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Abbreviations 

 

List of symbols 

 

AD  Anaerobic digestion 

Am   Membrane area  

AMPTS Automatic Methane Potential Test System 

AW-T  Acid whey after Tvarog production 

b   Rate of growth of the resistances due to adsorption and concentration 

polarization 

BM  Buttermilk 

BOD  Biochemical oxygen demand 

BSA   Bovine serum albumin 

C   Protein concentration in the retentate stream 

c  Rate of growth of the protein mass deposited on the membrane surface 

C0  Protein concentration in feed at steady state 

CF  Concentration factor 

COD  Chemical oxygen demand 

Cp  Protein concentration in permeate at steady state 

CWF  Clean water flux 

d  Constant parameter 

DF  Diafiltration 

DFP  Diafiltration permeate 

DFP-M Milk diafiltration permeate 

DFP-MS Milk serum diafiltration permeate 

e  Constant parameter 

f  Constant parameter 

Fc  Fouling coefficient 

FD  Fouling degree 

Fe  External foulants 

Fi  Internal foulants 

FWF  Fouled water flux 

GP  Graded permeability 
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Jp  Permeate flux during MF of buttermilk 

Jp,0   Permeate flux at the initial time 

Jp,f   Permeate flux at the end of the test 

MCC  Micellar casein concentrate 

mdep  Protein mass deposited on the membrane surface  

mdep,ss  Protein mass deposited on the membrane surface at steady state  

MF  Microfiltration 

MFGM Milk fat globule membrane 

MWCO  Molecular weight cut-off 

NCN  Noncasein nitrogen 

NPN  Nonprotein nitrogen 

NF  Nanofiltration 

OLR  Organic load rate 

R  Rejection of milk components  

R2   Regression coefficient  

Rads   Resistance due to adsorption on membrane surface and on the pore walls  

Rads,ss   Resistance due to adsorption at the steady state  

Rcl   Resistance due to the growth of the cake layer  

Rcl,ss   Resistance due to the growth of the cake layer at the steady state  

Rcp   Resistance due to concentration polarization  

Rcp,ss   Resistance due to concentration polarization at the steady state  

RIS  Resistance-in-series 

Rm   Membrane resistance  

RO  Reverse osmosis  

SD   Standard deviation  

SPC  Serum protein concentrate 

SW  Sweet whey 

t   Filtration time  

TMP   Transmembrane pressure  

TN  Total nitrogen 

TS  Total solids 

UF  Ultrafiltration 

UFP  Ultrafiltration permeate 

UFP-M Milk ultrafiltration permeate 
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VS  Volatile solids 

WP  Whey protein 

WPC  Whey protein concentrate 

WPI  Whey protein isolate 

α-LA    α-lactalbumin 

β-LG  β-lactoglobulin 
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Abstract 

 

With the growing milk production, dairy plants should take actions to decrease 
the generation of by-products and increase their circularity. Among main dairy streams 
considered as by-products the following should be noted: whey, buttermilk  
and ultrafiltration permeates, which are highly polluting agents when they  
are incorporated into the wastewater of dairy plants. They are characterized by very high 
biochemical oxygen demand and chemical oxygen demand. Thus, it is clear that they 
require an appropriate treatment and their inadequate disposal creates a major 
environmental issues. Furthermore, the processing in XXI century means following  
the zero waste principle to maximize the use of all nutrients with maximum profits   
and minimum costs. Such an approach is justified not only economically, but also 
ethically and is dedicated by the action resulting from the strategy based on sustainability.  

One of the important developments in dairy technology in recent decades has been 
the fractionation/separation of dairy streams into their principal constituents using 
membrane processes. However, fouling is still a major factor limiting application  
of membrane filtration. It changes membrane selectivity and reduces the flux during 
filtration time. 

The objectives of the doctoral dissertation were to assess the fractionation 
efficiency during ultrafiltration of whey and microfiltration of buttermilk, to indicate 
major foulants during filtration processes, to model the flux decline of different feed 
tested with a resistance-in-series model and to determine a time-based evolution of model 
parameters. Moreover, considering the need to increase the circularity of dairy  
by-products, the utilization of ultra- and diafiltration permeates in an anaerobic digestion 
was studied. 

