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ABSTRACT 

The food industry must meet the markets' demands regarding better and cheaper products. The focus is improving 

processes to reduce costs and increase production. The membranes used are of polyethersulfone (PES), a hydrophobic 

material with relatively high process fluxes. They are stable and resistant; however, they foul significantly and do not present 

good cleanability. Regenerated cellulose (RC) membranes are considered as an alternative to PES due to their hydrophilic 

characteristics. They present high fluxes and are expected to suffer less due to fouling, having improved cleanability. 

4 RC membranes – Alfa Laval and Merck Millipore 10 kD, Sartorius 5 and 10 kD – were compared with Koch 10 kD 

(polyethersulfone). Ultrafiltration experiments opposed PES membranes with Alfa Laval and Sartorius 10 kD. Alfa Laval 

membranes were abandoned because of their fragility. Processing fluxes were similar between PES and Sartorius 10 kD but 

regarding fouling and cleanability, the latter was better. Sartorius membranes were compared and no major differences 

existed between them. The membranes resistance to mixes of cellulases and glucanases, and to chlorine was tested. Merck 

Millipore and Alfa Laval membranes showed no resistance to the enzymatic cocktails. Sartorius 10 kD was damaged after 

14 days of contact with a damaging solution. Sartorius 5 kD membranes revealed no damage after 35 days. PES was only 

evaluated regarding chlorine resistance; all membranes showed sensitivity to the chemical. 

The findings lead to the conclusion that Sartorius membranes are an alternative to PES. 10 kD membranes were relatively 

sensitive to enzymes, but 5 kD ones were not, making them an interesting option. 

KEYWORDS: Resistance • Cleanability • Membranes • Polyethersulfone (PES) • Regenerated Cellulose (RC) • Ultrafiltration 
 

INTRODUCTION

In a downstream process, filtration procedures are 

ubiquitous. There is an array of materials from which 

membranes can be made of. Inorganic ones – e.g. 

alumina oxide – are mechanically resistant and have high 

chemical and thermal stability. The downsides are the 

brittleness and their availability – only MF and UF 

membranes. On top of that comes that the associated 

cost is substantially higher than when considering 

polymeric membranes. 

Organic membranes are made of polymers like 

regenerated cellulose (RC), polyethersulfone (PES), 

polyvinylidene fluoride (PVDF), etc. These membranes 

are cheap and easy to manufacture; however, they have 

limitations across one or more operating conditions – pH, 

temperature, pressure, chlorine resistance. They are also 

more common in protein processing than inorganic ones 

– Pabby, Rizvi, et al. (2015). 

For food related purposes, membranes made of 

polyethersulfone are commonly used; polyvinylidene 

fluoride ones are too hydrophobic and lead to slower 

processes. Regenerated cellulose membranes are 

expected to be an alternative to PES membranes, 

considering that they are more hydrophilic; as such would 

foul less and have higher process fluxes. 

Polyethersulfone Membranes 

PES membranes – see Figure 1 – are widely used in 

separation fields, showing great oxidative, thermal, and 

hydrolytic stability.  

 

Figure 1 – Polyethersulfone polymer monomer – Alele & Ulbricht (2016).  

However, it is reported that due to their relatively 

hydrophobic behaviour they tend to adsorb proteins 

resulting in reduced membrane performance so ways of 

modifying these membranes are being studied – Zhao, 

Xue, et al. (2013). 

Regenerated Cellulose Membranes 

 Regenerated cellulose – vide Figure 2 – also known as 

cellulose II is obtained through either a chemical or 

mechanical treatment of cellulose I (native cellulose) – an 

almost endless raw material, naturally present in the cell 

walls of plants. 

 

Figure 2 – Cellulose polymer repeating unit – Alele & Ulbricht (2016). 

RC membranes are more hydrophilic than ones made of 

other material types, present low fouling tendency and 

high biocompatibility – extensive use in medical or 

pharmaceutical separation processes – Ali (2013). 

Nevertheless, they have reduced resistance. 

Ultrafiltration 

The permeate flux – J, Equation 1 – is one of the most 

important parameters when studying membrane 

processes. 

 𝐽𝑚(𝑘𝑔/𝑚2. ℎ) =
𝑚𝑝 (𝑔)

𝐴 (𝑐𝑚2) ×  𝑡 (𝑠)
×

3600 × 10000

1000
 1  

Since ultrafiltration can be used to concentrate the 

product (in cases in which it remains in the retentate) 

another parameter worth mentioning is the concentration 

factor (CF) – Equation 2 . It represents the reduction in 

mass of the feed from its initial mass. 
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 𝐶𝐹 =
𝑚𝑖

𝑚𝑖 − 𝑚𝑝

 2  

Retention – Equation 3 – is the ability of a membrane to 

retain a specific molecule of a specific size. Depending on 

the membrane and the molecule, retention values can 

vary. In this study, this parameter was calculated and 

used to analyse the effect of damaging solutions to the 

membranes and the amount of damage caused over 

time. 

 𝑅𝑒𝑡𝑒𝑛𝑡𝑖𝑜𝑛 = 1 −
𝐶𝑝

𝐶𝑟

 3  

The concentration of the protein existent in both the 

permeate and the retentate was determined by high 

performance size exclusion chromatography. Because 

absorbance is directly proportional to the concentration of 

that molecule in solution – Equation 4 – it is possible to 

convert Equation 3 into Equation 5 to obtain the retention 

capacity of the membrane to that component. 

 𝐴𝑏𝑠 = 𝜀𝐶𝑙 4  

 
% 𝑅𝑒𝑡𝑒𝑛𝑡𝑖𝑜𝑛 = (1 −

𝐴𝑏𝑠𝑝

𝐴𝑏𝑠𝑟

) × 100 
5  

Fouling 

The findings of a study by Cherkasov, Tsareva, et al. 

(1995) – Figure 3 – show that for hydrophilic membranes 

– like regenerated cellulose – the adsorption layer, i.e. the 

irreversible layer is small and does not vary with the 

concentration of the compounds present in the solution – 

Figure 3a to 3c. On the other hand, for relatively 

hydrophobic membranes – like PES – the adsorption 

layer is bigger and depends on the solute concentration – 

Figure 3e to 3g. Their study also showed that the flux 

recovery is directly correlated to the thickness of the 

irreversibly bound layer – Figure 3d and 3h. 

