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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 
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RESUMO 

A indústria alimentar depende das exigências dos mercados relativamente ao melhoramento de 

produtos. O enfoque está nos processos para reduzir custos e aumentar a produção. As membranas 

utilizadas em ultrafiltração são feitas de polietersulfona (PES), material hidrofóbico com fluxos altos. 

São estáveis e resistentes, mas são afectadas por fouling e de difícil limpeza. As de celulose 

regenerada (RC) são consideradas uma alternativa às de PES devido às características hidrofílicas. 

Apresentam fluxos altos e espera-se que sofram menos fouling, sendo de fácil limpeza. 

Analisaram-se 4 membranas de RC – Alfa Laval 10 kD, Sartorius 5 e 10 kD e Merck Millipore 10 kD – 

comparando-se com membranas 10 kD Koch (polietersulfona). 

As ultrafiltrações compararam PES com Alfa Laval e Sartorius 10 kD. As Alfa Laval foram abandonadas 

devido à fragilidade. Os fluxos foram semelhantes entre PES e Sartorius 10 kD, mas relativamente ao 

fouling e limpeza, as últimas revelaram-se superiores. Comparando membranas Sartorius 5 e 10 kD 

não se revelaram diferenças. 

A resistência das membranas a misturas de celulases e glucanases e à presença de cloro foi testada. 

As membranas Merck Millipore e Alfa Laval foram destruídas pelos cocktails enzimáticos. As Sartorius 

10 kD danificaram-se após 14 dias de contacto com uma solução nociva. As membranas Sartorius 5 

kD não revelaram danos após 35 dias. Membranas de PES só foram avaliadas quanto à resistência a 

cloro; Todas as membranas mostraram sensibilidade ao composto. 

Conclui-se que as membranas Sartorius podem substituir membranas PES. Contrariamente às de 10 

kD, as de 5 kD mostraram ser resistentes à degradação enzimática e representam uma alternativa. 

Palavras chave: Capacidade de Limpeza • Celulose Regenerada (RC) • Membranas • Polietersulfona 

(PES) • Resistência • Ultrafiltração 
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I INTRODUCTION 

More and more, different industries are evolving and transforming into highly complex entities 

thus creating the necessity to develop specialised solutions in order to, not only distance themselves 

from their direct competitors, but also to provide better and more sustainable products to the consumer. 

This is especially true regarding the food industry. 

Be it innovating product-wise to meet new and specific demands or fine-tuning age-old processes, 

outstanding expertise, innovation, and insights are required. Research in this area is highly challenging 

and, consequentially, interesting, being done in the hope of fundamentally alter the prospects and 

improve life quality worldwide. Due to the array of areas comprehended, distinctive necessities for each 

market, and environmental concerns in general, production should be keystone and the focus is shifting 

towards simpler and effective processes that allow for high-quality products while maintaining their 

costs. These must satisfy the consumer demands, all the while complying with the safety requirements. 

Among various areas of expertise connected with food industry – e.g. crops, nutraceuticals, 

vitamins –, processing and production, a growing market relates to enzymes. These are extremely 

diverse products that can be used to improve manufacturing processes, decrease costs, or alter known 

products to respond to specific health requirements that growing segments of the population have. 

Various companies like Novozymes, Royal DSM, and DuPont lead the market in enzyme production – 

vide Figure 1 – accounting for more than 70% of revenues – Kumar, Singh, et al. (2014). Also, enzymes 

directed towards the food industry represent 31% of all enzyme sales around the world – Ratledge & 

Kristiansen (2006). 

 

Figure 1 – Comparative share of major leaders of the enzyme industry in the global market adapted from Kumar, 
Singh, et al. (2014). Data from 2009. 

Fermentation technology is the main method used to obtain enzymes, especially paired with the 

use of recombinant strains of yeast, fungi, or bacteria, facilitating the acquisition of the products, 

reducing costs, and increasing yields when compared with extraction from its natural sources. Related 

to the use of fermentation-based procedures is the necessity of a structured and failure-safe 

downstream processing to maximise product recovery, diminish loss of enzymatic activity and sustain 

cost friendly processes so as to render the product profitable. 

Novozymes
47%

Danisco / DuPont
21%

Royal DSM
6%

Others
26%
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Depending on the intended final product, and its production process, the downstream will be 

different and based on diverse principles to better separate and purify it. Although the same objective 

can be attained with a set of different steps, or combinations, there is usually a way to optimize the 

downstream process (DSP) and accomplish an equilibrium between reducing costs and time spent – 

because of the loss of enzymatic activity it is important to also maintain this parameter as low as possible 

–, while maintaining that a pre-determined purity must be reached. 

Different purities will be required for diverse possible purposes. For enzymatic studies, as long 

as the activity-interfering contaminants are removed, between 80 and 90% is acceptable, and for 

structural studies 95% or higher is recommended. If the final goal is therapeutic then the enzyme must 

account for 99.9% of the product – Castilho, Moraes, et al. (2008). 

In a downstream process, different operations are used – e.g. cell lysis, liquid-liquid extraction, 

centrifugation, filtration and chromatography –, however filtration procedures are ubiquitous from the 

beginning of the fermentation processes to the polishing section passing through the primary isolation 

and the intermediate purification – vide Figure 2. Be they normal flow filtration (NFF), also known as 

dead-end filtration, or tangential flow filtration (TFF), known as cross-flow filtration (CFF), these 

operations are important throughout production and their principles will be further discussed in II 

Theoretical Background. 

 

Figure 2 – Different steps in the expanse of a production process where membrane separations are employed – 
Drew & Flickinger (1999). 

Although used for diverse purposes, ultrafiltration is normally used for concentration or 

clarification – depending if the product is the retentate or the permeate –, and buffer exchange 

(diafiltration). 

I.1 MEMBRANE PROCESSES 

Membranes can be defined as barriers that separate two phases and restrict the transport of 

various substances; pore size is an important factor that contributes to the efficiency of the process, 

making it nowadays possible to separate and retain enzymes, cofactors, salts, or solvents – Pabby, 

Rizvi, et al. (2015), Peinemann & Nunes (2011). Membranes are used for different purposes like sterile 

filtration, clarification, virus removal, initial harvest, protein concentration, buffer exchange, and protein 

purification – van Reis & Zydney (2007). The food industry is the end user of a significant amount of the 

total production of membranes worldwide – 20 to 30% – also having annual increases of around 7.5% 

– Kotsanopoulos & Arvanitoyannis (2015). 
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Generally, the differentiation between MF, UF, NF and RO is due to the molecular weight cut off 

(MWCO) or pore size that the used membrane has – Figure 3. UF membranes have 1 to 70 nm pores, 

while MF ones are larger – 0.05 to 10 µm. The former are mainly used for the retention of proteins and 

macromolecules, being usually classified by the MWCO, and the latter retain cells and cell debris 

allowing the passage of smaller solutes like the previously mentioned proteins. NF is a slightly different 

process since it allows the separation of solvents, small organics and monovalent salts from divalent 

ones and larger molecules – van Reis & Zydney (2007). Finally, RO membranes possess even smaller 

pore sizes retaining most salts, which makes them ideal for water treatment. 

 

Figure 3 – Chart depicting filtration types, pore size of the different membranes and size of biological materials – 

GE Healthcare (2007). 

Depending on the purpose of the membranes’ application, different types will be used, both in 

configuration – tubular, plate-and-frame/flat sheet, hollow fibre, or spiral-wound, see Figure 4 – and in 

materials. 

 

Figure 4 – Commercial ultrafiltration modules. From left to right plate-and-frame/cassettes, spiral-wound, and 
hollow fibres – Peinemann & Nunes (2011). 

I.1.1 CONFIGURATION 

Regarding configuration, several factors should be considered when deciding which type of 

module will be used. Process fluid composition, end goal – recovering retentate or filtrate – and 

economic viability of the process will affect this decision. 

Another consideration pertains to the losses of product associated with the operation, either 

because of fouling phenomena or simply since not all liquid can be removed from the system (feed hold-
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up) after filtration – preponderant when the product of interest is in the retentate. The former will greatly 

impact the conditions in which the filtration occurs, being responsible for decreases in flux with time, 

also accounting for the necessity of a good cleaning step other than just to sterilise the membrane.  

Table 1 presents different membrane configuration types and the industries where they are 

usually implemented. It also shows a summarised report of their prices and some important parameters 

that allow for a better configuration choice depending on the objective of the operation. 

Table 1 – Characteristics of different membrane modules’ configuration and parameters for membrane module 
design choice. Adapted from Baker (2012) and Pabby, Rizvi, et al. (2015). 

Parameter Hollow fibre Spiral-wound Plate-and-frame Tubular 

Applications 
Pharmaceuticals, 
water, bioreactors 

Food, water, 
pharmaceuticals 

Food, biotech, 
pharmaceuticals 

Water, wastewater, 
industrial chemicals 

Manufacturing cost 
(US$/m2) 

5-20 5-100 50-200 50-200 

Feed Hold-up Low Low Moderate High 

Concentration polarisation 
fouling control 

Poor Moderate Good Very good 

Permeate-side pressure 
drop 

High Moderate Low Low 

Suitability for high-
pressure operation 

Yes Yes Yes Marginal 

Remarks 
Susceptible to 
fibre blocking 

Difficult cleaning 
Easy dismantling 

and cleaning 
Easy cleaning 

 

I.2 MATERIALS 

There is an array of materials – vide  Figure 5 – from which membranes can be made of and they 

can be classified into two big groups, polymeric, or organic, and ceramic, or inorganic.  

