum ATR integrated 

in Tensor 27, Bruker) was used to examine the organic composition on active and support layers 

from pristine and fouled-rinsed membranes. The angular setting for the laser tip on the ATR crystal 

was 45 degrees. Spectra were obtained for the band region 3996-599 cm
-1

, using 32 scans and 4 cm
-

1
 resolution. The obtained FTIR-ATR results are a combined IR spectrum for the TFC membrane 

[36], [37]. 

2.7 Statistical analysis 

An Excel-based error minimization algorithm [34] was used to determine the membrane parameters 

A (water permeability coefficient), B (solute permeability coefficient) and S (structural parameter). 

Results from FO experiments and chemical analysis were statistically analyzed using the Microsoft 

Excel© data analysis work package. Average values, standard deviations, coefficients of variation 

and ANOVA single factor for significance tests were performed. 

3 Results and discussion 

3.1 Determination of membrane characteristics 

Figure 2 a) shows Jw for an increasing concentration of NaCl in the DS. Jw follows a non-linear 

trend as the NaCl bulk solution concentration increases. This tendency suggests a limitation in 

membrane permeability at increasing NaCl concentrations, meaning that the dilutive external CP on 

the permeate side of the membrane significantly reduces the osmotic driving force [38]. Observing 

Figure 2 b), membrane Js also increases in a non-linear trend, although the ratio Js/Jw remains 

relatively constant at 0.71±0.1 g/L. This suggests that at an increased NaCl concentration, the 

internal membrane properties remain constant. The interdependent relationship between the 
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membrane characteristics and the DS should be taken into account to achieve a desirably low Js/Jw 

[39].  

The membrane intrinsic characteristics described by the transport (A and B) and structural (S) 

parameters were obtained following the method presented by Tiraferri et al. [34]. The membranes 

used in this study presented an A value of 0.18 ± 0.02 (L∙m
-2

∙h
-1

∙bar
-1

), B of 0.11 ± 0.02 (L∙m
-2

∙h
-1

) 

and S of 292 ± 4.9 µm. 

3.2 Water flux (Jw) and osmotic pressure difference (Δπ) during fouling  

Figure 3 shows the behavior of water flux (Jw) as a function of processing time. Figure 3 a) and b) 

shows the membrane Jw behaviour using NaCl model DS at two different concentrations for non-

acidified and acidified FS. On the one hand, it can be observed that experiments using a lower DS 

concentration (1.1 M) had a lower initial Jw (4.4 L∙m
-2

∙h
-1

), while experiments using a 3.5M NaCl 

model solution had a higher initial Jw (8.5 L∙m
-2

∙h
-1

). This result was expected as higher NaCl 

concentration in DS lead to higher Jw. However, the final Jw averaged 3.2 L∙m
-2

∙h
-1

 for both DS 

concentrations, indicating that the decay rate in Jw was larger when using a higher NaCl 

concentration (3.5 M). This is in accordance with previous studies, in which an increase in initial Jw 

due to a higher osmotic pressure difference promoted a higher convective flow of foulants towards 

the membrane surface [40], [41]. Other authors [42] also found that a higher initial Jw could 

enhance a higher fouling propensity and a lower ultimate Jw. When using 3.5M NaCl solutions, a 

more severe “dilutive” ICP occurs in FO mode, as it is shown in this study. Jw becomes in this case 

sharply limited by the strong dilution of the DS within the support layer due to a higher water 

permeation from the feed towards the support layer when using higher DS concentrations 

[43][38][18]. In view of these results, one should consider that high concentrations in DS may 

improve Jw, although this improvement simultaneously enhances ICP and promotes the deposition 

of foulants on the membrane active layer as well. 
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Acidification of the digestate FS did not influence the initial Jw significantly in the experiments 

using NaCl as a DS (Figure 3 a) and b)). This has been previously observed on TFC reverse 

osmosis (RO) membranes processing acidified raw slurry [44]. However, acidification did have a 

negative effect on the final Jw for those experiments using a higher DS concentration, as shown in 

Figure 3 b). 