 

Figure 3 – Gel layer and adsorption layers formation on a hydrophilic (I) 

and a hydrophobic (II) material. C, solute concentration, C1 < C2 < C3; C4 

= 0 corresponds to processing just water. 1 – adsorption layer, 2 – el-

polarisation layer, 3 – membrane surface. Adapted from Cherkasov, 

Tsareva, et al. (1995). 

This information supports the hypothesis that in general 

regenerated cellulose membranes will have better 

performance than their PES counterparts. 

MATERIALS AND METHODS  

Membranes 

PES membranes – Koch Industries, HFK 131 – and RC 

membranes – Sartorius Hydrosart®, Alfa Laval RC70PP 

and Merck Millipore PLGC07610 – were used. Table 1 –

presents the main characteristics of the membranes used 

throughout the studies. 

Table 1 – General characteristics of the used membranes. 

 HFK 131 Hydrosart® RC70PP PLGC07610 

Manufacturer 
Koch 

Industries 
Sartorius Alfa Laval 

Merck 

Millipore 

Material PES 
RC 

(crosslinked) 
RC RC 

MWCO (kD) 10 5 & 10 10 10 

Operation 

Pressure (bar) 2.1 - 8.3 Max. 4 1.0 – 10.0 Max. 4.8 

pH 2.0 - 10.0 2.0 – 14.0 1.0 – 10.0 2.0 – 13.0 

Temperature (°C) 5 - 55 Max. 50 5 - 60 Max. 50 
 

Prior to their use they were cleaned, for 15 min, with 

water with 0,5% (v/v) of caustic cleaning solution to 

remove the glycerol in which they are stored. 

Enzymes and Preparation 

Five enzyme streams produced at Royal DSM in Seclin, 

France, were used. A polish filtration with two consecutive 

filters, with decreasing pore size, in a Seitz Depth Filter 

from Pall Company with membranes of 154 cm2 was 

performed. 

Ultrafiltration Experiments 

Experimental Setup 

An Alfa Laval M10 LabStak® unit (336 cm2 filtration area) 

was equipped with 4 membranes in pairs – plate-and-

frame equipment type – and connected to the circuit 

represented in Figure 4. The vessel had its temperature 

regulated. The pressure was controlled with a valve and 

monitored a pressure gauge, both placed after the 

membrane module – C2 and I2 in Figure 4. Permeate 

measurements were made placing two recipients – one 

corresponding to each pair of membranes – in scales and 

following the mass changes over time.  

 

Figure 4 – Schematics of the experimental setup. A – Vessel with the 

enzyme stream; B – Centrifugal pump; C – Valve, concentrate exit (1), 

pressure regulation (2); D – Membrane module; E – Concentrate exit; F – 

Feed; G – Permeate exit, first membrane pair (1), second membrane pair 

(2); H – Recirculation to the vessel; I – pressure gauge, feed (1), 

retentate (2) 

Two cases were considered, Hydrosart® 10 kD 

membranes and HFK 131, and afterwards Hydrosart® 5 

and 10 kD were also directly compared. Even though 

more than one enzyme was processed in both cases, 

there was only one pair of each membrane type for each 

study. 

Water Flux Measurements 

The CFW of the membranes was measured in triplicate 

for 2 minutes (room temperature, 1 bar TMP). The flux is 

calculated using equation 1 . After processing, the system 

is rinsed with water and the fouled water flux (FWF) was 

also measured. 

A 
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Processing 

The enzymes were processed 3 times each – 10 L per 

run, except for enzyme D (8.7 L) – and permeate flux was 

tracked. The first time each enzyme was processed 

efforts were made to achieve the concentration factor 

used in the production; the next two times the operational 

time was maintained. The ultrafiltration of the enzymes 

was done at 3 bar TMP, and the water bath was kept 

below 10°C throughout the entire operation cycle.  

When the processing time was more than a work day the 

system was left in standby overnight. The feed flow was 

lowered, the temperature was kept below 10°C, and the 

TMP was 0 bar. The permeate exits were also directed to 

the vessel and the stopwatch was paused. Before 

restarting operation at 3 bar and feed flow back to the 

previous one, the flow was increased for 5 min. 

Cleaning 

After operation and measurement of the FWF the 

membranes were cleaned and the new CWF measured. 

The cleaning is done in three steps – the system is rinsed 

with process water in-between the steps – with a caustic 

cleaning solution. Two of the steps are short and done at 

room temperature and the longer one occurs with 

heating. To avoid membrane blockages all steps are 

done either at 0 or 0.5 bar TMP (maximum). When 

necessary a more aggressive cleaning step was 

performed with a heated chlorine solution in hypochlorite 

form – ClO– – for an intermediate duration between the 

short and the longer steps above described. 

Retention Control 

The retention capacity of the different membranes for 

each enzyme was studied with an Amicon® Stirred Cell 

from Merck Millipore (76 mm of diameter) with a filtration 

area 41.8 cm2. 400 mL of each enzyme were processed 

for 2 hours at room temperature and 1 bar. The permeate 

was collected and a sample was analysed with high 

performance size exclusion chromatography. 

Challenge Tests 

The chemical – chlorine –, and biochemical – enzymes – 

resistance of the different membranes was tested, 

creating a worst-case scenario situation of permanent 

contact in damaging conditions. 

Damaging Solutions 

A known cleaning agent – Diversey Europe B.V., Divos 

120Cl – was used (1% –100 ppm of chlorine) to test the 

chlorine resistance of the membranes. 

Biochemically 3 mixes were created to study the 

resistance of the membranes to enzymes – vide Table 2. 

Each 1 L flask contained 30 mL of enzyme mix and the 

volume was made up with demi water. The pH of the 

enzymatic mixes was adjusted with a sodium hydroxide 4 

M or a phosphoric acid 3.5 M to pH 6.5 for mix 1 while 

mixes 2 and 3 were kept at pH 4. Potassium sorbate 

(99.0%, Alfa Aesar) and sodium benzoate (100.2%, VWR 

Chemicals) were respectively added (concentration 5 g/L) 

to the different pH mixes to prevent bacterial growth. The 

chlorine solution was maintained at pH 10 with a 4 M 

solution of sodium hydroxide. The experiment regarding 

mixes 1 and 2 was repeated but the pH conditions were 

reversed, that is mix 2 was adjusted to pH 6.5 and mix 1 

was adjusted to pH 4. 

Table 2 – Enzyme cocktail composition. 