 

Figure 5 – Common membrane materials. From left to right polyvinylidene fluoride – Bai, Wang, et al. (2012) –, 
regenerated cellulose – Wei, Zheng, et al. (2011) –, polyethersulfone – Sun & Chen (2016) –, and ceramic – 

Pabby, Rizvi, et al. (2015). 

Inorganic membranes – e.g. alumina oxide – have been commercially available since the 1980s 

and have an array of advantages when comparing them with polymeric ones. They are mechanically 

resistant and have a high chemical and thermal stability even when operating under extreme conditions. 

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, on the other hand, are made of various polymers like regenerated cellulose 

(RC), cellulose acetate (CA), polyamide (PA), polysulfone (PS), polyethersulfone (PES), polyvinylidene 

fluoride (PVDF), etc. These membranes are relatively cheap and easy to manufacture, being used within 

multiple industries because of the wide range of pore size in which they can be constructed. These 

membranes, however, have limitations across one or more parameters or operating conditions – pH, 
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temperature, pressure, or chlorine resistance. They are also much more common in protein processing 

than inorganic ones – Pabby, Rizvi, et al. (2015). 

Ultrafiltration polymeric membranes are made of two layers, a very thin one that separates the 

solutes present in the solution and a thicker support layer with a much wider structure that doesn’t 

impede the passage of the fluid after it passes the skin of the membrane – Flickinger (2013). 

For food related purposes, the most commonly used membranes are made of polyethersulfone, 

since 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 and as such would foul less and have higher process fluxes. 

I.2.1 POLYETHERSULFONE MEMBRANES 

PES membranes – see monomer in Figure 6 – are one of the more important polymeric materials 

being widely used in separation fields, showing great oxidative, thermal, and hydrolytic stability.  

a 

Figure 6 – Polyethersulfone polymer repeating unit (monomer) – Alele & Ulbricht (2016).  

Because of these properties they are used in artificial organs and in medical devices for 

haemodialysis and other blood purification equipment. However, it is reported that due to their relatively 

hydrophobic behaviour they tend to adsorb proteins and fatty compounds resulting in undesired effects 

like adhesion and coagulation. This problem is traversal to other areas like food applications and 

reduces membrane performance so ways of modifying these membranes, to improve the mentioned 

parameters, are being studied – Zhao, Xue, et al. (2013). 

I.2.2 REGENERATED CELLULOSE MEMBRANES 

 Regenerated cellulose – vide polymer repeating unit in Figure 7 – 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 the vast majority of plants. 

 

Figure 7 – Cellulose polymer repeating unit – Alele & Ulbricht (2016). 

RC membranes are more hydrophilic than membranes made of other material types, present low 

fouling tendency and high biocompatibility, which justifies their extensive use in medical or 

pharmaceutical separation processes – Ali (2013). Nevertheless, they have two main disadvantages 

when comparing them with PES membranes, one being their reduced resistance – see Figure 8, for a 

schematic of the inverse relationship between hydrophilicity and resistance/integrity. 
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Figure 8 – Membrane material relationship with both hydrophilicity and integrity. Adapted from Cui & Muralidhara 
(2010) 

The other factor to consider is the cost associated with regenerated cellulose membranes. In 

general, they are more expensive – can go to twice as much in cost per square metre – than their PES 

counterparts – DIANE (1994). 

I.3 AIM OF THE PROJECT 

This project aims to compare regenerated cellulose membranes from different suppliers among 

themselves and, also, with a polyethersulfone membrane that will work as a reference as it is widely 

used in food industry production processes. The MWCO of the membranes will be 10 kD for all of the 4 

suppliers, although one RC membrane of 5 kD will also be inserted in the experiments. The membranes 

will be studied regarding processing fluxes, the occurrence of fouling phenomena, cleanability and 

recovery of flux after enzyme processing, and chemical (chlorine) and biochemical (enzymes like 

cellulases and xylanases) resistance. 
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II THEORETICAL BACKGROUND 

Like previously stated, membrane processes can be used to achieve multiple goals. Two types 

of filtration exist: tangential flow filtration (TFF) and dead-end filtration, or normal flow filtration (NFF); 

the direction of the flow along the membrane is the difference between these two methods of operation 

– see Figure 9. 

For NFF the flow direction is perpendicular to the membrane surface and, under an applied 

pressure any particles that are larger than the membrane pores are deposited on top of it, while smaller 

ones go through. This type of filtration can be used for sterile filtration, virus, or proteins separations, or 

for clarifying prefiltration – Millipore Corporation (2003). 

In contrast, in TFF, or cross-flow filtration, the pressurized fluid flows tangentially along the 

membrane, relying on the pressure given by the pump to force part of the liquid to go through the 

membrane, being this called the filtrate or permeate, while the one that exits at the end of the membrane 

module is known as retentate. Like in the previous filtration mode, the molecules that are smaller than 

the pores will pass, while larger ones will be retained, but instead of creating a layer on top of the 

membrane they will be mostly dragged by the tangential flow. 

 

Figure 9 – Comparison of Normal Flow Filtration (dead-end filtration), on the left, and tangential filtration, on the 
right – Millipore Corporation (2003). 

By definition, NFF will originate more fouling than TFF due to the deposition of particles on top of 

the membrane over time, building up a layer of retained material that will compromise the performance 

of the filtration process. On the other hand, TFF will have less tendency to suffer from this problem. The 

tangential flow will drag the particles across the membrane decreasing cake layer formation and thus 

fouling phenomena – Ranamukhaarachchi (2012). 

II.1 GENERAL CONSIDERATIONS 

Generally, an ultrafiltration occurs in TFF mode and it is characterized by the pore size or MWCO 

like previously stated. In general, an UF system will have a tank in which the feed solution is, a pump 

that generates the feed flow – Qf – that passes on the membrane surface, and the membrane module. 

In food industry, it is commonly used during DSP for concentration or to wash out salts, in which case it 

is called diafiltration. 
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Considering the goal of this process, several passes of the fluid over the membranes should occur 

to attain the desired concentration of product.  Also, the pressure applied to the system will force some 

of the liquid to pass through the membranes while the rest is recirculated to the tank. The feed flow 

across the surface of the membrane will originate a pressure drop between the entrance of the module 

and the exit – retentate side. Because the flow on the filtrate (or permeate) side is low and there is no 

resistance to the flow of the liquid, the pressure is approximately constant and can be expressed as in 

Equation II.1, being called transmembrane pressure (TMP). 

 𝑇𝑀𝑃 (𝑏𝑎𝑟) = (
𝑃𝑓 + 𝑃𝑟

2
) − 𝑃𝑝 II.1 

The filtrate or permeate flux – J, Equation II.2 – is one of the most important parameters to follow 

over time when studying membrane processes, and it is the volume (or mass) that passes through the 

membrane per area and time units. Usually flux is given in kilogram per square meter per second so, in 

the case of this experimental work, Equation II.2 has the necessary conversions to present flux in these 

units, considering that membrane area and mass were not in SI units. 

 𝐽𝑚(𝑘𝑔/𝑚2. ℎ) =
𝑚𝑝 (𝑔)

𝐴 (𝑐𝑚2)  ×  𝑡 (𝑠)
×

3600 × 10000

1000
 II.2 

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) – vide Equation II.3. It 

represents the reduction in mass of the feed from its initial mass. 

 𝐶𝐹 =
𝑚𝑖

𝑚𝑖 − 𝑚𝑝

 II.3 

Each membrane is characterized by its pore size, however saying that a specific UF membrane 

has a specific MWCO or pore size does not mean that all pores have exactly that size. A study by Tang, 

Chan, et al. (2015) showed, for several membranes, that the distribution is like the one represented in 

Figure 10. 

 

Figure 10 – Pore size distribution of several different membranes. Adapted from Tang, Chan, et al. (2015). 

Retention – Equation II.4 – 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 
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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

 II.4 

The concentration of the protein existent in both the permeate and the retentate was determined 

by high performance size exclusion chromatography. Because absorbance – read by the equipment 

used – is directly proportional to the concentration of that molecule in solution – Equation II.5 – it is 

possible to convert Equation II.4 into Equation II.6 to obtain the retention capacity of the membrane to 

that component. 

 𝐴𝑏𝑠 = 𝜀𝐶𝑙 II.5 

 % 𝑅𝑒𝑡𝑒𝑛𝑡𝑖𝑜𝑛 = (1 −
𝐴𝑏𝑠𝑝

𝐴𝑏𝑠𝑟

) × 100 II.6 

II.2 FOULING AND CONCENTRATION POLARIZATION 

Fouling phenomena result in loss of membrane performance derived from the deposition on its 

surface of substances (dissolved or suspended); as such it is frequently one of the main limitations when 

applying membrane processes to food or biotech industries. Different parameters directly influence both 

the amount and the rate at which these phenomena occur. Membrane type (material and configuration), 

pore size, and characteristics of feed solution all affect fouling – Cui & Muralidhara (2010). 

Permeate flux decrease typically has a 3-phase behaviour – vide Figure 11 – in which it can be 

observed a sharp initial reduction (I), then a gradual decline over time (II) until there is an equilibrium 

between foulant detachment from the membrane and the new attachment reaching then a steady state 

(III). 

 

Figure 11 – Schematic representation of the three stages in flux decline – Abdelrasoul, Doan, et al. (2013a). 