For those experiments using HPWW as a DS (Figure 3 c, d), the initial Jw (on average 8.5 L∙m
-2

∙h
-

1
), was not significantly influenced by the type of DS pretreatment (i.e. desulfurization or prolonged 

aeration), indicating a similar behavior when using either DS pretreatment. However, acidification 

of the FS did affect Jw negatively when using both HPWW pretreated DS. In Figure 3 c) and d), it 

can be observed that the final Jw was two times higher in the experiments using non-acidified FS 

compared to those using acidified FS. This result was not obvious in experiments using acidified FS 

and NaCl as DS (Figure 3 a) as explained earlier in this section. In this regard, FS acidification only 

affected Jw negatively in experiments using 3.5 M NaCl. Jw in experiments using a less 

concentrated DS (i.e. 1.1M NaCl) was similar for experiments using acidified and non-acidified 

FSs. One possible explanation for the lower final Jw when using acidified FS in combination with 

highly concentrated DSs, could be the decrease in water activity, caused by an increased ionic 

strength in the feed matrix after acidification [45], due to the higher concentration in sulfate ions 

and protons coming from the addition of sulfuric acid. Moreover, acidification improves ammonia 

(TAN) retention [44] in the feed matrix, which further increases the osmotic pressure in the FS. 

Additionally, effluents with increased ionic strength have previously been correlated to increased 

fouling [46], [47], which could be related to a reduction in hydration, size and charge of proteins in 

the fouling layer [48], resulting in a denser deposit which ultimately reduces the permeation across 

the membrane. This indicates that FS acidification in combination with high DS concentrations (for 

both 3.5M NaCl and HPWW) might have a detrimental effect on membrane fouling.  
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Figure 4 shows the effect of osmotic pressure gradient (∆π) between FS and DSs, on the average 

water permeability (K). The average K for those experiments using 3.5M NaCl and HPWW as DSs 

are comparable. Further, it can be observed that acidification of the FS in these experiments did not 

affect significantly K during the studied experimental period. However, as presented earlier in this 

section, FS acidification caused a decrease in the final Jw compared to those experiments where 

non-acidified FS was used. As shown in Figure 4 and previously suggested in Figure 3 a) and b), 

the highest K is achieved in experiments using low DS concentrations (i.e. 1.1 NaCl), independently 

of the FS pretreatment. The higher K in this case is explained by the milder foulant attraction 

towards the membrane active layer, observed when using lower concentrations in the DS (i.e. 1.1M 

NaCl).  

3.3 Rejection of Total Ammonia-Nitrogen (TAN) 

As shown in Figure 5 (a) and b), TAN rejection is higher than 95.5% on average for all experiments, 

without significant differences for those experiments using FS acidification and independently of the 

obtained water fluxes, which have been previously described in section 3.2. It was observed that 

during the 12-hour alternating fouling-rinsing cycles experiment (Figure 5, b), the pH in the NaCl DS 

increased over time from pH 5.8 to a pH 8.7 (data not shown). This pH increase could be related to 

leaching of OH
-
 groups from the FS (pH 8.4, Table 1) towards the DS. At high pH, due to the existing 

equilibrium between ammonium (NH4
+
) and ammonia (NH3), TAN is mostly present as uncharged 

ammonia (NH3) [49], similar in size and charge to water. Contrarily, at low pH, the TAN is mostly 

present as charged ammonium (NH4
+
) and a higher TAN rejection is to be expected as observed by 

Masse et al. [44] during raw pig slurry separation using RO membranes. In their study, the authors 

relate TAN rejection to the concentration of NH4
+
 versus the concentration of uncharged NH3, where 

the positively charged NH4
+
 had more difficulty in penetrating the RO membrane, partly due to charge 

repulsion on the membrane surface. In the present scenario of FO using digestate LFs as a FS and 
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NaCl solution as a DS, at the relatively stable FS pH of 8.4, the uncharged NH3 present in the FS will 

be able to permeate freely through the FO membrane, leading to an increase in the DS pH over time. 