 Enzyme 
% Component Manufacturer 

Mix 1 Mix 2 Mix 3  

Enzyme F β-glucanase 37.6 12.4 - Royal DSM 

Enzyme G Xylanase 20.8 29.2 - Royal DSM 

Enzyme H Protease* - - 100 Royal DSM 

Laminex 
Cocktail of 

cellulases 
20.8 29.2 - 

Danisco / 

DuPont 

Lumixylanase 
Cocktail of 

xylanases 
20.8 29.2 - Lumis 

TOTAL 100 100 100  

*has β-glucanase side activities 

Two control solutions were also created for each 

membrane type. For the chlorine test the control was 

demi water adjusted to pH 10 with sodium hydroxide 4 M, 

while for the enzymatic solutions the control was a 

sodium benzoate (5 g/L) aqueous solution adjusted to pH 

4 with phosphoric acid 3.5 M. 

Setup and Equipment 

Each membrane type – Table 1 – was put in triplicate and 

incubated in a 1 L plastic flask in contact with the different 

solutions for 35 days; HFK 131 membranes were put in 

contact only with cleaning agent. Prior to incubation, the 

clean water flux (CWF) of each membrane was measured 

in triplicate. 

On the 3rd and 7th days after the beginning of the tests, 

the CWF was also measured. These measurements were 

performed on a weekly basis after that. 15 mL of the 

solutions were collected on the same days and analysed 

for sugar presence and variations throughout time. 

An Amicon® Stirred Cell from Merck Millipore (76 mm of 

diameter and filtration area 41.8 cm2) was used at room 

temperature, 1 bar TMP. The mass exiting on the 

permeate side was measured in a 1 min period. The flux 

was calculated with equation 1 . 

On a weekly basis, the retention capacity of the 

membranes was tested. One membrane at random from 

each flask was chosen and 200 mL of purified Enzyme H 

were concentrated on the same system for 30 minutes; 

the permeate and the retentate were collected and 

analysed in HP-SEC. The analysis allowed the 

determination of the retention capacity of the membrane 

(Equation 5 ), if no enzyme was present in the permeate, 

the retention was complete. 

Analytic Methods 

High Performance Liquid Chromatography (HPLC) 

A Thermo Scientific™ Dionex™ Ultimate™ 3000 High 

Performance Liquid Chromatography system equipped 

with a TOSOH TSKgel® G3000SWXL silica based size 

exclusion chromatography (SEC) column (7.8 mm x 30 

cm, particle size 5 µm) was used to analyse the samples. 

All the chromatograms had a time interval of 20 min, 

except for enzyme B or E which then increased the time 

to 35 min. The mobile phase was 0.1 M, phosphate buffer 

at pH 6.8. The flow rate was kept at 1.0 mL/min and 10 

µL of the sample were injected. The column and the 

samples were kept at constant temperature, 21°C and 
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10°C, respectively. The acquisition was made by UV 

absorption at 280 nm to detect aromatic compounds. 

A Bio-Rad® Gel Filtration Standard was used as weight 

marker;10 μL were applied to the column in the above-

mentioned conditions. A linear regression was done to 

calculate the retention time of the enzymes used. 

Glucose Analysis 

The same equipment as above equipped with a Bio-Rad 

Aminex HPX-87H sulfonated divinyl benzene-styrene 

copolymer based hydrogen form column (7.8 mm x 30 

cm, particle size 9 µm) was used to analyse the samples. 

Both refractive index (RI) and UV absorbance at 210 nm 

were measured. The chromatograms had a time interval 

of 70 min and the mobile phase was the one 

recommended by the column manual – 0.005 M sulphuric 

acid solution. 

The samples were centrifuged for 5 min at 14000 rpm in 2 

mL Eppendorf tubes and then filtered with a Whatman® 

Mini-UniPrep™ syringeless PTFE filter. 10 µL of sample, 

kept at 4°C, were injected into the column and the mobile 

phase flow rate was one that allowed the complete elution 

of the sample in 70 min. The column, the samples and 

the RI detector were kept at a constant temperature. 

The chromatogram of the used standard allowed the 

identification of the species present in the samples and 

their concentration. 

Data Analysis 

The chromatograms obtained were analysed with 

Chromeleon® 7 Chromatography Data System (CDS) 

from Thermo Fischer Scientific Inc. Obtained data was 

analysed in Microsoft Excel from Microsoft Corporation. 

Values’ average and standard deviation were calculated 

with imbedded functions of the same software. For the 

data of the retention tests the standard deviation of the 

percentage was calculated with Equation 6 – Karlen, 

McNair, et al. (2007). 

 𝜎% 𝑅𝑒𝑡𝑒𝑛𝑡𝑖𝑜𝑛 = % 𝑅𝑒𝑡𝑒𝑛𝑡𝑖𝑜𝑛 × √(
𝜎𝐴𝑏𝑠𝑟

𝐴𝑏𝑠𝑟

)
2

+ (
𝜎𝐴𝑏𝑠𝑝

𝐴𝑏𝑠𝑝

)

2
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RESULTS AND DISCUSSION 

Ultrafiltration Experiments 

The retention behaviour of each membrane for the 

different enzymes used was studied. After operation and 

analysis of the sample in HP-SEC it was possible to 

determine that for every membrane type all the enzymes 

were completely retained – data not shown. 

Because of the system setup, when the volume in the 

vessel diminished past a certain point the turbulence 

caused by the recirculation of the liquid interfered with the 

feed flow and created air bubbles. As such, it was 

necessary to process a big enough volume to guarantee 

that a significant concentration factor could be achieved. 

Also, the longer the operation time more likely it would be 

that fouling phenomena occurred in a significant way. 

However, because of the low membrane surface area in 

the UF module used, and since the bigger the volume the 

longer it takes to process it, a compromise between initial 

volume and time spent had to be achieved. 

Initial Studies  

Considering the objective of comparing PES and RC 

membranes, the starting point was using Koch HFK 131 

PES membranes simultaneously with the Alfa Laval ones. 

Merck Millipore membranes were not considered for this 

study. The results of the six operations performed – in 

triplicate with two different and non-mentioned enzymes – 

will not be analysed; two arguments can be presented to 

justify this decision.  

It was not possible to operate the predefined three times 

with each enzyme stream without changing the 

regenerated cellulose membranes between runs since 

they were most likely damaged in every cycle. In one of 

the runs there was an increase of the flux of RC 

membranes’ values in the middle of the processing, 

Figure 5, – all the variables, feed flux, pressure and 

temperature were kept constant. This first indicator led to 

the necessity of verification of other parameters to verify 

that there was damage to the membranes and not only 

variations in data collection. 