The conducted study revealed that the major fouling agents reducing  
the efficiency of whey ultrafiltration were β-lactoglobulin and α-lactalbumin adsorbed  
to the membrane surface and to the pore walls. The performance of microfiltration 
membrane was reduced by the cake layer formed by caseins. A time-based evolution  
of resistance-in-series model parameters was determined for the first time, when filtering 
dairy streams obtained at industrial scale. Another novelty introduced was a general 
equation that accounts for the time-based changes in the mass deposited on the membrane 
surface during microfiltration of buttermilk. It has also been shown that with use  
of microfiltration to process buttermilk, which has undergone extensive heat treatment,  
it is possible to fractionate α-lactalbumin. The study of anaerobic digestion  
of ultrafiltration and diafiltration permeates has proven that tested permeates are efficient 
substrates in biomethane production. Based on these results, it has been calculated that 
for a dairy plant using ultrafiltration and diafiltration, the utilization of permeate  
in the methane fermentation process can provide enough energy to meet the plant's needs. 
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Streszczenie 

 

Ze względu na rosnącą produkcję mleka zakłady mleczarskie powinny podjąć 
działania na rzecz ograniczenia produktów ubocznych i rozwoju gospodarki o obiegu 
zamkniętym. Wśród głównych mleczarskich produktów ubocznych można wyróżnić: 
serwatkę, maślankę i permeat po ultrafiltracji, które po wprowadzeniu do ścieków 
zakładowych są silnie zanieczyszczającymi czynnikami. Charakteryzują się bardzo 
wysokim biochemicznym zapotrzebowaniem na tlen oraz chemicznym 
zapotrzebowaniem na tlen. W związku z tym, wymagają oczyszczania, a ich 
nieodpowiednie zagospodarowanie stwarza poważny problem środowiskowy. Ponadto, 
produkcja w XXI wieku oznacza podążanie za zasadą zero waste, polegającą  
na maksymalizacji wykorzystania wszystkich składników odżywczych, 
przy maksymalnych zyskach i minimalnych kosztach. Takie podejście jest uzasadnione 
nie tylko ekonomicznie, ale także etycznie i polega na działaniach wynikających 
ze strategii opartej na zrównoważonym rozwoju. 

Jednym z ważnych osiągnięć w technologii mleczarskiej na przestrzeni ostatnich 
dekad było frakcjonowanie/rozdzielanie składników mleka przy wykorzystaniu procesów 
membranowych. Jednak, zjawisko zarastania membran jest nadal głównym czynnikiem 
ograniczającym filtrację membranową. Zmienia selektywność membrany i zmniejsza 
natężenie przepływu strumienia permeatu w czasie filtracji. 

Sformułowano następujące cele rozprawy doktorskiej: ocena wydajności 
frakcjonowania podczas ultrafiltracji serwatki i mikrofiltracji maślanki, określenie 
głównych czynników odpowiedzialnych za zjawisko zarastania membran, modelowanie 
spadku natężenia strumienia permeatu podczas filtracji różnych produktów za pomocą 
modelu oporów szeregowych oraz określenie zmian parametrów modelu w czasie. 
Ponadto, biorąc pod uwagę potrzebę rozwoju gospodarki o obiegu zamkniętym, zbadano 
wykorzystanie permeatów po ultra- i diafiltracji w procesie fermentacji beztlenowej. 

Przeprowadzone badania wykazały, że głównymi czynnikami odpowiedzialnymi 
za zjawisko zarastania membran, obniżającymi wydajność ultrafiltracji serwatki były  
β-laktoglobulina i α-laktoalbumina zaadsorbowane na powierzchni membrany  
i na ścianach porów. Wydajność membrany mikrofiltracyjnej została zmniejszona przez 
warstwę placka utworzoną przez kazeinę. Po raz pierwszy określono zmiany parametrów 
modelu oporów szeregowych w czasie filtracji strumieni mleczarskich uzyskanych 
w warunkach przemysłowych. Kolejną nowością jest przedstawienie ogólnego równania 
opisującego zmiany masy osadzonej na powierzchni membrany w czasie mikrofiltracji 
maślanki. Wykazano również, że poprzez mikrofiltrację maślanki, która została poddana 
intensywnej obróbce cieplnej, możliwe jest frakcjonowanie α-laktoalbuminy. Badania 
nad fermentacją beztlenową permeatów po ultrafiltracji i diafiltracji wykazały, że są one 
wydajnymi substratami w produkcji biometanu. W oparciu o te wyniki obliczono,  
że w przypadku zakładu mleczarskiego stosującego ultrafiltrację i diafiltrację, utylizacja 
permeatu w procesie fermentacji metanowej może dostarczyć energii, w ilości która 
pokryje zapotrzebowanie zakładu. 
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1. Introduction 