As the pH of the DS increases, the permeation of NH3 towards the DS declines due to ionic 

equilibrium at the membrane surface. This mechanism explains the increase in TAN rejection over 

time, from 97.6 % to 99.1 % rejection (Figure 5, b). 

3.4 Alternating membrane fouling and rinsing cycles 

Figure 6 shows the effect of rinsing on Jw (Figure 6 a) and on the osmotic pressure gradient, ∆π 

(Figure 6 b) over the 12-hour alternating fouling-rinsing cycles experiment. The initial Jw could be 

successfully recovered (Figure 6 a)) after rinsing the membrane surface and allowing the membrane 

to soak overnight in DI water (fouling-rinsing cycle 1). ∆π decreased over the 12 - hour experiment 

(Figure 6 b)), due to dilution of the DS, although a plateau-behavior in ∆π was observed after 8 

hours of experiment. However, this reduction in ∆π was not detrimental for the Jw during fouling-

rinsing cycle 2, when compared to the initial Jw before the fouling-rinsing cycle started. The final Jw 

achieved at the end of the fouling-rinsing cycle 3 was 34 % lower than the initial Jw. A possible 

explanation for the Jw recovery after the 1
st
 and 2

nd
 rinsing could be related to the nature of the 

formed fouling layer. The composition of the digestate LF forms unstable, flocculating suspensions 

that produce porous cake layers, resulting in alleviated flux decline and higher stabilized fluxes, 

even though effluents, such as digestates, have been previously related to increased fouling [46], 

[47]. These loosely attached digestate fouling layers, however, can be easily removed by increasing 

shear at the membrane surface [50], [51], which was achieved by membrane rinsing in between the 

three fouling cycles (Figure 6 c-f). The alternating fouling and rinsing cycles indicated that the 

membrane stability could be maintained during the studied period. Extended FO concentration 

periods with alternating fouling and rinsing cycles would reveal the membrane stability in the long-

term.  



  

15 

3.5 Membrane surface characterization 

Membrane inspection using SEM-EDX (Figure 7 and Figure 8) shows differences between the 

fouling layer formed on the membrane AL when using both acidified FS (Figure 7 d), e), h)) and 

the non-acidified FS (Figure 7 f) and g)). Membranes exposed to the acidified FS presented more 

intense fouling deposits as compared to those membranes exposed to the non-acidified FS. This 

observation is also supported by Jw data. As described in section 3.2, processing of acidified FS 

lead to a denser deposit compared to that formed when using a non-acidified FS. Regarding the use 

of different DS, micrographs of rinsed membrane support layers in contact with DS showed no 

major differences between membranes using NaCl or HPWW (Figure 7 i) -  detail of DS crystal 

deposit).  

Figure 8 shows the average elemental composition of the examined membranes obtained by EDX 

analysis. The mild inorganic-based deposits found on the examined membrane surfaces were very 

heterogeneous, in view of the high standard deviation from the relative elemental distribution. The 

presence of carbon (C), sulfur (S) and oxygen (O) reveals the organic nature of the membranes and 

the FS. Traces of calcium (Ca), magnesium (Mg), iron (Fe) and zinc (Zn) throughout the examined 

membrane surfaces are also related to the nature of the digestate FS (Table 2) [8]. Crystals found in 

the support membrane layer (Figure 7 i) were formed mainly by sodium (Na), Ca and S, suggesting 

the presence of metal sulfates of Ca or Fe and NaCl in HPWW; while deposits of Fe could further 

reveal the composition of tannery wastewater [52].  