Other factor was an increase in the CWF of Alfa Laval 

membranes, from before operation to after the cleaning 

procedure. As the increase was above 25% it is 

considered a deviation that warrant doubts regarding 

damage to the membranes. 

 

Figure 5 – Relative permeate flux over time; normalised for the highest 

flux value of both Alfa Laval and Koch membranes. The arrow in red 

marks the point in which the increase is visible. ▲ – Alfa Laval 

regenerated cellulose membranes; ◆ – Koch HFK 131 PES membranes. 

Operational parameters: 3 bar TMP, < 10°C, 6 h 45 min. 

An analysis to a sample of the permeates with HP-SEC 

showed that the RC membranes had enzyme in it. The 

appearance of a leakage in the system in the middle of 

the operation is not likely; adding the previous two 

aspects, the membranes were probably damaged. 

The second reason to forego the results in detriment of 

other membranes is that the Study 2 proved the low 

resistance of Alfa Laval membranes. They were 

abandoned from the ultrafiltration experiments for 

Sartorius membranes. 

Study 1 

Sartorius 10 kD and PES were compared. The two pairs 

initially put inside the M10 LabStak® remained there up to 

the end of the study. The measurements of the CWF 

initially made will be used as a point of comparison for the 

percentage of recovery of flux – Equation 7 – after every 

cleaning procedure.  

 % 𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦𝐶𝑊𝐹 =
𝐶𝑊𝐹𝑎𝑓𝑡𝑒𝑟 𝑐𝑙𝑒𝑎𝑛𝑖𝑛𝑔

𝐶𝑊𝐹𝑛𝑒𝑤 𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒𝑠

× 100 7  

Three different enzymes, A, B, and C, were considered 

for this study. 
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 Enzyme A 

In Figure 6 it is shown the graphic relative to the average 

of its three runs. For each membrane type the 

normalisation is made with the highest flux value of both 

membranes’ pairs.  

 
Figure 6 – Relative permeate flux values for HFK 131 and Sartorius 10 

kD membranes during the processing of Enzyme A (average of 3 runs); 

normalised for the highest flux value of both membranes. The error bars 

in grey correspond to HFK 131 membranes and the ones in black to 

Sartorius 10 kD membranes. The red arrow indicates the point at which 

the system was put in standby overnight. ◆ – Koch HFK 131 PES 

membranes; ▲ – Sartorius 10 kD regenerated cellulose membranes. 

Operational parameters: 3 bar TMP, < 10°C, 17 h 30 min. 

A change in behaviour in the graphic occurs at the time-

point in which the system was left in standby overnight for 

the operation to be continued in the next morning. It is 

visible a considerable increase in the permeate fluxes of 

both membranes’ types, although the fluxes resume their 

previous behaviour. HP-SEC analysis of the permeate 

resulted in chromatograms without peaks in the retention 

time window that corresponds to enzyme A – confirms 

that the increase in flux is due to the overnight stop and 

increase of feed flow before the restart of the operation. 

It is possible to identify the three phases of flux decline in 

the graphics; there is the brusque and quick decrease – 

zone I –, a less prominent one – zone II –, and where the 

flux decline has variations small enough to have a 

plateau-like behaviour – zone III. 

It is observed that there is no significant difference 

between PES and RC ones, even though Sartorius 

membranes have slightly higher flux values. 

After processing Enzyme A the water flux was measured 

and compared with the CWF from before the 

ultrafiltration. The cleaning procedure was applied and 

the new CWF was compared with the one measured 

when the membranes were put for the first time in the 

module. Both the decrease as well as the recovery can 

be seen in Figure 7.  

Regarding the decrease in the water flux after the UF it 

can be observed that HFK 131 membranes possess 

significant decreases, while the biggest one that Sartorius 

10 kD membranes has is 22.4 ± 0.8 %. 

It seems like the fouling that occurs on HFK 131 

membranes increases as the number of ultrafiltrations 

increase, which leads to an additional decrease in flux 

recovery with time. Regarding Sartorius 10 kD 

membranes it was possible to almost recover the initial 

flux (in some cases a complete recovery).  

 
Figure 7 – Decrease percentage of the water flux between before and 

immediately after ultrafiltration with enzyme A (I), and recovery 

percentage of the CWF after the application of the cleaning procedure (II) 

for Koch HFK 131 and Sartorius 10 kD membranes. Measurements after 

first (), second (), and third () UFs. Operational parameters: 1 bar 

TMP, room temperature, measurement over 1 min in triplicate. 

 Enzymes B and C 

The next enzymes studied revealed different UF 

behaviours compared with the previous one – vide Figure 

8. For Enzyme B – Figure 8 I to III –, HFK 131 

membranes start with higher permeate fluxes than RC – 

Figure 8 I –, and as time passes they get closer to one 

another. In Figure 8 II, PES membranes have higher 

fluxes, although regenerated cellulose has closer values 

throughout and converges earlier in the run to HFK 131. 

For the third UF – Figure 8 III – a complete inversion 

occurred and Sartorius 10 kD membranes process the 

feed faster than their PES counterparts. The behaviour 

progression with the UF runs can lead to the hypothesis 

that if more enzyme was processed in subsequent 

operations, over time regenerated cellulose membranes 

would maintain their performance while PES ones would 

increasingly lose theirs. 

Inversely, with Enzyme C – Figure 8 IV to VI – as the UFs 

were performed the flux of PES membranes got close to 

the one of Sartorius 10 kD. While during the first UF they 

are separated, by the third they are almost overlapping.  

 

 
Figure 8 – Relative permeate flux values for both HFK 131 and Sartorius 

10 kD membranes; each graphic is normalised for the highest flux value 

of both membranes in that operation.  First (I), second (II), and third (III) 

UF runs with Enzyme B; first (IV), second (V), and third (VI) UF runs with 

Enzyme C. The red arrow indicates the point at which the system was 

put in standby overnight. ◆ – Koch HFK 131 PES membranes; ▲ – 

Sartorius 10 kD regenerated cellulose membranes. Operational 

parameters: 3 bar TMP, < 10°C, 7 h (I, II, III), 12 h (IV, V, VI). 
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Analysis of fouling and cleanability of the membranes was 

done to see if the results of these two comparisons would 

support the explained hypothesis for the inversion of 

fluxes – Figure 9.  

The decrease in the fluxes between before and 

immediately after the UF is considerably more marked in 

PES membranes than in Sartorius 10 kD. It should be 

mentioned that, even though represented a negative 

value, it does not mean that damages to the membranes 

or leakages in the system occurred. No enzyme was 

present in the permeate samples analysed with HP-SEC. 