According to Abdelrasoul, Doan, et al. (2013a) the first stage can be credited to the rapid blocking 

of the membrane pores, even though this blockage depends on the shape and relative size of the both 

particles and pores. They also report that this is a quick process since less than one layer of particles is 

necessary to fully block the membrane. The second stage of fouling is due to cake formation and growth 

with time on the surface of the membrane. 
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It is usually considered that 4 types of pore blockage exist – schematic representation in Figure 

12; In the complete mode (a), the particles larger than the membrane pore adsorb to the membrane 

surface, in the partial mode (c) particles of similar size to that of the pore cause its obstruction. Cake 

layer (d) results from the build-up of particles on the surface of the membrane while internal blocking 

mode (b) results from the adsorption of smaller molecules to the pore walls; this las method is usually 

considered irreversible – Abdelrasoul, Doan, et al. (2013b).  

 

Figure 12 – Diagram of proposed membrane fouling modes; a – complete pore blocking, b – internal pore 
blocking, c – partial pore blocking, d – cake filtration. Adapted from Abdelrasoul, Doan, et al. (2013b) 

As reported by Choi, Zhang, et al. (2005) fouling phenomena can be divided in two different kinds 

– reversible and irreversible – depending on the attachment strength of the foulant compounds to the 

membranes. Closely related with fouling phenomena is concentration polarization which is the reversible 

accumulation of molecules that do not pass through the membrane close to its surface. Due to the 

laminar flux in the vicinity of the membrane the transport of those components back to the bulk feed has 

to be diffusive, in other words, based on an established concentration gradient, resulting in the 

enrichment of the less permeable molecules near the membrane surface – Cui & Muralidhara (2010). 

The accumulation of these particles results in the formation of a reversible gel layer that can, 

subsequently, and in time, suffer a transition to the irreversible adsorption layer – Figure 13. 

 

Figure 13 – Schematic representation of concentration polarization and fouling at the membrane surface. 
Adapted from Goosen, Sablani, et al. (2005). 

The findings of a study by Cherkasov, Tsareva, et al. (1995) are schematised in Figure 14 and 

show that for hydrophilic membranes – like regenerated cellulose – the adsorption layer, i.e. the 
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irreversible layer is small and does not vary with the concentration of the compounds present in the 

solution – Figure 14a to 14c. On the other hand, for relatively hydrophobic membranes – like PES ones 

– the adsorption layer is bigger and depends on the solute concentration – Figure 14e to 14g. Their 

study also showed that the flux recovery is directly correlated to the thickness of the irreversibly bound 

layer – Figure 14d and 14h. 

 

Figure 14 – 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 – gel-
polarisation layer, 3 – membrane surface. Adapted from Cherkasov, Tsareva, et al. (1995). 

The presented information, both in the Introduction as in this chapter, supports the hypothesis 

that in general regenerated cellulose membranes will have better performance than their PES 

counterparts. 
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III MATERIALS AND METHODS 

III.1 MEMBRANES 

PES membranes – Koch Industries, HFK 131 – are compared in terms of fouling behaviour, 

cleaning efficiency and resistance with RC membranes – Sartorius Hydrosart® and Alfa Laval RC70PP 

–, being their characteristics in Table 2. When possible, they were obtained with the measurements 

necessary to use in the two equipment later described, otherwise they were cut with the help of a mould 

to perfectly fit them. Considering the obtained results, it was decided that Merck Millipore RC 

membranes PLGC07610, would also be used. 

Table 2 – 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 

Cleaning 

Pressure (bar) n.d. n.d. 1.0 – 5.0 n.d. 

pH 1.8 - 11.0 n.d. 1.0 - 11.5 n.d. 

Temperature (°C) 40 - 50 n.d. 5 - 60 n.d. 

 

Prior to the membranes’ 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. 

III.2 ENZYMES AND PREPARATION 

Different enzyme streams produced at Royal DSM – vide Table 3 – were used for the tests. They 

were ordered, from the enzyme production plant in Seclin, France, after a solid-liquid separation step.  

To prepare the enzymes for the ultrafiltration studies, it was necessary to perform a polish filtration with 

two consecutive filters, with a decreasing pore size, in a Seitz Depth Filter from Pall Company that takes 

membranes of 154 cm2 and has a capacity of approximately two litres. 

Table 3 – Streams used for the UF tests. Protein type, size (kD) and study which they were a part of. 

 Type Size (kD) Study 

Enzyme A Lactase 237 

IV.1.2 Study 1 Enzyme B Peroxidase 49 

Enzyme C Aspartic Peptidase 35 

Enzyme D Glucose oxidase 160 
IV.1.3 Study 2 

Enzyme E Amylase 75 
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III.3 ULTRAFILTRATION EXPERIMENTS 

III.3.1 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 15. To 

regulate the temperature of the liquid inside the vessel, a Julabo GmbH F25-HL Refrigerated/Heating 

Circulator connected to its jacket was used. A QuattroFlow centrifugal pump was responsible for setting 

the processing flow that was tracked with an Electromagnetic Flowmeter FXL5000 (Miniflow) from ABB. 

The pressure was controlled with an ITT Prue-Flo 1/2” TYC CF8M valve and monitored with an 

Anderson Pharma Series pressure gauge, both placed after the membrane module – C2 and I2 in Figure 

15. Permeate measurements were made placing two recipients – one corresponding to each pair of 

membranes – in scales – a Mettler Toledo SG32001 and a Sartorius LP12000S – and following the 

mass changes over time.  

 

Figure 15 – 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® membranes and HFK 131, both with a MWCO of 10 kD 

– IV.1.2 Study 1 –, and afterwards Hydrosart® 5 and 10 kD were also directly compared – IV.1.3 Study 

2. Even though more than one enzyme was processed in both cases, there was only one pair of each 

membrane type for each study. 

III.3.2 WATER FLUX MEASUREMENTS 

Before processing, the clean water flux (CWF) of the membranes was measured in triplicate for 

2 minutes at room temperature and 1 bar TMP. Knowing the area of each pair of membranes – 168 cm2 

–, and weighing the exiting permeate in that period, the flux is calculated using equation II.2. After 

processing, the system is rinsed with water and the fouled water flux (FWF) was measured in the 

previously described way. 

III.3.3 PROCESSING 

The processing of the enzymes, always done 3 times – 10 L each except for enzyme D in which 

only 8.7 L were available per run – with each one, was tracked identically to the way the water flux was 

measured. Processing conditions were always the same except for the time each enzyme was 

ultrafiltered. The first time each enzyme was processed efforts were made to, as far as possible, achieve 

A 

B 
C1 

C2 D 

E 

F 

G1 

G2 

H 

I1 

I2 
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the concentration factor used in the production plant, and the next two times the time frame 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.  

In the cases that the processing time turned out to be more than a single work day it was 

necessary to leave the system in standby overnight. The feed flow was significantly lowered, the 

temperature was kept below 10°C, and the TMP was 0 bar. The permeate exits were also directed to 

the vessel so that the CF would remain the same 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 and then 

the operating conditions were resumed. 

III.3.4 CLEANING 

After the operation and the measurement of the FWF it is necessary to clean the membranes and 

measure the new CWF obtained. 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 shorter 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). A more aggressive cleaning step was done (when 

necessary) with a heated chlorine solution in hypochlorite form – ClO– – for an intermediate duration 

between the short and the longer steps above described. 

III.3.5 RETENTION CONTROL 

To verify the retention of the different membranes with the enzymes used in the studies an 

Amicon® Stirred Cell from Merck Millipore (76 mm of diameter) with a filtration area 41.8 cm2 was used 

along with a RET basic magnetic stirrer from IKA® at 100 rpm to process 400 mL of each enzyme for 2 

hours at room temperature and 1 bar. The permeate was collected and a sample was analysed with 

high performance size exclusion chromatography (HP-SEC) – vide III.5.1 High Performance Liquid 

Chromatography (HPLC). 

III.4 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. 

III.4.1 DAMAGING SOLUTIONS 

Of the two lines considered, one used enzyme cocktails of cellulases (β-glucanases) and 

xylanases – see Table 4 –, and the other one relied on chlorine – hypochlorite form. A known cleaning 

agent – Diversey Europe B.V., Divos 120Cl – was used (1% corresponding to 100 ppm of chlorine). 

Table 4 – 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 
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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. 

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. 

III.4.2 SETUP AND EQUIPMENT 

Each membrane type – previously shown in Table 2 – was put in triplicate and incubated in a 1 L 

plastic flask in contact with the different solutions for 35 days; the exception was HFK 131 membranes 

that were not put in contact with the enzyme cocktails but only with cleaning agent. Prior to said 

incubation, the clean water flux (CWF) of each membrane was measured in triplicate. 

To assess the influence of the solutions to the membranes, on the 3rd and 7th days after the 

beginning of the tests, the CWF was also measured. These measurements continued to be performed 

on a weekly basis after that. Parallel, 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 a filtration area 41.8 cm2) 

was used along with a RET basic magnetic stirrer from IKA® at 100 rpm. The flux was measured, at 

room temperature, with the pressure of the system set to 1 bar, by accounting for the mass (PR8002 

DeltaRange, Mettler Toledo scale) that would exit on the permeate side in a 1 min period and then, 

knowing the filtration area of the membrane – 45.4 cm2 –, calculated with equation II.2. 

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; afterwards, the permeate and the retentate were collected and analysed in HP-

SEC to identify if Enzyme H was present or not in the permeate. If positive, the analysis allowed the 

determination of the retention capacity of the membrane (equation II.6), if negative the retention was 

complete. 