FTIR-ATR spectra from pristine and fouled-rinsed membranes are presented in Figure 9. Spectra 

show peaks attributed to both the PA-based selective AL and a PSf-based SL, with a characteristic 

fingerprint typically found in TFC materials based on PA-PSf [36]. Regarding the main 

composition of the AL, a strong peak at 1650 cm
-1

 (C=O stretching of amide I band) together with a 

peak at 1610 cm
-1

 (hydrogen-bonded C=O stretching vibrations) and at 1550 cm
-1

 (C-N stretching 
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of amide II band) reveal characteristic peaks of PA [53], [54], while the intense absorption band at 

3600-2800 cm
-1

 can be assigned to the aquaporin lipid region and the CH2-lipid and protein group 

[55]. Within this specific region, a primary absorption peak at 3271 cm
-1

 corresponds to N-H stretch 

for primary and secondary amines and amides (3400–3250 cm
-1

). The O-H stretch from carboxylic 

acids corresponds to the band 3300-2500 cm
-1

 and OH stretch bonded and non-bonded groups 

appear at 3400-3300 cm
-1

 [56]. Moreover, the presence of aquaporins in the examined membranes 

is further confirmed with phosphodiester groups, found in membrane phospholipids (1240 cm
-1

) 

[55]. The specific functional groups of the PSf substrate layer in the TFC membranes appear at 

peaks 1150 cm
-1

 (symmetric SO2 stretching vibration), at 1321-1296 cm
-1

 (asymmetric SO2 

stretching), 1240 cm
-1

 (asymmetric C-O-C stretching vibration), 1487 cm
-1

 (CH3-C-CH3 stretching 

C-C in-ring bond in aromatic compounds) and 1410-1400 cm
-1

 (C=C aromatic ring stretching) [30], 

[46], [49]. Moreover, the presence of band 1583-1545 cm
-1

 (amino scissoring groups of primary 

amines), could further reveal protein deposits as part of fouling residues in rinsed membranes [58]. 

Finally, two distinctive absorption bands were found in pristine membranes (2366-2335 cm
-1

) and 

in rinsed membranes (970-960 cm
-1

). In pristine membranes, the detection of P-H phosphine bonds 

(2360 cm
-1

) could be related to the presence of polyhexamethylene guanidine phosphate, salt found 

in biocidal disinfectants, although this peak disappeared after the membrane fouling-rinsing cycles 

(Figure 9 b)). In rinsed membranes, the peak found at 970-960 cm
-1

 (C-O frequency) could further 

indicate the presence of polysaccharides and carbohydrate residues [55]. 

4 Conclusions 

The present study evaluated the use of aquaporin-based forward osmosis membranes during 

separation of digestate LFs. Two draw solutions were used, namely NaCl (1.1 and 3.5M NaCl) and 

a highly saline hide preservation (HPWW) wastewater source from tannery industry. Ammonia-
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nitrogen rejection and acidification of the digestate LFs and its effect on membrane performance 

and fouling was also investigated. The results showed that: 

1. DSs with high osmotic potential (3.5M NaCl and HPWW) were detrimental for the water 

permeability due to an increased foulant convection towards the membrane active layer. 

However, this effect becomes less severe along the fouling process considering the final Jw 

while using NaCl (1.1M and 3.5M) or HPWW 

2. Acidification of the FS increased fouling and accelerated the decline in Jw for experiments 

using a DS with high osmotic potential (3.5M NaCl and HPWW) 

3. Particle deposition and the formation of a porous fouling cake layer were the governing 

fouling mechanisms 

4. Total ammonia nitrogen (TAN) rejection was ≥ 95.5% for all experiments, regardless the 

use of acidification in the FS and the nature of the DS (NaCl or HPWW)  

5. Membrane rinsing after fouling showed successful recovery of the membrane initial Jw as 

well as removing the remaining fouling layer 

6. Membrane surface characteristics after rinsing, showed that fouling was mild and reversible 

and the pristine membrane characteristics were practically recovered after rinsing. Further 

investigations on the removal of the remaining inorganic fouling by chemical cleaning could 

be considered for real applications 

The present study demonstrated the applicability of aquaporin-based FO membranes with digestate 

