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Table S1. Composition of different raw manure. 

Effluent pH TVS (g·kg-1) TS (g·kg-1) DM (g·L-1) 
TKN (g·kg-

1) 

TAN (g·kg-

1) 
P (g·kg-1) K (g·kg-1) Reference 

Cattle manure 7.4 - - 63.7 2.5 1.7 0.69 3.54 [1] 

 NA - - 82 ± 24 - 5.0 1.0 ± 0.2 4.3 ± 1.8 [2]  

 7.3 85 ± 0.03 115 ± 4.5 - 4.6 ± 0.06 - - - [3]  

Poultry ma-

nure 
- - 

277.18 ± 

20.24 
NA 13.09 ± 4.16 - 4.73 ± 0.91 23.07 ± 1.27 [4]  

Horse manure 7.9 ± 0.1 - - - - - 5.2 ± 0.4 20.8 ± 1.2 [5] 

S1. Techniques for fouling and membrane characterization 

Different characterization techniques have been reported as a tool for investigating 

the membrane fouling phenomena (Table S2). The purpose of this section is to highlight 

the main characterization techniques applied during practical evaluation of full-scale 

membrane plants. The proposed analytical tools are divided in membrane and foulant 

analysis. 
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Table 2. Classification of membrane-foulant characterization techniques (M: membrane; F: fou-

lant). 

Membrane Analy-

sis 
Output Application Analysis of: Reference 

   M F  

Visual  

Inspection 

Material damage, thin film 

layer delamination 

UF: broken fibers are analyzed after module inspection, fibers are often preserved in MBS at least any further organic 

characterization would be requested 

RO and NF: Fujiwara test is used to determine the integrity of the polyamide layer after exposure to oxidizing halo-

gens such as chlorine 

Rhodamine B test also exposes the support as a consequence of PA layer delamination after operation or intensive 

cycles of cleaning. 

X X [6] 

SEM 

Morphology, thickness, foul-

ing structure, pore size distri-

bution 

Biofouling and scaling can be inspected easily 

Sample preparation includes sample preparation using liquid N2 and metallization. 
X X  [7] 

AFM 
Roughness, porosity, surface 

profile 
Useful tool to analyze the impact of different cleaning strategies in order to optimize the cleaning protocols X  [8] 

EDX Inorganic analysis Brings information about membrane scaling, membrane degradation X X [9] 

XRD 
Structure of inorganic sub-

stances 

Allows determining whether the presence of particles in the fouling layer has an amorphous or crystalline structure 

as in the case of the presence of halite (NaCl) and hydrogen or alum inosilicates, H(AlSi2O5) 
 X [10] 

FTIR-ATR 
Organic groups, Polyamide 

integrity 

Determine the presence of specific functional organic groups that may contribute to fouling layer formation. Useful to 

determine the nature of the organic components based on proteins, polysaccharides and aromatic compounds that 

can be derived from humic and fulmic acids. 

X X [11,12] 

Streaming poten-

tial 

Membrane and foulant 

charge 

Brings information about membrane surface charges and the type of foulants that are in contact with them. E.g., hu-

mic acids are expected to make the membrane more negative while proteins favor positive charges 
X X [13-16] 

Contact angle 
Hydrophilicity character of 

the membranes 

Can be considered to explain the fouling trends in a polymeric material. The general approach includes the measure-

ment of the angle between a droplet of water and the membrane surface.  
X  [9,17]  

Pyrolysis GC-MS  
Characterization of natural 

organic matter 

Useful to determine the presence of biopolymers in organic matter. The pyrograms bring information about polysac-

charides, proteins, aminosugars, polyhydroxybutyrates, deoxyribonucleic acid (DNA), lipids/fatty acid and polyhy-

droxyaromatic compounds.  

X X [18] 

ICP-OES 

Quantitative analysis of the 

elements constituting 

the deposits 

ICP-OES can be used to identify both organic and inorganic elemental constituents in foulants and when it is com-

bined with loss on ignition test it is possible to determine the relative percentages by weight of the organic and inor-

ganic fraction of foulants. 

X X [19] 

IC Analysis of Ions 
Ion Chromatography. This technique provides valuable quantitative results concerning the main water cations and 

anions  
 X [19] 

AES Ion concentration Atomic emission spectrometry. Ion concentration determination  X  

SEC Concentration of biopolymers 

Size Exclusion Chromatography. This technique is useful for the determination of dissolved organic matter (DOM) 

rejection. It can be integrated with online dissolved organic carbon (DOC) and UV detection at 254nm (LC-DOC) [72] 

and apparent molecular weight distribution (AMWD) of organic substances 

 X [20,21] 

Potentiometric ti-

tration methods 

Interaction foulants /mem-

brane 
     Used for determination of carboxylic and phenolic acidity.    X [17] 

ATP (adenosine 

triphosphate 
Biological activity 

Portable devices offer a fast alternative to detect biological activity in the evaluation of UF cleaning efficiency, or plant 

sanitization. Biofouling can be assessed after analysis of ATP.  
     X [18]  