 
Figure 9 – Decrease percentage of the water flux between before and 

immediately after ultrafiltration with enzyme B (I), and recovery 

percentage of the CWF after the application of the normal cleaning 

procedure and one chlorine cleaning (II) for Koch HFK 131 and Sartorius 

10 kD membranes. Measurements made after first (), second (), and 

third () ultrafiltrations. Operational parameters: 1 bar TMP, room 

temperature, measurement over 1 min in triplicate. 

As reported by Goosen, Sablani, et al. (2005), hydrophilic 

membranes are more prone to reversible fouling that 

hydrophobic ones, in which this phenomenon quickly 

transitions to its irreversible form. It is more likely that the 

rinsing of the system with water prior to the measurement 

of the FWF dislodged the fouling in the RC membranes 

(more hydrophilic) but had less of an impact in the HFK 

131. This justifies the high decreases for the latter as 

opposed to the reduced or non-existent for the former. 

Concerning the cleanability of the membranes it was 

shown that, when comparing with other enzymes, the 

recovery of the water flux was difficult; however, this was 

only true for HFK 131 membranes. The worst-case 

scenario for RC membranes revealed a recovery of 88.7 

± 2.1% while PES membranes recovered at best 44.7 ± 

0.9 % of the new membranes water flux. Since 70–75 % 

is a general rule of thumb for acceptable flux recovery a 

more aggressive cleaning cycle was increase flux values. 

Even though the flux went up – from 27.7 ± 0.4 % to 44.0 

± 0.9 % – it was still low and more cleaning cycles should 

be necessary. Sartorius 10 kD membranes did not require 

chlorine cleaning to recuperate the initial flux. 

 
Figure 10 – Decrease percentage of the water flux between before and 

immediately after ultrafiltration with enzyme C (I), and recovery 

percentage of the CWF after the application of the normal cleaning 

procedure (II) for Koch HFK 131 and Sartorius 10 kD membranes. 

Measurements made after first (), second (), and third () 

ultrafiltrations. Operational parameters: 1 bar TMP, room temperature, 

measurement over 1 min in triplicate. 

In Figure 10 the decrease of CWF maintained the 

tendency seen for the other two enzymes. HP-SEC 

analysis showed no presence of enzyme in the permeate. 

The RC membranes are very hydrophilic and as such are 

more prone to reversible fouling phenomena.  

Regarding HFK 131 membranes there is also to consider 

the fact that they were not changed between enzymes, 

and, as such, should still have adsorbed all the 

compounds that were not removed with the cleaning 

steps during the processing of enzyme B. In this case, 

successive cleaning cycles during the study of enzyme C 

would eventually remove some of the fouling layer. This is 

supported by the big difference in the water flux 

decrease, in PES membranes, from the first to the 

second and third UFs (that are much more similar 

between the two), and by the improvement in the 

recovery percentage with more runs. This improvement is 

even seen not only in PES membranes that were 

evidently more fouled but also in RC ones. 

 General Remarks 

The first 3 enzymes studied show there is not a significant 

difference in the behaviour of the two different membrane 

types during the ultrafiltration. The hydrophilicity or 

hydrophobicity of regenerated cellulose and PES 

membranes does not seem to affect the processing of the 

enzyme streams. However, this conclusion changes 

when the focus changes from processing to cleanability 

and fouling. 

It was shown that RC membranes foul less than PES 

ones, or at the very least that the type of fouling 

(reversible or irreversible) is different due to the nature of 

the material. As such Sartorius membranes did not 

require complex or harsh cleaning procedures to 

recuperate their initial clean water flux, while for HFK 131 

the highest recovery was 88.0 ± 0.9 % and after the first 

enzyme processing; afterwards the recovery was 

systematically lower despite which enzyme was used. In 

fact, it showed a tendency to get worse over time. 

Study 2 

It was studied how Sartorius 5 kD membranes would fare 

when directly comparing them with Sartorius 10 kD. New 

membranes were used for this study to guarantee that the 

study is reliable and that previous operations with 

Sartorius 10 kD membranes would not affect the results. 

The experiments also issue from the results of the 

resistance tests, that showed that Sartorius 5 kD were 

resistant after 10 kD membranes had lost their integrity. 

 Enzyme D 

The ultrafiltration behaviour is consistent with the typical, 

being possible to identify the three flux zones. The first 

one has an abrupt decrease in flux during approximately 

20 minutes, followed by a lesser diminishing of the flux for 

the next hour and 40 minutes – zone II; from that point 

onwards, even accounting the slight variations visible the 

behaviour is plateau-like – zone III. 

With this enzyme, the permeate flux was still quite high at 

the end of the ultrafiltration – data not shown – when 

comparing with all the other enzymes with the exception 

of enzyme B.  
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Figure 11 – Relative permeate flux values for Sartorius 5 and 10 kD 

membranes during the processing of Enzyme D (average of 3 runs); 

normalised for the highest flux value of both membranes. The error bars 

in grey for Sartorius 5 kD and in black for Sartorius 10 kD. The red arrow 

indicates the point at which the system was put in standby overnight. ◆ 
– Sartorius 5 kD RC membranes; ▲ – Sartorius 10 kD regenerated 

cellulose membranes. Operational parameters: 3 bar TMP, < 10°C, 11 h. 

It must also be mentioned that, although the flux of 

Sartorius 10 kD membranes starts approximately as twice 

the value of the one of 5 kD ones, this quickly changes 

and, not only reach they the same values but there is also 

lesser variation of Sartorius 5 kD over time in the plateau 

like phase; this means that eventually these membranes 

have a higher flux than their 10 kD counterparts. 

Like before, water flux decrease after operation and 

recovery after the cleaning of the membranes were 

analysed – see Figure 12. 

 
Figure 12 – Decrease percentage of the water flux between before and 

immediately after ultrafiltration with enzyme D (I), and recovery 

percentage of the CWF after the application of the cleaning procedure (II) 

for Sartorius 5 and 10 kD membranes. Measurements after first (), 

second (), and third () UFs. Operational parameters: 1 bar TMP, room 

temperature, measurement over 1 min in triplicate. 

Observing the figure, it can be concluded that the two 

membranes have low decreases in water flux. There is 

also no clear difference between the two membranes, 

which leads to the conclusion that pore size does not 

affect the cleanability of the membranes.  