 

From 2017 to 2021, global cow milk production increased from 512 to 544 million 

tons (Statista, 2021). Due to such a large throughput the dairy industry faces issues related 

to its carbon footprint and sustainability (Granato et al., 2022). According to the United 

Nations Sustainable Development Goals (SDGs), by 2030, food processors should take 

actions to decrease the generation of by-products and increase their circularity  

by developing nutritious products (United Nations, 2015).  

Among main dairy streams considered as by-products generated in dairy factories 

there are: whey, buttermilk (BM) and ultrafiltration permeates (UFPs) (Oliveira et al., 

2020). In spite of the numerous properties and benefits, dairy by-products are considered 

a high polluting agents due to their high biochemical oxygen demand (BOD),  

and chemical oxygen demand (COD) (Kaur, 2021). Thus, it is clear that they require  

an appropriate treatment and their inadequate disposal creates a major environmental 

problem when they are incorporated into the wastewater of dairy plants. Furthermore,  

the proper management of dairy side-streams that leads to limited waste of nutrients  

and contribute to the development of ingredients with high added value is of great 

importance (Argenta & Scheer, 2020).  

In order to minimize the environmental impact, as well as increase its application  

in the food sector, different alternatives for the use of dairy by-products have been 

studied. One of the important developments in dairy technology in recent years has been 

the fractionation of dairy streams into their principal constituents (Oliveira et al., 2020).  

In this work the fractionation of serum proteins from cheese whey and separation 

of BM components were described. Moreover, the state of the art considering  

the utilization of permeates generated during membrane filtration of dairy streams  

as substrates in anaerobic digestion (AD) was considered. The processing of milk  

and dairy streams according to zero-waste principle and sustainable development requires 

more holistic approach to optimal design the entire processing path of particular feed 

material.  

 

 

 

 



11 
 

1.1. Recovery of serum proteins from cheese whey 

 

At industrial-scale, serum proteins are mainly concentrated from whey. Therefore, 

they are usually called whey proteins (WP). Whey is a by-product of the manufacture  

of cheese or casein. There may be small differences in protein composition between 

cheese whey and permeate (milk serum) obtained during membrane-based micellar casein 

concentrate (MCC) production, which may serve as another source of serum proteins.  

For example, whey may contain: glycomacropeptide, that is released from κ-casein 

during cheesemaking, but it is not found in the milk serum; residual color; rennet; lactic 

acid and the cellular debris from starter culture and associated enzymes.  

The WP comprises ~20% of the total protein in milk (Brans et al., 2004; 

Chandrapala et al., 2016; Rocha-Mendoza et al., 2021). The main WP are β-lactoglobulin 

(β-LG) (35% to 65% of WP), and α-lactalbumin (α-LA) (12% to 25% of WP). In smaller 

amounts, WP consist of immunoglobulins (8%), serum albumin (5%) and lactoferrin 

(1%). Whey proteins are rich in branched chain amino acids, such as leucine, isoleucine,  

and valine (Patel, 2015). They are a valuable and rich source of essential amino acids  

in the human diet. In comparison with chicken egg proteins, WP have a higher biological 

value (Szczurek, 2008). That is why cheese whey is considered a promising raw material 

for various commercial applications.  

Additionally, there is also a large availability of cheese whey, which makes  

it utilization even more attractive from economical point of view. World production  

of whey is about 248 million tons, of which about 80% is produced in European Union 

and the United States of America (USDA, 2022). Large world whey production  

is associated with growing cheese production. According to OECD/FAO (2017), world 

cheese production is forecasted to increase from 2017 to 2026 by approximately 1.4%  

per year. This means that in 2026 the estimated total amount of cheese produced  

in the world will be about 26.2 million tons, which translates into about 236 million tons  

of drained whey. Therefore, the search for new cost-effective ways to process whey, 

including the optimization of WP recovery, is a constant challenge for the dairy industry. 