III.5 ANALYTIC METHODS 

III.5.1 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 the runs in which the sample 

contained 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, that was previously prepared diluting 10 times an in-house made 1 M 
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solution with, also in-house prepared, Milli-Q water. After dilution, the buffer was filtered with a 

Nalgene™ RapidFlow™ filter (0.45 µm pore size, PES membrane) from Thermo Scientific™. The flow 

rate was kept at 1.0 mL/min, which results in pressures around 52 bar, and the sample volume injected 

in the system was 10 µL. Both the column and the samples were kept at a constant temperature, the 

former at 21°C and the latter at 10°C. The acquisition was made by UV absorption at 280 nm to detect 

aromatic compounds. 

Periodically – e.g. when shoulders start to appear in the chromatograms or the peaks get too 

wide – the column was cleaned with 20% v/v ethanol in Milli-Q water (0.1 mL/min, 4 bed volumes). 

Beforehand the column was reversed and washed with 2 bed volumes (BV) of phosphate buffer 0.1 M 

at pH 6.8 (0.2 mL/min). After the passage of the cleaning solution the column was again washed with 

phosphate buffer – previous conditions apply –, reversed and compacted with the same buffer (1 BV at 

0.2 mL/min, 2 BV at 0.5 mL/min and 2 BV at 1 mL/min). 

A Bio-Rad® Gel Filtration Standard that contains five different proteins – composition and details 

in Table 5 – was used as weight marker and to verify if the cleaning step was successful. It was prepared 

adding 0.5 mL of Milli-Q water to the vial, gently mix and allow the vial to stand on ice for 2 to 3 min. 

After mixing again, 10 μL were applied to the column – see resulting chromatogram in Annexe 1, Figure 

43 – in the above-mentioned conditions. 

Table 5 – Gel filtration standard components, protein size and quantity per vial. 

Protein Molecular Weight (kD) Amount per vial (mg) 

Thyroglobulin (bovine) 670 5.0 

γ-globulin (bovine) 158 5.0 

Ovalbumin (chicken) 44.0 5.0 

Myoglobin (horse) 17.0 2.5 

Vitamin B12 1.35 0.5 

 

III.5.2 GLUCOSE ANALYSIS 

A Thermo Scientific™ Dionex™ Ultimate™ 3000 High Performance Liquid Chromatography 

system 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 – prepared by adding 5 mL of 4 

M H2SO4 to 2L of Milli-Q water. 

The samples were centrifuged – Eppendorf 5804 R centrifuge, F-45-30-11 rotor – 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 the above-mentioned time frame. The 

column, the samples and the RI detector were kept at a constant temperature. 

The chromatograms of the used standard are shown in Figure 45, Annexe 2 and allowed the 

identification of the species present in the samples and their concentration. 
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III.6 DATA ANALYSIS 

The chromatograms were obtained and analysed with Chromeleon® 7 Chromatography Data 

System (CDS) from Thermo Fischer Scientific Inc. Obtained data was organised, analysed, and plotted 

in Microsoft Excel from Microsoft Corporation. Values’ average and standard deviation were calculated 

with imbedded functions of the same software. The exception was made when analysing the data of the 

retention tests; after determining the retention percentage the associated standard deviation was 

calculated with equation III.1 – Karlen, McNair, et al. (2007). 

 𝜎% 𝑅𝑒𝑡𝑒𝑛𝑡𝑖𝑜𝑛 = % 𝑅𝑒𝑡𝑒𝑛𝑡𝑖𝑜𝑛 × √(
𝜎𝐴𝑏𝑠𝑟

𝐴𝑏𝑠𝑟

)
2

+ (
𝜎𝐴𝑏𝑠𝑝

𝐴𝑏𝑠𝑝

)

2

 III.1 
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IV RESULTS AND DISCUSSION
1 

IV.1 ULTRAFILTRATION EXPERIMENTS 

Prior to the processing of each enzyme with the M10 module from Alfa Laval it was necessary to 

study the retention behaviour of each membrane for the different enzymes used. Considering the HP-

SEC chromatogram – Figure 43, Annexe 1 – it was possible to plot a linear regression – Figure 44, 

Annexe 1 – that relates retention time and molecular weight of the protein. Since the molecular weight 

of the enzymes is known, it is verifiable if there is enzyme in the permeate or not. 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, 

thus altering the contact with the membrane surface, which in turn would affect the permeate fluxes. As 

such, it was necessary to process a big enough volume to guarantee that a significant concentration 

factor could be achieved without risking biased data. 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. Usually, it is also possible to 

plot permeate flux over the logarithm of the concentration factor, however two membrane types were 

being used – which implies two partial concentration factors or one global. Because of this using the 

partial concentration factors would be incorrect and using the global would lead to graphic 

representations with the same behaviour as if time was chosen. 

Regarding the utilisation of flux decrease as an indirect fouling indicator, it should be noted that 

negative decreases mathematically calculated were graphically represented as well, even though they 

do not have physical representability. As a negative decrease translates an increase in flux, it was 

necessary to utilise HP-SEC analysis to refute the possibility of damages to the membranes or of system 

leakage. 

IV.1.1 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 – the latter were readily 

available and in larger quantities than the Sartorius RC membranes (5 kD or 10 kD). Merck Millipore 

membranes were not considered for this study as they are not obtainable in the necessary format or in 

big enough sheets to allow cutting in the correct one. 

The results of the six operations performed – in triplicate with two different and non-mentioned 

enzymes – will not be analysed in detail regarding process fluxes, cleanability, and fouling behaviour; 

two arguments can be presented to justify this decision.  

                                                      
1 Due to time constraints, the two approaches studied during the laboratory work were pursued concurrently. 

As such, some mentions will be made to maintain coherency and to assure completion of ideas, but will only be 
explained further ahead. 
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Firstly, 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. The realisation that the change was necessary came from three factors; in one of the runs, 

when plotting permeate flux of the two different membranes over time there was an increase of the flux 

of RC membranes’ values in the middle of the processing, Figure 16, for apparently no reason – all the 

variables, feed flux, pressure and temperature were kept constant. This first indicator led to the necessity 

of verification of other parameters to make sure that there was indeed damage to the membranes and 

not only slight variations in data collection. 

Another factor was an increase in the CWF – Figure 17 –, again only for Alfa Laval membranes, 

from before operation to after the cleaning procedure. As the increase was above 25% it is already 

considered a big enough deviation to warrant doubts regarding some sort of damage to the membranes. 

 

Figure 16 – 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. 

 

Figure 17 – Relative CWF, normalised for the highest 

flux value, for Alfa Laval and Koch HFK 131 
membranes, before operating (■) and after processing 
and cleaning (■). Operational parameters: 1 bar TMP, 
room temperature, measurement over 1 min in 
triplicate. 

Finally, after analysing a sample of the permeates with HP-SEC it was observed that the one 

relative to the regenerated cellulose membranes had enzyme in it. Since the appearance of a leakage 

in the system in the middle of the operation is not likely, and adding the previous two aspects, the 

probable explanation was that the membranes were damaged, even though no certainty could be had 

regarding the source of damage – either mechanic or biochemical. 

The second reason to forego the results in detriment of the other membranes is that the resistance 

tests – vide IV.1.3 Study 2 – proved the low biochemical resistance of the Alfa Laval membranes. So, 

and because the objective is to process enzymes, it resulted that they were abandoned from the 

ultrafiltration experiments for Sartorius membranes. 

IV.1.2 STUDY 1 

Even after setting Alfa Laval membranes aside, the goal continued to be the comparison between 

PES and RC membranes. As such, because Merck Millipore RC membranes could not be studied in 

terms of UF performance the next step was to compare Sartorius ones. It was decided that the first ones 

to compare would be those with the same MWCO as HFK 131 – 10 kD. 

To properly understand the membranes’ behaviour, as would presumably happen at production 

scale, the two pairs initially put inside the M10 LabStak® remained there up to the end of the study. 
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Considering this, the measurements of the CWF initially made will be used as a point of comparison for 

the percentage of recovery of flux – equation IV.1 – after every cleaning procedure.  

 % 𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦𝐶𝑊𝐹 =
𝐶𝑊𝐹𝑎𝑓𝑡𝑒𝑟 𝑐𝑙𝑒𝑎𝑛𝑖𝑛𝑔

𝐶𝑊𝐹𝑛𝑒𝑤 𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒𝑠

× 100 IV.1 

Three different enzymes, A, B, and C, were considered for this study – information in III.2 

Enzymes and Preparation. 

 ENZYME A 

Like previously mentioned each enzyme had its processing time; for enzyme A this was 17 ½ 

hours. In Figure 18 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 18 – 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. 

It can be seen a change in behaviour in the graphic; this change 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 afterwards the 

fluxes resume their previous behaviour – slight decrease over time. It should still be mentioned that 

more, or less pronounced, this discrepancy occurred in all three runs with enzyme A. 

Even though the changes can be justified as previously mentioned, it was necessary to collect a 

sample of each permeate and analyse it with HP-SEC to check for the presence of enzyme. This test – 

made for each operation before the beginning of the next one – resulted in chromatograms without 

peaks in the retention time window that corresponds to enzyme A, which confirms the theory of the 
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increase in flux being due to the overnight stop and subsequent increase of feed flow before the restart 

of the operation. 

It is possible to roughly identify the three phases of flux decline in the graphics; firstly, there is the 

brusque and quick decrease – zone I –, afterwards a less prominent one – zone II –, and finally the flux 

decline has variations small enough to have a plateau-like behaviour – zone III. 