S2. Chemical cleaning 

S2.1. Alkalis 

Alkaline solutions, such as NaOH, at high concentrations and temperatures are ca-

pable of cleaning organic-fouled membranes by increasing the negative charges, causing 

first hydrolysis and later solubilization of proteins or causing saponification and dissolu-

tion of proteins [22,23]. Alkaline cleaning environments and removal of foulants from the 

membrane structure can lead to membrane charge modifications making the membrane 

https://en.wikipedia.org/wiki/Pyrolysis%E2%80%93gas_chromatography%E2%80%93mass_spectrometry
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more open, obtaining thus a considerable flux improvement after cleaning [24]. Beyer et 

al. [25] found that, although a lower permeate flux recovery was obtained with a NaOH 

solution (pH 11) in the absence of SDS, the permeate flux after cleaning was stable. Zhang 

and Liu [26] observed that, although a HCl aqueous solution cleaning step reduced the 

membrane flux severely due to a dense gel layer formation, a subsequent cleaning with 

NaOH aqueous solution allowed the flux to increase immediately. 

S2.2. Surfactants 

When using anionic surfactants, such as SDS, Beyer et al. [25] demonstrated that the 

disruption of the organic–calcium complex by SDS at pH 11, resulted in a cleaning effi-

ciency of more than 100% flux. This complex caused a dense and compacted fouling layer 

on NF membranes fouled with proteins in simulated secondary treated effluent. The ex-

planation is that SDS can effectively break down the organic gel network by disrupting 

the complex between the organic foulant and divalent cations such as Ca. Chen et al [27] 

suggested that the application of anionic surfactants appeared to modify the contribution 

of the charge effects to the long term fouling process during BSA passive adsorption on 

membranes pretreated with surfactants. Other studies showed also that a mixture of SDS 

using NaOH could lead to permeate flux recoveries of around 95% [28-30]. Most of the 

afore-mentioned research on fouling intensity and cleaning were conducted on labora-

tory-scale unit with [31]. When fouling is formed on the membrane surface, an efficient 

cleaning can be achieved by considering the chemical reaction, mass transfer and the op-

timization of cleaning conditions [32,33]. 

The higher cleaning efficiency achieved when using surfactants could be partly due 

to the adsorption of surfactants in hydrophobic areas, which are potential protein adsorp-

tion sites. Surfactants and alkaline solutions could also provide a more negatively charged 

surface that repeal proteins. In this regard, during pre-cleaning of NF membranes with 

Ultrasil 10 solution, it was found that membrane hydrophobicity increased according to 

the contact angle measurements. This might cause more hydrophobic interactions after 

cleaning, that might lead to flux decline [34]. In addition, the presence of added anionic 

species may orient the proteins on the membrane surface for favorable electrostatics, re-

sulting in a less optimal conformation for hydrophobic interactions [27,35].  

S2.3. Chelating agents 

The addition of metal chelating agents into the chemical cleaning solution, such as 

EDTA, caused no significant flux recovery [26] effect on RO membranes processing swine 

wastewater [36-38]. Additionally, Zhang et al. [39] found that cleaning with EDTA at pH 

10 and NaOH at pH 2 at 25˚C resulted only in a limited further flux recovery. However, 

the introduction of alkaline chelating agent (Na4EDTA) increased the membrane permea-

bility more than plain alkaline cleaning (NaOH), during NF of conventionally-treated sur-

face water [24], probably by complexing some constituents from the membrane structure, 

making the membrane more open and permeable. 

Additionally, in the presence of divalent Ca ions, organic molecules with carboxylic 

groups tend to form metal-organic complexes. Previous studies showed that the addition 

of calcium to a secondary effluent organic matter at pH 7 increased pressure. One possible 

reason for this is the increase in proton H+ concentration, which inhibits the protolysis of 

carboxylic groups and divalent cations, preventing the formation of bridges between them 

[21,40].  

S2.4. Acids 

Acidic cleaning showed to have limited flux recovery compared to alkaline cleanings 

[26,30,36]. This could be related to the membrane charge increasing in an alkaline envi-

ronment, provoking a more open membrane and an increase in the repulsive charges be-

tween the membrane and the charged foulants [24,27]. Masse et al. [36] found that small 

reductions in flux were observed when RO compacted virgin membranes were cleaned 

with citric acid alone or after alkaline cleaning. Additionally, the use of HCl and HNO3 as 
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a first cleaning step was detrimental [28]. In this regard, Zhang et al. [39] found that, clean-

ing digestate-fouled polyethersulphone ultrafiltration membranes with 0.1.N HNO3 at 

different temperatures (25, 37 and 50˚C) achieved a complete removal of inorganic pre-

cipitates but no flux recovery. However, a citric acid cleaning step showed an improved 

removal of inorganic elements compared to NaOCl during cleaning of MF ceramic mem-

branes treating secondary effluent [20]. As reviewed by Porcelli and Judd [41], whilst 

strong mineral acids can solubilise deposits, organic acids, such as citric and oxalic, are 

more effective in capturing organo-metallic foulants acting as a chelating agent and 

providing buffering abilities with the advantage of lowering the risk of damaging the 

membranes.  