Whey is classified into sweet whey or acid whey based on its origin. Sweet whey 

is obtained during production of cheese made by enzymatic coagulation (González Siso, 

1996). Acid whey is generated when acid-coagulated cheeses and Greek yogurt  

are produced (Rocha-Mendoza et al., 2021). The most important differences in properties 

between sweet and acid whey are protein content (0.8–1.0% vs 0.3–0.84%, respectively), 
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calcium concentration (45 mg/100 g vs 103–140 mg/100 g, respectively) and pH  

(6–7 vs 4.21–4.60, respectively) (Fox et al., 2000; Rocha-Mendoza et al., 2021; Smith, 

2014).  

Sweet whey is usually further processed to produce whey powder  

or demineralized whey powder, lactose, whey protein concentrate (WPC) or whey protein 

isolate (WPI). However, the development of economically and environmentally 

sustainable application for acid whey is still a hurdle for dairy industry due to its 

composition (Zotta et al., 2020). Processing of acid whey is significantly difficult due  

to its low pH (<5) and the interest in using liquid whey for food production is small 

(Skryplonek, 2018). 

Nowadays, the most common technologies of WP separation/fractionation  

are membrane filtration processes. Membrane filtration technology is widely used in dairy 

processing to concentrate, fractionate, isolate, demineralize, defat, and purify different 

target macro-molecules, such as proteins, phospholipids and lactose (France et al., 2021). 

They can be applied for the treatment of whey without reducing the quality of obtained 

products. Generally, the nanofiltration (NF) and reverse osmosis (RO) processes are used 

for whey concentration and demineralization, but microfiltration (MF) and ultrafiltration 

(UF) processes are more popular and applied to fractionation of whey (Argenta & Scheer, 

2020). Therefore UF will be addressed with more emphasis in the following sections.  

Analysis of literature data indicates that among investigated issues related to UF 

of whey the following should be listed: separation and recovery of protein and sugars  

(Galanakis et al., 2014), the changes in flux during concentration of fermented acid whey 

(Konrad et al., 2012a), the influence of the molecular weight cut-off (MWCO)  

and membrane material on the dominating fouling mechanism (Corbatón-Báguena et al., 

2018), the chemical cleaning efficiency of UF membranes fouled with whey 

 (Aghajani et al., 2018) or the relationship between cake formation and membrane 

rejection of lactose, proteins and salts (Brião et al., 2017). The application of UF in whey 

processing was recently described in detail by Argenta and Scheer (2020). 

Ultrafiltration is a very important stage in serum protein recovery. That is why  

the research focused on process optimization is of great importance. The common issue 

addressed by so-far published papers is fouling of UF membranes resulting in a reduction 

of membrane performance and thus the process efficiency. Several attempts were made 

and different parameters were tested to reduce the fouling.  
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Among factors influencing the fouling phenomenon there is a type of membrane 

material used. Usually polymer UF membranes are applied (Argenta & Scheer, 2020). 

However, ceramic membranes are gaining more attention (Gruskevica & Mezule, 2021).  

The resistance against cleaning and disinfection is better for ceramic membranes  

(Brans et al., 2004). According to Al-Mutwalli et al., (2020) the filtration of cheese whey 

using ceramic membranes (i.e. inorganic membranes) shows relatively low fouling 

properties. 

  Nevertheless, the fouling phenomenon is still present during the filtration  

with ceramic membranes. Doyen et al. (1996) undertaken a comparative study on whey 

processing with polymer (PSF/PVP), ceramic (ZrO2) and organo-mineral (ZrO2/PSf) 

membranes. The MWCO ranged from 25 to 50 kDa. Despite the fact that, the permeability  

of the membranes was different, the plateau fluxes were comparable. It means that  

the experiments were conducted in the pressure independent flux regime. Depending  

on the concentration factor, the fluxes between 5.6 × 10−5 and 6.8 × 10−5 m/s were reached 

at a cross-flow velocity of 6 m/s. Therefore, the authors (Doyen et al., 1996) concluded 

that the fouling is the limiting factor in WP concentration and not the permeability  

of the membrane.  

Main fouling agents present in whey are: α-LA, bovine serum albumin (BSA)  

and β-LG (Barukčić et al., 2015). Additionally, increased calcium content and ionic 

strength may enhance the deposit layer formation due to the reduction of repulsive forces 

in protein-membrane and protein-protein interactions (Labbez et al., 2002; Luján-

Facundo et al., 2017; Steinhauer et al., 2016). The UF of acid whey obtained after Tvarog 

production is especially difficult to practice due to fouling associated with precipitation 

of calcium phosphate, the high concentration of lactic acid, minerals and the resulting 

insolubility of WP (Konrad et al., 2012a).  