Regarding the general behaviour of the membranes during operation, 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 – results in Figure 19.Then the cleaning procedure was applied and the new clean 

water flux was compared with the one measured when the membranes were put for the first time in the 

M10 LabStak® module – vide Figure 20. This last one allows an analysis to the cleanability of the 

membranes when subjected to the same process to revert the fouling that occurred. 

 

Figure 19 – Decrease percentage of the water flux 

between before and immediately after ultrafiltration 
with enzyme A for Koch HFK 131 and Sartorius 10 kD 

membranes. Measurements of FWF made after first 
(), second (), and third () ultrafiltrations. 
Operational parameters: 1 bar TMP, room 
temperature, measurement over 1 min in triplicate. 

 

Figure 20 – Recovery percentage of the clean water 

flux after the application of the cleaning procedure to 
Koch HFK 131 and Sartorius 10 kD membranes. 

Measurements of CWF made after cleaning of first (), 
second (), and third () ultrafiltrations of enzyme A. 
Operational parameters: 1 bar TMP, room 
temperature, measurement over 1 min in triplicate. 

Several conclusions can be made regarding the two above presented figures. Regarding the 

decrease in the water flux after the ultrafiltration – it can be observed that HFK 131 membranes possess 

significant decreases – 92.7 ± 5.4, 95.0 ± 10.4, and 90.5 ± 2.0 for first, second and third UF –, while the 

biggest one that Sartorius 10 kD membranes have is 22.4 ± 0.8 – the ones for the second and third 

operations are 4.90 ± 0.2 and 6.45 ± 0.2, respectively. 

On the other hand, when analysing the graphic that represents the recovery of the clean water 

flux after cleaning the membranes the tendency is to conclude two things; firstly, 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. Secondly, regarding Sartorius 10 kD membranes it 

was possible to almost recover the initial flux (in some cases it was a complete recovery). However, 

after the third run, even when accounting the standard deviation, the flux recovery was over 100%. 

Although HP-SEC analysis is always done, in this case it was especially important to verify no damage 

was suffered unlike what occurred with Alfa Laval membranes. 
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As the processing time and initial volume were fixed, a comparison of the obtained concentration 

factor was made for the three UF runs – Figure 21. 

 

Figure 21 – Normalised concentration factor attained for the three UF operations with enzyme A. Normalisation 
made with the highest value of the three. Concentration factor calculated with equation II.3. 

While between the first two runs a significant decrease is visible, when trying to find a correlation 

among the highly diminishing CF – from UF one to two –, a CF change almost non-existent – from 

operations two and three –, and the fouling behaviour and membrane cleanability – as evidenced in 

Figures 19 and 20 – some problems arise.  

Considering that the same enzyme, from the same batch, subjected to the same operation 

conditions, is being processed, and that the cleaning procedure was always the same, there is 

apparently no reason for such a discrepancy. In fact, the decrease in water flux of HFK 131 membranes 

is statistically the same, and the one for Sartorius 10 kD is significantly higher after the first UF while 

low after the other two. HP-SEC analysis also did not reveal leakage or damages to the membranes 

due to the fact that neither of the three UFs had enzyme in any of the permeates. Adding to this, the 

fact that the recovery for RC membranes increased, and the one of PES membranes didn’t decrease 

enough to warrant a meaningful influence, it comes that there does not seem to exist an explanation for 

the fact above depicted. 

 ENZYME B 

The second enzyme studied revealed a different UF behaviour compared with the previous one 

– vide Figure 22 – and was processed for 7 hours, which turned out to be the fastest operation of the 

five different enzymes. 

Interestingly, and contrary to what was expected, HFK 131 membranes start with significantly 

higher permeate fluxes compared to RC ones – Figure 22 I –, and as time passes they get closer to one 

another, especially towards the few last time-points. Then, in Figure 22 II, other than the first value, PES 

membranes continue to have higher fluxes, although regenerated cellulose has significantly closer 

values throughout and converges earlier in the run to HFK 131. For the third and final ultrafiltration – 

Figure 22 III – it can be observed that a complete inversion occurred and that Sartorius 10 kD 

membranes process the feed faster than their PES counterparts from beginning to end. 

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. 
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Figure 22 – Relative permeate flux values for both HFK 131 and Sartorius 10 kD membranes during the 

processing of Enzyme B; each graphic is normalised for the highest flux value of both membranes in that 
operation. Graphics for first (I), second (II), and third (III) UF runs. ◆ – Koch HFK 131 PES membranes; ▲ – 

Sartorius 10 kD regenerated cellulose membranes. Operational parameters: 3 bar TMP, < 10°C, 7 h. 

Analysis of fouling and cleanability of the membranes was also done like previously mentioned – 

Figures 23 and 24. In this case the goal was to see if the results of these two comparisons would support 

the above explained hypothesis for the inversion of fluxes. 

 

Figure 23 – Decrease percentage of the water flux 

between before and immediately after ultrafiltration 
with enzyme B for Koch HFK 131 and Sartorius 10 kD 
membranes. Measurements of FWF made after first 
(), second (), and third () ultrafiltrations. 
Operational parameters: 1 bar TMP, room 
temperature, measurement over 1 min in triplicate. 

 

Figure 24 – Recovery percentage of the clean water 

flux after the application of the normal cleaning 
procedure and one chlorine cleaning to Koch HFK 131 
and Sartorius 10 kD membranes. For each membrane 
from left to right: after first (), second (), second with 
chlorine cleaning (), and third () ultrafiltrations of 
enzyme B. Operational parameters: 1 bar TMP, room 
temperature, measurement over 1 min in triplicate. 

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, although represented 

a negative decrease, and that even considering the standard deviation to the mean the value does not 
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go up to zero or higher, it does not mean that damages to the membranes or leakages in the system 

occurred. Again, no enzyme was present in the permeate samples collected and analysed with the HP-

SEC technique. 

As reported by Goosen, Sablani, et al. (2005), hydrophilic membranes are more prone to 

reversible fouling than hydrophobic ones, in which this phenomenon quickly transitions to its irreversible 

form. As such it is more likely that the rinsing of the system with water (to remove the enzyme still 

existent in the system due to the hold-up volume) prior to the measurement of the FWF dislodges much 

of the fouling in the RC membranes (more hydrophilic) but had less of an impact in the HFK 131 ones. 

This justifies the somewhat high decreases for these last membranes as opposed to the reduced or 

non-existent for Sartorius 10 kD. 

Concerning the cleanability of the membranes after processing Enzyme B, it was shown that, 

even though the process fluxes where still high by the end of the UF – data not shown – when comparing 

with other enzymes, the recovery of the water flux was difficult; however, this was only true regarding 

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 down 

to 70–75 % is a general rule of thumb for acceptable flux recovery it was decided to perform once a 

more aggressive cleaning cycle to try to get the recovery up to these values after the second UF with 

enzyme B. After the chlorine cleaning procedure, even though the flux went up – from 27.7 ± 0.4 % to 

44.0 ± 0.9 % – to a value similar to the one after the first UF it was still low and more cleaning cycles 

should be necessary. Sartorius 10 kD membranes did not show significant differences after the chlorine 

cleaning which implies that a normal cleaning cycle should be enough to recuperate the initial flux. 

The three concentration factors attained were again plotted – Figure 25 – and some disparities 

could be seen, similarly to what had previously happened with Enzyme A. 

 

Figure 25 – Normalised concentration factor attained for the three UF operations with enzyme B. Normalisation 
made with the highest value of the three. Concentration factor calculated with equation II.3. 

Even as the difference between the CWF of the first and second UFs is not particularly significant, 

when comparing either one with the obtained concentration factor for the third operation there is a big 

discrepancy. Going back to the previous figures and analysing flux decrease there is a slight increase 

in PES and a slight decrease in RC; regarding flux recovery, it is not significant for Sartorius 10 kD and 

for HFK 131 after the first UF is very close to the one after chlorine cleaning post-second operation. 

Considering that the membranes start almost in the same condition and that all operating conditions are 

the same this behaviour was not expected.  
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 ENZYME C 

PES membranes were lastly compared with Sartorius 10 kD with Enzyme C – graphic 

representation in Figure 26. This one required a 12 hours operation and, as such, it was necessary to 

process in two different days leaving the system in standby overnight. 

 

 

Figure 26 – Relative permeate flux values for both HFK 131 and Sartorius 10 kD membranes during the 

processing of Enzyme C; each graphic is normalised for the highest flux value of both membranes in that run. ◆ – 

Koch HFK 131 PES membranes; ▲ – Sartorius 10 kD regenerated cellulose membranes. Operational 
parameters: 3 bar TMP, < 10°C, 12 h. 

The first mention should go to the to the discrepancy existent in all three runs where the operation 

was left in standby and the next restarted. Like with enzyme A the most likely cause is due to the 

temporary increase in feed flow before resuming the ultrafiltration. 

Inversely to what happened with Enzyme B, as the UFs were performed the more the flux of PES 

membranes got close to the one of Sartorius 10 kD. While during the first processing they are quite 

separated, by the third one they are almost overlapping. Since this data is not enough to draw 

conclusions regarding their behaviour, decrease and recovery percentages were plotted for the 3 runs 

– vide Figures 27 and 28. 