Yet, considering flux information from Figure 11, it can be 

deduced that during enzyme processing 10 kD 

membranes are more prone to fouling since, even though 

they start with higher fluxes, eventually they are lower 

than the ones of Sartorius 5 kD. The fact that the 

decrease of water flux of the two membranes is very 

similar and low also supports the idea that due to the 

hydrophilicity of regenerated cellulose membranes the 

fouling is preferentially of the reversible kind. 

 Enzyme E 

The comparison of Sartorius 5 and 10 kD was made with 

only two enzymes, the last of which was Enzyme E. In the 

three UFs performed with this enzyme it can be observed 

– Figure 13 – that the beginning of the runs presents 

quite discrepant values from one time-point to the next 

with a high dispersion, though the flux reaches a steady 

behaviour after a few minutes. 

 

Figure 13 – Representative relative permeate flux values for both 

Sartorius 5 and 10 kD membranes during one of the UFs of Enzyme E; 

normalised for the highest flux value of both membranes. ◆ – Sartorius 5 

kD RC membranes; ▲ – Sartorius 10 kD RC membranes. Operational 

parameters: 3 bar TMP, < 10°C, 8 h 45 min. 

Similarly to what was seen with Enzyme D, both 

permeate fluxes over time follow the same tendency; 

Sartorius 10 kD membranes start with higher flux values 

but despite staying higher for longer, by the end of the 

ultrafiltration there was an inversion in behaviour and 5 

kD membranes had higher fluxes. 

Water flux decrease and cleanability of the membranes – 

Figure 14 – follow the same tendency as with Enzyme D. 

 
Figure 14 – Decrease percentage of the water flux between before and 

immediately after ultrafiltration with Enzyme E (I) and recovery 

percentage of the CWF after the application of the cleaning procedure (II) 

for Sartorius 5 and 10 kD membranes. Measurements made after first 

(), second (), and third () ultrafiltrations. Operational parameters: 1 

bar TMP, room temperature, measurement over 1 min in triplicate. 

In this situation, the highest decrease in water flux was 

6.7 ± 0.1 % (Sartorius 10 kD membrane after the first UF) 

and the lowest recovery was 88.6 ± 2.7 % (Sartorius 5 kD 

after the second run). Negative values in the decrease 

percentage and higher that 100 % in recovery did not 

result in the presence of enzyme in the permeate which 

again revealed that no damage to the membranes or 

leakage of the system occurred.  

 General Remarks 

Both membranes show the same general tendency during 

the ultrafiltrations independently of their MWCO. In terms 

of cleanability both Sartorius 5 and 10 kD present similar, 

and high recovery, values. The decrease of the water flux 

after processing the enzymes is very low for the two 

supporting the previous assumption that fouling 

phenomena would be mostly of the reversible type. 

However, despite their similarities, one important fact is 

the inversion of processing flux values. In each case, 

Sartorius 10 kD membranes started with higher permeate 

fluxes but with time they decrease more than 5 kD ones, 

reaching a point in which there the latter have higher 

fluxes than the former. This is particularly significant since 

it shows that even though reversible fouling phenomena 

persist, during ultrafiltration the reduction of flux is more 

significant for 10 kD membranes.  

Challenge Tests 

The second main objective of this work was to evaluate 

the resistance of regenerated cellulosic membranes.  
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Two directions were considered for these tests; one relied 

on a chlorine solution since it is widely used as a cleaning 

and sanitising agent – Regula, Carretier, et al. (2014); the 

other aimed to understand if regenerated cellulose 

membranes can be used for enzyme processing or if their 

structure would be affected by β-glucanases and 

xylanases possibly present in streams. 

Clean Water Flux 

All the CWF measurements were done in triplicate for two 

randomly chosen membranes of each flask and all the 

presented fluxes consider the six values obtained. 

 Enzymatic Cocktails at pH 4 and 6.5 

The incubation of the membranes in contact with the 

enzymatic cocktail was done twice with the two different 

compositions switching the pH. Like that the influence of 

the composition of the mixes could be considered 

negligible and the effect of the enzymes themselves in 

the membranes would be seen. 

In Figure 16 I it can be seen a gradual increase in the 

clean water flux of Sartorius 10 kD membranes, while 

Sartorius 5 kD seem to maintain a steady value 

throughout the experiment. Both Alfa Laval and Merck 

Millipore membranes only have fluxes represented for the 

control. After 3 days, they were completely dissolved and 

only the support existed. Figure 16 II corroborates the 

analysis even though the increase of flux for Sartorius 10 

kD membranes is different; however, the tendency is the 

same for all 4 membrane types. The inlets show that the 

permeate flux of these membranes does not present 

statistically significant changes for the duration of the test. 

For the tests at pH 6.5, Alfa Laval and Merck Millipore 

membranes showed more resistance to the solutions with 

which they were in contact with. The former maintained 

some structural integrity between 7 and 14 days, and the 

latter between 3 and 7. In Figure 17 it is observable also 

stationary behaviour of the fluxes of Sartorius 

membranes. Yet, the inlet Figure 17 I shows that there is 

an increase in flux from day 28 to 35 for Sartorius 10 kD; 

5 kD membranes maintained their integrity with the 

passage of the days. The inlet in Figure 17 II evidences 

the stationary behaviour of the two membranes. Overall, 

the effects of the cocktails at pH 4 are more drastic than 

the ones that the membranes suffer at pH 6.5. 

The mechanism of degradation of cellulose relies on 

three different enzymes – vide Figure 15 –, endo- and 

exo- cellulases, and β-glucosidases; cellulase (or β-

glucanase) systems are usually constituted by the three. 

Regarding xylanases they target sugar interlinkage, 

usually degrading hemicellulose, however, it was reported 

by Kulkarni, Shendye, et al. (1999) that some xylanases 

can also degrade cellulose. It was also hypothesised that 

xylanases and β-glucanases have a synergic relation 

between them which allows a better degradation of the 

compounds. 

 

Figure 15 – Mode of action of various components of cellulases – 

Karmakar & Ray (2011). 

 

 

 

 

 

 

 

Figure 16 – Clean water flux of the different 

membranes during the days of the resistance 

study. I – Mix 2 at pH 4 (composition on Table 

2); II – Mix 1 at pH 4 (composition on Table 2 for 

pH 6.5). ■ – Sartorius 10 kD, ◆ – Sartorius 5 

kD, ▲ – Merck Millipore PLGC07610, ● – Alfa 

Laval RC70PP. Measurements done at 1 bar 

TMP, room temperature for 1 min in triplicate for 

2 membranes. 