LFs. An outstanding ammonia-nitrogen rejection and practically full recovery of pristine membrane 

characteristics after fouling-rinsing cycles were obtained. This supports the applicability of 

aquaporin-based FO membranes in applications where high TAN rejections are needed. Further 

investigations to support the use of aquaporin-based FO membranes in applications focusing on 

obtaining concentrated fertilizers from digestate LF for agriculture could also be considered.  
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7 Figures 

 

Figure 1: Laboratory scale plant for forward osmosis experiments 
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Figure 2: a) Water flux, Jw, vs NaCl concentration; b) reverse salt flux, Js, and Js/Jw vs NaCl draw 

solution concentration 
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Figure 3: Absolute (Jw) and normalized (Jw /J0) permeate flux using: a) - b) NaCl draw solution at two 

different concentrations (1.1 and 3.5 M) and c) - d) HPWW as a draw solution (desulfurized or 

aerated), using non-acidified and acidified feed solutions in both cases 

  

0

5

10

15

20

25

0 30 60 90 120 150 180

J
w

 (
L

∙m
-2

∙h
-1

)

Time (min)

Non-acidified FS - 3.5 M NaCl DS

Acidified FS - 3.5M NaCl DS

Non-acidified FS - 1.1 M NaCl DS

Acidified FS - 1.1M NaCl DS

0

5

10

15

20

25

0 30 60 90 120 150 180

J
w

 (
L

∙m
-2

∙h
-1

)

Time (min)

Non-acidified FS - Desulfurized DS

Acidified FS - Desulfurized DS

Non-acidified FS - Aerated DS

Acidified FS - Aerated DS

0.0

0.2

0.4

0.6

0.8

1.0

0 30 60 90 120 150 180

J
w

 /
J

0

Time (min)

Non-acidified FS - 3.5 M NaCl DS

Acidified FS - 3.5M NaCl DS

Non-acidified FS - 1.1 M NaCl DS

Acidified FS - 1.1M NaCl DS
0.0

0.2

0.4

0.6

0.8

1.0

0 30 60 90 120 150 180

J
w

 /
J

0

Time (min)

Non-acidified FS - Desulfurized DS

Acidified FS - Desulfurized DS

Non-acidified FS - Aerated DS

Acidified FS - Aerated DS

b) 

a) c) 

d) 



  

29 

      

Figure 4: Permeability (K) and osmotic pressure gradient (Δπ) during fouling experiments using a) 

NaCl solution at two different concentrations (1.1 and 3.5 M) and b) HPWW as a draw solution 

(desulfurized or aerated), using non-acidified and acidified feed solutions in both cases 
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Figure 5: Average rejection of Total Ammonia Nitrogen (TAN) and the related average water flux (Jw) 

for a) fouling experiments and b) alternating fouling-rinsing experiment 
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Figure 6: a) Water flux (Jw) vs time and the corresponding b) osmotic pressure gradient (∆π) vs time 

during alternating fouling-rinsing experiment. Pictures to the right show membrane coupon after 

undergoing 3 fouling-rinsing cycles: c) membrane fouled with FS digestate liquid fraction; d) 

membrane after rinsing 1, e) after rinsing 2 and f) after last rinsing (rinsing 3) 
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Figure 7: SEM images of aquaporin-based forward osmosis pristine membrane at 10kV a) cross-

section (magnification x750), b) active layer (AL) with incorporated aquaporin vesicles(~ 150nm) 

(x10k), c) support layer (SL) (x10k) – and examples of SEM images of rinsed membranes: d) AL 

(acidified feed and 3.5M NaCl) (x 10k, 10kV), e) AL (acidified feed and 1.1M NaCl) (x 10k, 10kV), f) 

AL (non-acidified feed and 3.5M NaCl) (x 10k, 10kV), g) AL (non-acidified feed and desulfurized 