The first figure maintains the tendency seen for the other two enzymes previously described as it 

depicts higher decreases for HFK 131 than for regenerated cellulose membranes. Also considering the 

negative values presented for these last ones the chromatograms of the HP-SEC analysis showed no 

presence of no enzyme in the permeate. This occurrence can also be explained by a convergence of 

several aspects. The membranes are very hydrophilic and as such are more prone to reversible fouling 

phenomena; the processed enzymes are characterised by being an extremely complex media that can 
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affect and interfere with different molecules having diverse results. It is possible that either during the 

ultrafiltration the new feed interacted with some residual fouling components thus removing or altering 

the bonds between said components and the membrane, or that the feed flow during UF or rinsing 

removed the remaining fouling molecules.  

 

Figure 27 – Decrease percentage of the water flux 

between before and immediately after ultrafiltration 
with enzyme C for Koch HFK 131 and Sartorius 10 kD 
membranes. Measurements of FWF made after first 
(), second (), and third () ultrafiltrations. 
Operational parameters: 1 bar TMP, room 
temperature, measurement over 1 min in triplicate. 

 

Figure 28 – Recovery percentage of the clean water 

flux after the application of the cleaning procedure to 
Koch HFK 131 and Sartorius 10 kD membranes. 
Measurements of CWF made after cleaning of first (), 
second (), and third () ultrafiltrations of enzyme C. 
Operational parameters: 1 bar TMP, room 
temperature, measurement over 1 min in triplicate. 

There is also to consider the fact that the membranes 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. 

The last assessment to be made was with the concentration factor – depicted in Figure 29. In this 

case it can be seen that the behaviour is consistent with the increase in ultrafiltration runs. 

 

Figure 29 – Normalised concentration factor attained for the three UF operations with enzyme C. Normalisation 
made with the highest value of the three. Concentration factor calculated with equation II.3. 

The rise in the concentration factor values supports the previously presented hypothesis that 

some of the remaining fouling layer was removed during enzyme processing, subsequent cleaning 

cycles, rinsing or in fact any combination of more than one of these steps. It is worth mentioning that 

rinsing and UF runs would mostly affect reversible fouling, and that cleaning would influence the 

presence of irreversible one; to a substantially lesser degree it is also possible that some interactions 

between components present in the enzyme feed would affect this last fouling type. 
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 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. 

IV.1.3 STUDY 2 

After determining the viability of the regenerated cellulose membranes in terms of fouling 

behaviour – lower occurrence than in PES – and cleanability, both derived from its hydrophilicity, and 

having also seen that there were no significant differences in operation permeate flux of both membrane 

types it was necessary to verify 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. 

This study also issues from the results of the resistance tests – vide IV.2 Challenge Tests –, which 

showed that Sartorius 5 kD were resistant to the extreme conditions even after Sartorius 10 kD 

membranes had lost their integrity. 

 ENZYME D 

The first comparison, using enzyme D, also consisted in 3 ultrafiltrations – see Figure 30 for the 

graphic representation of their average –, each one operating for 11 hours. 

Like in the case of enzyme A, the discrepancy visible in the plotting of the fluxes over operation 

time at 9½ hours derives from the fact that the system had to be left on standby overnight and the 

operation restarted in the next morning. Considerable deviations can be seen both at the beginning of 

the graphic and also at the previously referred time-point. In the beginning, they are due to the lack of 

stability of the system – e.g. sudden increase in pressure to the required TMP – and afterwards to the 

restarting of the system with feed flow variations. 

Despite these considerations the ultrafiltration behaviour is consistent with the typical one, being 

as such possible to easily identify the three flux zones described in more detail in II.2 Fouling. The first 

one exhibits 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 30 – 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 regenerated cellulose 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 Figures 31 and 32. 

 

Figure 31 – Decrease percentage of the water flux 

between before and immediately after ultrafiltration 
with enzyme D for Sartorius 5 and 10 kD membranes. 
Measurements of FWF made after first (), second 
(), and third () ultrafiltrations. Operational 
parameters: 1 bar TMP, room temperature, 
measurement over 1 min in triplicate. 

 

Figure 32 – Recovery percentage of the clean water 

flux after the application of the cleaning procedure to 
Sartorius 5 and 10 kD membranes. Measurements of 
CWF made after cleaning of first (), second (), and 
third () ultrafiltrations of enzyme D. Operational 
parameters: 1 bar TMP, room temperature, 
measurement over 1 min in triplicate. 

Observing both figures it can be concluded that the two membranes have low decreases in water 

flux – the worst-case scenario is a reduction of 7.2 ± 0.2 % – and that the recovery of the CWF is, at its 

lowest, 97.1 ± 2.8 %. The values above 100 % do not result from damages to the membranes since the 
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HP-SEC chromatograms had no peaks with a retention time that corresponds to the one of Enzyme D. 

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 30, 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. 

The concentration factor attained for the different ultrafiltrations didn’t show substantial variations 

in the three operations – Table 6 –, which can be explained by the small variations previously described. 

Table 6 – Normalised concentration factor for the three ultrafiltrations performed with Enzyme D. Concentration 

factor calculated with equation II.3; normalisation done with the highest value of the three operations. 

Ultrafiltration Concentration Factor 

1 0.99 

2 0.88 

3 1.00 

 

 ENZYME E 

The comparison of Sartorius 5 and 10 kD was made with only two enzymes, the last of which – 

Enzyme E – was processed for 8 ¾ hours. In the three UFs performed with this enzyme it can be 

observed – Figure 33 – 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 33 – Relative permeate flux values for both Sartorius 5 and 10 kD membranes during the processing of 

Enzyme E; each graphic is normalised for the highest flux value of both membranes in that run. ◆ – Sartorius 5 

kD regenerated cellulose membranes; ▲ – Sartorius 10 kD regenerated cellulose membranes. Operational 
parameters: 3 bar TMP, < 10°C, 8 h 45 min. 
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Similarly, to what could be seen with Enzyme D, the graphic representation of both permeate 

fluxes over time follow the same tendency; Sartorius 10 kD membranes start with higher flux values 

(slightly below twice the one of Sartorius 5 kD) but despite the fact that they stay higher for longer than 

what happened with the first enzyme of this study, eventually by the end of the ultrafiltration there was 

an inversion in behaviour and 5 kD membranes possessed higher fluxes. 

Water flux decrease and cleanability of the membranes – Figures 34 and 35 revealed to follow 

the same tendency as what occurred with Enzyme D. 

 

Figure 34 – Decrease percentage of the water flux 

between before and immediately after ultrafiltration 
with Enzyme E for Sartorius 5 and 10 kD membranes. 
Measurements of FWF made after first (), second 
(), and third () ultrafiltrations. Operational 
parameters: 1 bar TMP, room temperature, 
measurement over 1 min in triplicate. 

 

Figure 35 – Recovery percentage of the clean water 

flux after the application of the cleaning procedure to 
Sartorius 5 and 10 kD membranes. Measurements of 
CWF made after cleaning of first (), second (), and 
third () ultrafiltrations of Enzyme E. 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.  

However, contrary to both the expected and the behaviour seen with the previous enzyme, the 

concentration factor had significant fluctuations between the three ultrafiltrations – vide Figure 36. 

 

Figure 36 – Normalised concentration factor attained for the three UF operations with enzyme C. Normalisation 

made with the highest value of the three. Concentration factor calculated with equation II.3. 

The steady tendency in both the decrease percentage in the water flux and in its recovery after 

applying the cleaning process would lead to the conclusion that the concentration factor would remain 

more or less constant since all the operating conditions were maintained, even though that did not end 

up happening. 
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 GENERAL REMARKS 

Regarding the second study several things can be concluded; firstly, 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 also 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 that Sartorius 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.  

IV.2 CHALLENGE TESTS 

The second main objective of this work was to evaluate the resistance of regenerated cellulosic 

membranes. Before presenting the obtained results and discussing them, some general considerations 

will be exposed to facilitate the comprehension and justify decisions that were made which directly 

influenced the experimental process. 

Firstly, two directions were considered for these tests; one relied on a chlorine solution to test the 

different membranes’ resistance to this compound since it is widely used as a cleaning and sanitising 

agent – Regula, Carretier, et al. (2014); the other was more complex and 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 the streams. 

For the enzymatic resistance experiments it was decided to mix the available β-glucanases, 

xylanases, and the cocktails from two other enzyme producing companies (instead of separating them) 

to increase the damaging potential. Also, the exact composition of the samples was not known so mixing 

them would possibly broaden the spectre of action. According to the information possessed of DSM 

enzymes and what was possible to find on the two cocktails it was decided that 2 different pH values 

would be considered – pH 4 and 6.5. These values were chosen considering the optimal pH of enzymatic 

activity while at the same time guaranteeing that the pH was inside the window given by the membranes’ 

manufacturer. The first idea was to mix more of the enzymes that had higher activity levels at a certain 

pH and less of the rest, which ended up being done, but because in doing so two variables were being 

changed – composition and pH – the opposite case was also studied, that is, a second parallel study 

was done maintaining the compositions presented in III.4.1 Damaging Solutions, but switching the pH 

value to the other one of the two. Another solution was made, this one with only enzyme H since despite 

being a protease it has significant β-glucanases’ side activity. It was not added to the mix of the other 

enzymes because there was an inherent risk of it degrading the other enzymes and preventing them 

from interacting with the membrane. 

After the enzymatic composition of the mixes was defined the concern was to prevent microbial 

growth from occurring; that would affect the experience not only membranes-wise but also regarding 
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the solution itself. Two common preservatives were used – each to its suitable pH – and during 

incubation no microbial growth or contamination was observed. It should be mentioned that these 

concerns did not exist for the chlorine resistance testing due to the fact that this molecule was present 

but also because of the working pH for that specific study – 10. 