 

Figure 17 – Clean water flux of the different 

membranes during the days of the resistance 

study. I – Mix 1 at pH 6.5 (composition on Table 

2); II – Mix 2 at pH 6.5 (composition on Table 2 

for pH 4). ■ – Sartorius 10 kD, ◆ – Sartorius 5 

kD, ▲ – Merck Millipore PLGC07610, ● – Alfa 

Laval RC70PP. Measurements done at 1 bar 

TMP, room temperature for 1 min in triplicate for 

2 membranes. 

 

Figure 18 – Clean water flux of the different 

membranes during the days of the resistance 

study. I – Enzyme H test (composition on Table 

2); II – Chlorine 100 ppm test. ■ – Sartorius 10 

kD, ◆ – Sartorius 5 kD, ▲ – Merck Millipore 

PLGC07610, ● – Alfa Laval RC70PP, ✖ - Koch 

HFK 131. Measurements done at 1 bar TMP, 

room temperature for 1 min in triplicate for 2 

membranes. 
 

0

150

300

450

600

750

Control Day 3 Day 7 Day 14 Day 21 Day 28 Day 35

J
m

(k
g

/m
2
.h

)

0

20

40

60

80

0

150

300

450

600

750

Control Day 3 Day 7 Day 14 Day 21 Day 28 Day 35

J
m

(k
g

/m
2
.h

)

0

20

40

60

80

0

150

300

450

600

750

Control Day 7 Day 14 Day 21 Day 28 Day 35

J
m

(k
g

/m
2
.h

)

0

20

40

60

80

0

150

300

450

600

750

Control Day 3 Day 7 Day 14 Day 21 Day 28 Day 35

J
m

(k
g

/m
2
.h

)

0

20

40

60

80

0

150

300

450

600

750

Control Day 3 Day 7 Day 14 Day 21 Day 28 Day 35

J
m

(k
g

/m
2
.h

)

0

20

40

60

80

0

150

300

450

600

750

Control Day 3 Day 7 Day 14 Day 21 Day 28 Day 35

J
m

(k
g

/m
2
.h

)

0

20

40

60

80

I I 
I 

II II II 



9 
 

 Enzyme H 

Merck Millipore and Alfa Laval membranes did not 

completely dissolve and it was possible to continue the 

measurements throughout the incubation time. It was 

nonetheless possible to observe a considerable increase 

of the CWF of these two membranes. On the contrary 

Sartorius membranes (5 and 10 kD) did not suffer 

alterations to the control values – see inlet of Figure 18 I. 

 Chlorine 

The chlorine resistance test – Figure 18 II – affected all 

the membrane types in a similar way. This test had Koch 

PES HFK 131 membranes added to the study. Until the 

7th day of the study the membranes possessed values in 

line or lower than the ones of the control, however after 

that the fluxes started rising steadily. 

PES membranes were used as a point of comparison; it 

is known that these membranes are damaged by the 

presence of chlorine during cleaning steps. RC and PES 

have a similar response to the existence of chlorinated 

substances in considerable concentrations – 100 ppm. 

Retention Tests 

In parallel with the measurements of clean water flux, the 

retention behaviour of the membranes was studied. All 

the membranes have a retention of 100 % for the purified 

version of Enzyme H – tested with the Amicon® stirred 

cell system and analysed with HP-SEC. 

 Enzymatic Cocktails at pH 4 and 6.5 

The results of the retention tests are shown for the two 

cocktails on Tables 3 and 4, for the two tests made. Alfa 

Laval and Merck Millipore membranes were not tested. In 

the flasks at pH 4 he membranes dissolved after day 3, 

and the increase in CWF for Alfa Laval ones in the flasks 

at pH 6.5 was already significant enough that it was not 

necessary no perform retention tests. Merck Millipore 

membranes at pH 6.5 were dissolved before day 7 so it 

was not possible perform the test. 

Table 3 – Retention values, in percentage, for the different membrane 

types in contact with enzyme cocktail at pH 4 or 6.5 – corresponding to 

Mixes 2 and 1, respectively.  

Damaging 
Solution 

Membrane 
Type 

Measurement Day 

7 14 28 35 

Cocktail 
pH 4  

(Mix 2) 

Alfa Laval / 
Merck Millipore 

- - - - 

Sartorius 5 kD 100 % 99.7 % 99.7 % 99.7 % 

Sartorius 10 kD 100 % 96.5 % 78.6 % 7.97 % 

Cocktail 
pH 6.5 
(Mix 1) 

Alfa Laval / 
Merck Millipore 

- - - - 

Sartorius 5 kD 100 % 100 % 100 % 100 % 

Sartorius 10 kD 100 % 100 % 100 % 100 % 
 

Table 4 – Retention values, in percentage, for the different membrane 

types in contact with enzyme cocktail at pH 4 or 6.5 – corresponding to 

mixes 1 and 2, respectively. 

Damaging 
Solution 

Membrane 
Type 

Measurement Day 

14 21 28 35 

Cocktail 
pH 4 

(Mix 1) 

Alfa Laval /  
Merck Millipore 

- 
 

- - 

Sartorius 5 kD 100 % 99.2 % 99.6 % 99.5 % 

Sartorius 10 kD 98.1 % 95.3 % 88.3 % 58.7 % 

Cocktail 
pH 6.5 
(Mix 2) 

Alfa Laval / 
Merck Millipore 

- 
 

- - 

Sartorius 5 kD 100 % 100 % 100 % 99.6 % 

Sartorius 10 kD 99.7 % 99.7 % 99.2 % 98.6 % 

 

It can be seen from the results shown that Sartorius 10 

kD membranes are damaged with time when in contact 

with the cocktail at pH 4, while at pH 6.5, for the first test 

they present no enzyme in the permeate and for the 

second it can be considered that the loss of retention 

capacity is negligible. Sartorius 5 kD membranes 

maintain almost complete retention levels. 

 Enzyme H and Chlorine 

Table 5 shows the retention capacity of the membranes 

after being incubated in contact with the last two 

damaging solutions – Enzyme H and chlorine. 

Enzyme H incubation results for Sartorius 5 kD confirm 

the conclusions drawn with the clean water flux 

measurements. Sartorius 10 kD shows a decrease in 

retention with contact time that does not correspond to 

the observed behaviour of CWF. 

Table 5 – Retention values, in percentage, for the different membrane 

types in contact with enzyme H or chlorine solution (100 ppm). 