HPWW) (x 800, 10kV), h) AL (acidified feed and desulfurized HPWW) (x 2500, 20kV), i) SL with 

detail of a crystal (acidified feed and 1.1M NaCl, similar crystals found for HPWW) (x 3000, 10kV) 
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Figure 8: EDX analysis of the examined membrane surfaces (active layers and support layers) after 

membrane fouling-rinsing cycles 
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Figure 9: FTIR-ATR spectra of the a) pristine membrane and b) rinsed membranes (dashed lines 

refer to specific functional groups) 
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8 Tables 

Table 1: Characteristics of the feed solution and draw solution (SD shown as ±value) (a
 Dilution factor 

2, b
 Including pre-treated desulfurized and aerated HPWW meshed at 60 µm) 

Parameter 

Feed solution Draw solutions 

Cow digestate liquid fraction 
Hide preservation 

wastewater (HPWW) 
NaCl solution 

pH 8.4 (6.7 when acidified) 8.7 – 9.5 6.25 

Conductivity (mS∙cm-1) 9.2 ± 0.4 178 ± 0.5 
87 ± 0.3 (1.1 M) 

180 ± 9 (3.5 M) 

Total solids (g·L-1) 20 ± 1.7a 197 ± 8b -- 

Osmotic pressure (π) (bar) 1.3 ± 0.3 
150 ± 1 (~ 3.5M 

equivalent) 

51 ± 0.3 (1.1 M) 

161 ± 15 (3.5 M) 

Soluble COD (mg∙L-1 O2) 5,349 3,338 -- 

Total NH3-N (TAN) (mg∙L-1) 2,477 353 -- 

NO3-N (mg∙L-1) 14.5 26 -- 

PO4
3- - P (mg∙L-1) (after 1.2µm 

pre-filter) 
17  26  

-- 

TOC (mg∙kg-1) 7,580 55.3 -- 
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Table 2: Elemental analysis of the different fractions used (in g per kg of total solids) (
a
 Dilution 

factor 2, N.A. not available) 

Element Cow digestate liquid fraction 
Hide preservation wastewater 

(HPWW) 

 
Unmeshed 

Meshed 125 

µm
a
 

Meshed 125 

µm acidified
a
 

Aerated Desulfurized 

Al (g∙kg
-1

) 7.45 5.3 10.5 0.02 0.02 

As (mg∙kg
-1

) 0.004 0.006 0.01 <0.001 <0.001 

Ca (g∙kg
-1

) 32.1 24.6 41.5 N.A. N.A. 

Cd (g∙kg
-1

) 0 <0.001 0 <0.001 <0.001 

Co (g∙kg
-1

) <0.001 <0.001 <0.001 <0.001 <0.001 

Cr (g∙kg
-1

) 0.04 0.03 0.05 N.A. N.A. 

Cu (g∙kg
-1

) 0.25 0.18 0.37 N.A. N.A. 

Fe (g∙kg
-1

) 10.4 6.5 14.0 0.03 0.01 

K (g∙kg
-1

) 29.7 36.5 38.1 N.A. N.A. 

Mg (g∙kg
-1

) 8.47 3.7 19.7 N.A. N.A. 

Mn (g∙kg
-1

) 0.70 0.45 1.4 N.A. 0.33 

Na (g∙kg
-1

) 14.7 19.0 24.0 0.26 0.22 

Ni (g∙kg
-1

) 0.02 0.02 0.03 N.A. N.A. 

P (g∙kg
-1

) 22.5 13.1 39.0 N.A. N.A. 

S (g∙kg
-1

) 10.7 7.2 80.4 0.01 0.01 

Zn (g∙kg
-1

) 0.70 0.50 1.0 0.01 0 

 

  



  

37 

Highlights 

- Acidification of digestates caused increased fouling on aquaporin-based membranes 

- Highly concentrated draw solutions caused a decline in osmotic water permeability 

- Total ammonia nitrogen rejection was always ≥ 95.5%  

- Rinsing with deionized water recovered the pristine membrane characteristics 

- Fouling of aquaporin-based membranes was mild and reversible 

 