It is important to assure that there is a baseline to which the results can be compared to; as such 

for each membrane type two controls were made. One of the controls was for the chlorine experiment 

– water at pH 10 –, and the other one was a solution of sodium benzoate at pH 4; because of the already 

large size of the experiment, the belief that the pH difference from 4 to 6.5 and the presence of sodium 

benzoate or potassium sorbate would not affect the membranes, this was the control used for all but the 

chlorine tests.  

IV.2.1 CLEAN WATER FLUX 

All the clean water flux measurements were done each time in triplicate for two randomly chosen 

membranes of each flask and all the presented fluxes consider the six values obtained. Figures 38, 39, 

and 40 show the graphic representation of CWF values on the different days of the study (and the 

controls) for enzymatic cocktail at pH 4, at pH 6.5, and for enzyme H and chlorine, respectively. 

 ENZYMATIC COCKTAILS AT PH 4 AND 6.5 

As previously stated, the incubation of the membranes in contact with the enzymatic cocktail was 

done twice with the two different compositions. 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. For the first test at both pH values it was not possible to make the measurements on day 21 of 

the incubation period. 

Regarding the tests at pH 4, in Figure 38 I it can be seen a gradual increase in the clean water 

flux of Sartorius 10 kD membranes, while Sartorius 5 kD ones seem to maintain a steady value 

throughout the experiment. Both Alfa Laval and Merck Millipore membranes only have fluxes 

represented for the control. That occurs because when taking the membranes out of the flasks to 

measure the CWF it was revealed that they were completely dissolved and only the support existed. 

Figure 38 II corroborates the same analysis even though the increase of flux for Sartorius 10 kD 

membranes is slightly different; however, the tendency is the same for all 4 membrane types. Since the 

CWF of the membranes is substantially lower than the 750 kg/m2.h represented on the y axis of the 

graphics, both insets show the enlarged representation of the selected area. The insets also provide 

information regarding Sartorius 5 kD membranes that would be difficult to verify without their existence; 

the permeate flux of these membranes does not present statistically significant changes for the duration 

of the test. 

On the other hand, the tests at pH 6.5 allowed a comparison between all the membranes for a 

longer time than the ones at pH 4. In this particular case Alfa Laval and Merck Millipore membranes 

showed more resistance to the solutions with which they were in contact with. The former maintained 

some resemblance of structural integrity between 7 and 14 days, and the latter between 3 and 7. In 

Figure 39 it is observable not only the abrupt increase of the fluxes of these two membranes but also 

the apparently stationary behaviour of the Sartorius membranes. Yet, the inset in Figure 39 I shows that 
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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 inset in Figure 39 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. 

When looking to the results of the two figures they can be analysed comparing Figure 38 I and 

Figure 39 II – Mix 2 – with Figure 38 II and Figure 39 I – Mix 1 –, since the enzymatic cocktail has the 

same composition in pairs. It was already determined that Sartorius 5 kD membranes suffer no 

alterations so the focus will be on the other 3 types. While at pH 4 Sartorius 10 kD membranes had a 

bigger increase in flux with Mix 2 at than with Mix 1 the same was not seen at pH 6.5. Merck Millipore 

membranes and Alfa Laval membranes can only be analysed for the differences between the mixes at 

pH 6.5. The former was more affected by Mix 1 and the latter by Mix 2. These results can be related to 

the different enzymatic activities of the enzymes that exist in the mixes at the two pH values. 

The mechanism of degradation of cellulose relies on three different enzymes – vide Figure 37 –, 

endo- and exo- cellulases, and β-glucosidases, and 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 37 – Mode of action of various components of cellulases – Karmakar & Ray (2011). 

Since the composition of the enzymatic cocktails is not known no definitive conclusions can be 

made regarding the mechanism of action and the extension to which the enzymes would affect the 

membranes. 

 ENZYME H 

It was also tested the influence of β-glucanase side activities existent in a feed of Enzyme H on 

the RC membranes. Mainly two reasons justify this test; the first was previously mentioned while the 

other derives from the fact that the above-described cocktails are to test the worst-case scenario. This 

resembles the contact that the membranes would have with an enzyme stream during processing. 
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Figure 38 – Clean water flux of the different membranes 

during the days of the resistance study. I – Mix 2 at pH 

4 (composition in Table 4); II – Mix 1 at pH 4 

(composition in Table 4 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 39 – Clean water flux of the different membranes 

during the days of the resistance study. I – Mix 1 at pH 

6.5 (composition in Table 4); II – Mix 2 at pH 6.5 

(composition in Table 4 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 40 – Clean water flux of the different membranes 

during the days of the resistance study. I – Enzyme H 

test (composition in Table 4); 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. 
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This time 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 inset of Figure 40 I. 

 CHLORINE 

The chlorine resistance test – Figure 40 II – ended up affecting all the membrane types in a similar 

way. On top of the four membranes mentioned in the enzyme resistance tests, this 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 even though 

none of the increases was as abrupt as some of the existent during the enzymatic challenge tests. 

The addition of PES membranes functioned as a point of comparison since it is already known 

that these membranes are eventually damaged by the presence of chlorine – during cleaning steps. 

What was observed was that regenerated cellulose and PES membranes have a similar response to 

the existence of chlorinated substances in considerable concentrations – 100 ppm. 

IV.2.2 RETENTION TESTS 

In parallel with the measurements of clean water flux, another parameter was studied to better 

understand the behaviour of the membranes after incubation with damaging solutions. This also served 

the purpose of confirming the obtained results previously mentioned. 

It is already known that 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. The operation with 

Enzyme H could only be made with one membrane of each flask for each measurement day because 

of time constraints, however the membrane was chosen from each flask at random each time. In Annexe 

3 the standard deviations of retention values here presented are shown; it should however be noted that 

they highly increase with slight variations of peak area in the chromatograms. 

 ENZYMATIC COCKTAILS AT PH 4 AND 6.5 

The results of the retention percentage calculated with equation II.6 are presented for the two 

enzymatic cocktails on Tables 7 and 8, for the two tests made. Alfa Laval and Merck Millipore 

membranes were not tested in this way. On one hand for the flasks at pH 4 no membranes existed after 

day 3, and, on the other, the increase in CWF for Alfa Laval membranes 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 also were dissolved before day 7 so it was not possible to process Enzyme H. 

Table 7 – 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 % 
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Table 8 – 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 

7 14 21 28 35 

Cocktail pH 4 
(Mix 1) 

Alfa Laval / Merck Millipore - -  - - 

Sartorius 5 kD 100 % 100 % 99.2 % 99.6 % 99.5 % 

Sartorius 10 kD 98.9 % 98.1 % 95.3 % 88.3 % 58.7 % 

Cocktail pH 6.5 
(Mix 2) 

Alfa Laval / Merck Millipore - -  - - 

Sartorius 5 kD 100 % 100 % 100 % 100 % 99.6 % 

Sartorius 10 kD 100 % 99.7 % 99.7 % 99.2 % 98.6 % 

 

It can be seen from the results shown that Sartorius 10 kD membranes are substantially damaged 

over 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. The difference between the results for the two pH values occurs because probably there is 

higher enzymatic activity at pH 4 than at 6.5. 

 ENZYME H AND CHLORINE 

Table 9 shows the retention capacity of the membranes after being incubated in contact with the 

last two damaging solutions – Enzyme H and chlorine. 

Table 9 – 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% 

Firstly, Enzyme H 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. Although it is not likely that an enzyme of 41 kD passes 

through a membrane with a MWCO of 10 kD, however small the amount was, without changing the 

clean water flux. However, it is possible that for some reason the membrane subjected to the retention 

test was damaged and the ones of the CWF measurements were not. Another possible explanation is 

that a leakage in the system occurred. Nevertheless, this type of occurrences could have been avoided 

or diminished if more membranes had been subjected to retention tests – which was not possible. 

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 



 

 

38 
 

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. 

IV.2.3 GLUCOSE ANALYSIS 

It was also decided to perform another analysis to help confirm the damage to the membranes. 

Cellulose, when degraded to its monomer, originates glucose that can be measured with a HPLC 

equipment and the correct column and procedure. 

This analysis was only performed for the flasks of the two cocktails at different pH values. It was 

also necessary to account for two situations; the first is related with the fact that the enzyme cocktails 

before incubating the membranes already have some sugars present and the second derives from the 

addition of the preservatives – either sodium benzoate or potassium sorbate. As such a sample of the 

initial solutions was measured for glucose content and then used as a baseline for the subsequent 

samples. The second matter required the analysis of samples of solutions of water with either 

preservative and the comparison of the obtained chromatograms with, for example, the one of the 

enzymatic mix to verify if the signal that corresponds to either compound would coincide with the one 

for glucose. 

The results of the analysis are presented in Figures 41 and 42 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 since no obvious tendency could be observed. Considering this 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. It should also 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. 

 
Figure 41 – 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 42 – 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 cocktail at pH 4, knowing that the origin of the y 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. This goes in line with the expected since after 3 days the membranes were dissolved and only 
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the support existed. For the Sartorius membranes, the content of glucose was never above control 

levels, being even visible lower values. The lack of increase in the concentration can be related to the 

fact that the enzymes present were only capable to partially degrade the cellulose and in the 14 days it 

did not get to the monomer state – Figure 37. 