Damaging 
Solution 

Membrane 
Type 

Measurement Day 

7 14 28 35 

Enzyme H 

Alfa Laval / 
Merck Millipore* 

- - - - 

Sartorius 5 kD 100 % 100 % 100 % 99.6 % 

Sartorius 10 kD 100 % 100 % 98.5 % 97.4 % 

Chlorine 

Alfa Laval 100 % 73.1 % 30.2 % - 

Sartorius 5 kD 100 % 94.8 % 98.4 % - 

Sartorius 10 kD 100 % 100 % 23.3 % - 

Koch HFK 131 100 % 100 % 100 % - 

Merck Millipore 100 % 100 % 100 % - 

*Merck Millipore were tested on Day 7 however the obtained retention 

capacity was 0.95% 

Regarding the solution with chlorine, increases in CWF 

do not correspond to changes in retention capacity of 

membranes – only for HFK 131 and Merck Millipore ones. 

This can be explained since it is possible that the 

membrane mesh opened enough for the CWF to be 

affected but still not in a sufficient way for some enzyme 

to pass through. Alfa Laval membranes and also both 

Sartorius already show losses in retention capacity after 

14 days which goes in line with the changes in the 

measurements of the clean water flux. 

Glucose Analysis 

Cellulose when degraded to its monomer originates 

glucose that can be measured with a HPLC equipment. 

The results of the analysis are presented in Figures 19 

and 20 for the second round of experiences at pH 4 and 

6.5, respectively. The data of the analysis of the first 

incubation with the enzyme cocktail is not shown. It 

should be noted that the analysis should be repeated for 

the first test to verify the reliability of the herewith shown 

results. In the figures, the striped bars mean that no 

measurement was possible from that point onwards 

(including that day) since the membranes were already 

dissolved. Also, it should be mentioned that it was not 

possible to request triplicates of the analytical department 

for the samples which highly diminishes the reliability of 

the results. 

Knowing that the x axis is the control, it can be seen that 

Alfa Laval and Merck Millipore membranes show an 

increase in the glucose content in the solution after 3 

days. For the Sartorius membranes, the content of 

glucose was never above control levels, being even 
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visible lower values. The stability of the concentration can 

be related to the fact that the enzymes present were only 

capable to partially degrade the cellulose and it did not 

get to the monomer state – Figure 15. 

 
Figure 19 – Glucose concentration 

in grams per litre, relative to the 

control (x axis), for the membranes 

in the enzyme cocktail at pH 4. 1 – 

Alfa Laval, 2 – Sartorius 5 kD, 3 – 

Sartorius 10 kD, 4 – Merck 

Millipore membranes.  – No 

analysis was performed from this 

day onwards (the membranes 

dissolved). Samples taken on Day 

3 (), Day 7 (), and Day 14 (). 

 
Figure 20 – Glucose concentration 

in grams per litre, relative to the 

control (x axis), for the membranes 

in the enzyme cocktail at pH 6.5. 1 

– Alfa Laval, 2 – Sartorius 5 kD, 3 

– Sartorius 10 kD, 4 – Merck 

Millipore membranes.  – No 

analysis was performed from this 

day onwards (the membranes 

dissolved). Samples taken on Day 

3 (), Day 7 (), and Day 14 (). 

For the samples at pH 6.5 a tendency can be seen for 

Alfa Laval and Merck Millipore membranes. The increase 

is consistent with the results seen in the clean water flux 

measurements. Sartorius membranes show decreases 

compared to the baseline – control sample – which, since 

there were no increases in clean water flux 

measurements there is no reason for glucose variation, 

leading to the hypothesis that manual integration errors 

may have occurred. Merck Millipore results have 

approximately the same concentration of glucose for 

positive values that Sartorius have for negative values, so 

they should be carefully accepted. 

CONCLUSIONS  

This research focused on ultrafiltration membranes, in 

particular in evaluating the hypothesis that regenerated 

cellulose membranes (hydrophilic) would be superior in 

terms of processing fluxes, fouling behaviour and 

cleanability, when compared with polyethersulfone 

(hydrophobic) ones. RC membranes should be proven 

better, but, some concerns existed regarding their 

resistance. PES membranes are not sensitive to enzymes 

however the same cannot be affirmed for RC ones. It is 

also known that PES membranes require regular chlorine 

cleaning. 

UF experiments with Alfa Laval membranes were 

abandoned because of their fragility. Sartorius 10 kD 

comparison experiments with HFK 131 membranes were 

successful. In terms of processing fluxes they showed 

similar values, existing no advantage in using RC 

membranes. This conclusion was challenged when 

observing cleanability and fouling behaviour results. PES 

membranes revealed higher decreases in water flux. RC 

membranes showed small decreases in these values. 

Regarding cleanability, the results show that the recovery 

of fluxes after cleaning is complete or almost complete for 

RC, when opposed to significantly lower recoveries for 

PES membranes – specific values however depend on 

the processed enzyme. It was also observed that no 

chlorine cleaning was necessary for the former. 

The resistance tests show that Alfa Laval membranes are 

fragile in contact with all damaging solutions Merck 

Millipore membranes showed a similar behaviour to the 

one of Alfa Laval’s. Chlorine challenge tests showed that 

after two weeks of continuous contact all membranes had 

alterations to their structure – seen either on the 

increased clean water flux or in the loss of protein to the 

permeate in the retention tests. While at pH 6.5 Sartorius 

5 and 10 kD had approximately the same behaviour, at 

pH 4 10 kD membranes had high increases in clean 

water flux and loss of retention capacity with the passage 

of the days. 5 kD membranes maintained flux values and 

only lost minor quantities of protein to the permeate after 

35 days. 

10 kD membranes had higher decreases in processing 

flux; it diminished enough that 5 kD membranes after a 

few hours had higher values. Cleanability and fouling 

behaviour were similar thus not existing any advantage 

on this front. 

It is not possible to establish a parallel between how long 

the membranes did not show changes in the test and how 

long they would last in a production environment.  

It was shown that Sartorius membranes were superior to 

PES in recovering their performance after UF. Over time 

PES membranes would lose their performance much 

faster that Sartorius ones, leading to more, and more, 

cleaning cycles and the use of chlorine, that in turn 

results in time and product losses. On top of this, 

Sartorius 5 kD membranes showed a better enzymatic 

resistance than 10 kD of the same supplier. It would be 

interesting to continue this avenue of studies with 

Sartorius 10 kD or, even better, with 5 kD membranes. 
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