S2.5. Disinfection 

Disinfectants such as chlorine can be used during membrane biofouling cleaning. 

However, chlorine is not recommended for cleaning polymeric membranes [22,42] unless 

used at low concentrations and short periods. Saravia et al. [21] used deionized water with 

NaOH (pH value at about 10) or NaClO (200 ppm) solution to clean MF-UF submerged 

hollow fiber membrane module fouled with different concentrations of dissolved organic 

matter water and calcium ions during filtration of water with high concentration of dis-

solved organic carbon investigated using NaCl and CaCl2 2H2O. After the cleaning proce-

dures the initial flux could be recovered. Boerlage et al. [43] also found that almost 100% 

of the initial water flux of PAN membranes could be recovered with just one cleaning with 

NaOCl when fouled with tap water. In contrast, PS membranes needed several chemical 

cleanings.  

Although chlorine cleaning is not recommended by some manufacturers due to dam-

aging risk of the polyamide surface [44] due to membrane degradation which can lead to 

a decrease in salt rejection [6], mostly related to the formation of ring chlorinated products 

under high pressure. Salt solution such as NaCl was the least efficient cleaning strategy to 

clean membranes fouled with swine wastewater [36]. However, the use of NaOCl and 

HCl, had positive effects on the flux recovery achieved by RO membranes processing 

swine wastewater [36]. Low concentrations of NaOCl were also able to remove particles 

from membrane surface and pores due to its strong oxidizing potential in PS membranes 

fouled with milk components. This was due to enhanced hydrophilicity of membrane sur-

face that lead to permeate flux increase.  

S2.6. Ozonation 

Ultimately, if sanitation needs to be achieved, ozonation for handling micropollu-

tants on the wastewater stream can also be applied [45]. Ozonation reduces the organic 

content by partial mineralization and degradation of larger molecules. Moreover, by re-

ducing the size of the organic molecules and mineralizing part of them, the resulting 

smaller molecules can pass through the membrane pores, being less likely to be captured 

and more prone to the formation of a loose and thin gel layer [21,40]. Ozonation was also 

used on during RO pretreatment. However, together with acidification, these pretreat-

ments did not reduce the particulate fouling potential successfully. Antiscalant addition 

did also contribute to add particles to RO feed water but in a less extent than adding acid. 

However, activated carbon and slow sand filtration (SSF) did help significantly in remov-

ing particles from the feed water [43]. Pre-ozonation of the organic matter of secondary 

effluents and its fractions reduced membrane fouling during MF [17]. It was observed that 

pre-ozonation changed the gel layer from a hydrophobic surface into a hydrophilic one. 

Carboxylic and phenolic groups slightly increased also after ozonation, reducing pH. This 

change might also enhance membrane organic fouling under the presence of multivalent 

ions such as Ca. 

S3. Mechanical cleaning 

Mechanical cleaning can be used as a first step during membrane cleaning. The re-

sidual cleaning that cannot be eliminated by this strategy must be removed by chemical 
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cleaning. The complexity of mechanical cleaning can range from a simple membrane 

cleaning procedure can include a physical scrubbing of the membrane surface by a sponge 

ball [46] to more complex cleaning methods which imply intermittent forward flushing 

with water [17], air and liquid backwashing [20,21,43] (in ceramic membranes and some-

times in MF and UF polymeric membranes), air scouring [21], ultrasounds [46], etc.  

Studies showed that gas bubbling membrane cleaning of MF flat sheet membranes 

lead to an increase of 20% in permeate productivity when applying flux intermittently 

and air bubbling was introduced in the zero flux periods. The limitations of introducing 

air scouring and high-pressure air in a system are mainly high operation costs via energy 

usage and initial investment costs. Other problems that could rise with air scouring is 

foaming [48].  

Especially backwashing is of great importance in removing internal fouling, although 

in some cases it failed to completely remove the accumulated particles [48]. Suspended 

solids in feed water were the main cause of reversible fouling which was controlled dur-

ing the backwashing cycles [20].  

Sonification (at 42kHz and 20˚C) is also a mechanical membrane cleaning strategy 

which can help to minimize irreversible fouling to < 5% of the flux reduction. Ultrasound 

cleaning was also applied in studies based on BSA fouling [48] and glutamate processing 

wastewater with consideration of Fe, Ca and Mg [49]. Other studies using vibratory shear 

enhanced processing membrane filtration showed that during MF and UF this system 

could operate efficiently even when applying high trans-membrane pressures that en-

hance membrane fouling [50]. The same concept has also been applied to reverse osmosis 

membranes, known as VSEP® [51].  

Turbulence promoters of mesh feed spacers were also used to create hydrodynamic 

flow conditions helping during control of foulant deposition [52]. 
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