Regarding the analysis of the samples at pH 6.5 a tendency can again be seen in the case of the 

solutions in which Alfa Laval and Merck Millipore membranes were incubated. The increase is consistent 

with the results seen in the clean water flux measurements. Sartorius membranes show again 

decreases compared to the baseline – control sample – which, in this case, since there were no 

increases in clean water flux measurements meaning no reason for glucose variation, may lead to the 

conclusion that integration errors may have occurred. Because Merck Millipore results have 

approximately the same concentration of glucose for positive values that Sartorius have for negative 

values, they should be carefully taken into account. 
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V CONCLUSION AND RECOMMENDATIONS 

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. 

It was expected that RC membranes would prove themselves better, however, some concerns 

existed regarding their resistance. While PES membranes are not sensitive to enzymes – as their 

worldwide application in the food industry shows – the same could not be affirmed for certain about 

regenerated cellulose ones. It is also known that polyethersulfone membranes require regular chlorine 

cleaning to get flux values back to the initial ones. This is problematic since the usage of the chemical 

with time leads to loss of integrity of the membranes’ mesh and subsequently product losses through 

the permeate with the widening of the pores. 

To study process flux, fouling occurrence and cleanability of the membranes 5 different enzyme 

streams produced by DSM were used along with an M10 LabStak module that allows the direct 

comparison of two different membranes; it has two permeate exits and as such the processing behaviour 

can be followed at the same time reducing associated errors. Alfa Laval and Sartorius 10 kD flat sheet 

membranes (both regenerated cellulose) were compared with Koch HFK 131 (polyethersulfone). 

Afterwards Sartorius membranes with two different molecular weight cut-off values – 5 and 10 kD – 

were compared regarding the same parameters. 

The resistance of the membranes was studied by incubating them in flasks for 35 days in contact 

with different damaging solutions specially created for this purpose. PES membranes were only put in 

contact with the chlorine solution since they are not susceptible to enzyme – cellulases and xylanases 

– damage. Three ways of indirectly assess the damage to the membranes were used; measurement of 

clean water flux, testing of retention behaviour with purified enzyme solution and glucose measurement. 

The last method was not performed for the chlorine tests. 

Results-wise, ultrafiltration experiments with Alfa Laval membranes were abandoned because of 

their fragility. It was not worth pursuing considering that not even 3 processing cycles could be 

completely done before the membranes were damaged. On the other hand, Sartorius 10 kD comparison 

experiments with HFK 131 membranes were successful and allowed to draw interesting conclusions 

regarding the performance of the two membranes. In terms of processing fluxes they showed 

remarkably similar values, apparently existing no advantage in using RC membranes. Yet this 

conclusion was rapidly challenged when observing cleanability and fouling behaviour results. PES 

membranes revealed higher decreases in water flux when comparing the measurements made prior to 

the operation with the ones made after. At the same time RC membranes systematically showed small 

decreases in these values. Cleanability further tilted the scales in favour of regenerated cellulose 

membranes as the results show that the recovery of fluxes after cleaning is complete or almost complete 

in their case, 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 
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necessary which is highly advantageous economically and environmentally, besides allowing the 

membranes to maintain their integrity for longer. 

At the same time, the resistance tests were being conducted and the previously seen 

phenomenon of Alfa Laval membranes’ fragility was observed in all the damaging solutions – two 

enzyme cocktails at pH 4 and 6.5, one solution of an enzyme stream and a chlorine solution. 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. Removing the first two membrane suppliers from the equation the choice would be between the 

two different MWCO of Sartorius membranes. While at pH 6.5 they had approximately the same 

behaviour – possibly because of the lower enzymatic activity although test would have need to be done 

to verify this hypothesis –, at pH 4 10 kD membranes had high increases in clean water flux and loss of 

retention capacity with the passage of the days. All the while 5 kD membranes maintained flux values 

and only lost minor quantities of protein through the permeate even after 35 days. 

These results led to the decision to compare in the UF module the two Sartorius membranes. 2 

of the 5 mentioned enzymes were used for this comparison and the same parameters as when 

comparing PES and RC membranes were studied. Even starting with almost twice the flux value as their 

5 kD counterparts, 10 kD membranes eventually had higher decreases in processing flux; it diminished 

enough that 5 kD membranes after a few hours had higher a processing flux. Cleanability and fouling 

behaviour, that is recovery of clean water flux and decrease from before to after processing, were 

remarkably similar thus not existing any advantage on this front. 

Despite the clear obtained results some other tests should be done to better understand the 

phenomena behind them. All the understanding of how much better RC membranes are when compared 

with PES is qualitative, meaning that with the existent data it is not possible to quantify precisely what 

would be gained with the utilisation of RC instead of PES membranes. A point to study should be the 

comparison of how many cleaning cycles would be required until HFK 131 membranes attained the 

same flux recovery that is seen in Sartorius ones.  

Another consideration is regarding the ultrafiltration module utilised. Even though efforts were 

made in order to try to get the concentration factor and membrane area to feed volume ratio as close 

as possible to the ones observed in production scale that was simply not possible, so it can happen that 

these results at laboratory scale do not show what would happen on an industrial scale. The next step 

would be to change module configuration – usually spiral wound membranes are used in food industry 

applications – and increase the scale of the tests for example in a pilot plant. 

The resistance tests also have associated issues; the continued contact of the solutions with 

membranes does not reproduce what happens in an industrial process. Imagining that a cellulase was 

being ultrafiltered and had potential to damage the membranes it would be in contact with them for some 

hours – depending on the process, membrane area and flux –, and then the membranes would be 

cleaned for another period of time and this cycle would continue until the membranes had to be replaced. 

It was not possible to replicate this behaviour in the laboratory so it was decided to try the worst-case 
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scenario approach. Regrettably, 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. 

A separate and new test would have to be conducted over some months with exactly the conditions of 

an industrial process to be able to understand exactly the resistance of the membranes. On top of this, 

it is not known the exact mechanism of attack of the enzymes to the RC membranes so another study 

could be done where the kinetics of different types of cellulases and xylanases would be studied using 

the membranes as a substrate. It would also be interesting to understand if changing the contribution of 

the different enzymes in the mixes would lead to exceedingly different results – caused by the presence 

of different amounts of exo- or endo- cellulases for example. 

When looking at all the results, and despite the drawbacks above argued, it was shown that 

Sartorius membranes were indeed superior to PES membranes, not in processing fluxes in which they 

were the same, but in recovering their performance after ultrafiltration. 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 did show a better enzymatic resistance than 10 kD of the same supplier, maybe because 

the enzymes degrade the membranes from inside the pore towards the outside and the reduced pore 

size does not allow contact between the membrane and the cellulase. As such it would be interesting to 

continue this avenue of studies with Sartorius 10 kD or even better 5 kD membranes. 
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ANNEXE 1 

 

Figure 43 – Chromatogram obtained with Chromeleon® 7 CDS for the Bio-Rad® Gel Filtration Standard. The 

correct peaks are identified with red push pins; next to them the first number is the peak number, the second the 
molecular weight of the correspondent enzyme and the third the retention time. 

 

Figure 44 – Linear regression plot of the molecular weight (MW) of the proteins in the Bio-Rad® Gel Filtration 

Standard with time. logMW (D) = – 0.4575 x t (min) + 8.7242, R2 = 0.9585 
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ANNEXE 2 

 

 

Figure 45 – Chromatograms obtained for the standard of the sugar analysis. Plot of µRIU with retention time 
(min). The components are identified on top of the correspondent peak. 



 

 

49 
 

ANNEXE 3 

Table 10 – Standard deviation values, in percentage, of the first test, for the different membrane types in contact 

with enzyme cocktail at pH 4 or 6.5. Non-represented values indicate that no peaks of Enzyme H existed in the 
chromatograms. 

Damaging Solution Membrane Type 
Measurement Day 

7 14 28 35 

Cocktail pH 4 
Sartorius 5 kD - 4.55 % 4.90 % 12.2 % 

Sartorius 10 kD 1.32 % 1.89 % 0.51 % 0.07 % 

Cocktail pH 6.5 
Sartorius 5 kD - - - - 

Sartorius 10 kD - - - - 

 

Table 11 – Standard deviation values, in percentage, of the second test, for the different membrane types in contact 

with enzyme cocktail at pH 4 or 6.5. Non-represented values indicate that no peaks of Enzyme H existed in the 
chromatograms. 

Damaging Solution Membrane Type 
 Measurement Day 

7 14 21 28 35 

Cocktail pH 4 
Sartorius 5 kD - - 0.77 % 12.2 % 2.29 % 

Sartorius 10 kD 5.12 % 0.86 % 6.57 % 0.85 % 1.07 % 

Cocktail pH 6.5 
Sartorius 5 kD - - - - 13.6 % 

Sartorius 10 kD - 14.3 % 6.42 % 21.6 % 24.0 % 

 

Table 12 – Standard deviation values, in percentage, for the different membrane types in contact with enzyme H 

or chlorine solution (100 ppm). Non-represented values indicate that no peaks of Enzyme H existed in the 
chromatograms. 

Damaging Solution Membrane Type 
Measurement Day 

7 14 28 35 

Enzyme H 
Sartorius 5 kD - - - 5.08 % 

Sartorius 10 kD - - 2.74 % 6.76 % 

Chlorine 

Alfa Laval - 0.59 % 0.06 % * 

Sartorius 5 kD - 0.58 % 0.20 % * 

Sartorius 10 kD - - 0.13 % * 

Koch HFK 131 - 31.2 % - * 

Merck Millipore - 0.24 % 2.55 % * 

*No measurements made 
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