The membrane separation processes are important techniques that make it possible 

to exploit and add value to whey, due to its numerous advantages, notably allowing  

the recovery of proteins. As a drawback, membrane fouling is still a limiting factor  

and it was observed in the literature review (Argenta & Scheer, 2020), that several authors  

are seeking to understand and minimize its effects, for instance, through the manipulation  

of the process variables and the use of modified membranes. Currently, one of the main 

challenges in the fully efficient application of ceramic membranes is the need to reduce 

membrane fouling.  
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1.2. Fractionation of buttermilk components 

 

Buttermilk is a by-product generated during butter making process.  

When cream is churned, an aqueous phase (BM) and a fat phase are generated (Oliveira 

et al., 2020).  

India was the largest producer of butter in 2021, contributing 56% of the global 

production.  The European Union was the second largest producer, averaging 2.13 million 

tons of butter (USDA, 2021). Assuming that butter is produced from 40% fat cream, about 

107 tons of BM are generated annually. Most of BM produced today is dried and used  

as an ingredient with technological and functional properties in a wide range of food 

products (e.g. salad dressings, chocolate, cheese, ice cream or yogurt) (Dewettinck et al., 

2008; Levin et al., 2016; Svanborg et al., 2015). Typically, 1000 kg of milk will yield 

over 45 kg of butter and 2–3 kg of BM powder (Oliveira et al., 2020).  

Natural BM contains lactose (3.5–4.9%), lactic acid (0.5%), nitrogenous 

compounds (2.7–3.8%), fat (0.3–1.0%) and ash (0.6–0.7%). It also consist of proteins  

and phospholipids derived from the milk fat globule membrane (MFGM). The ratio  

of casein to WP in BM is similar to that in skim milk (Corredig & Dalgleish, 1977). 

The  properties and composition of BM were described by Sodini et al. (2006)  

and Vanderghem et al. (2010). 

The number of scientific publications on the fractionation and functionality of BM 

has quadrupled over the past 20 years (Oliveira et al., 2020). To date, MF has been 

considered an efficient technique to fractionate BM into retentate enriched in casein  

and MFGM components and permeate rich in serum proteins (Morin et al., 2007; 

Svanborg et al., 2015). The majority of the studies on BM have been focused  

on the selective isolation of MFGM components due to their bioactive properties (Ali, 

2019). For example, Corredig et al.(2003) used sodium citrate to disperse the casein 

micelles and decrease its retention upon MF process, which resulted in production  

of phospholipid-enriched retentate. In another study, Morin et al. (2007) produced BM 

with a lower casein content employing MF, using cream washed with skim milk 

ultrafiltrate. Washing the cream prior to churning yields BM with 74% less protein than 

regular BM.  

Since BM's chemical composition and ratio of casein to serum proteins is similar 

to that of skim milk (Ali, 2019; Corredig & Dalgleish, 1977), BM could serve  

as an appropriate raw material for fractionation of serum proteins. Such approach to BM 
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management could increase the value of this by-product. Svanborg et al. (2015) discussed 

the similarities in physical and chemical properties between serum protein concentrates 

produced from BM and skimmed milk. The study revealed that protein concentrate  

from BM was equivalent to that from skim milk in terms of chemical composition, 

solubility and foaming properties. Moreover, the protein profiles were comparable,  

but serum protein concentrate from skim milk was characterized by higher content  

of casein (Svanborg et al., 2015). Despite the promising properties, the process oriented  

on isolation of serum proteins from BM has not been thoroughly explored yet. 

 It is also worth noting, that BM components are subjected to extensive heat 

treatment at the stage of cream pasteurization. Thermal processing of proteins may cause 

the denaturation of serum proteins and the formation of intermolecular disulfide bonds 

between β-LG and κ-casein (Harland et al., 1952; Zulewska et al., 2018). That may result 

in the retention of some part of β-LG in the retentate and simultaneous permeation  

of α-LA to permeate stream, resulting in “ordinary” fractionation of serum proteins upon 

MF process. 

It should be emphasized that the overall efficiency of the MF processing of regular 

BM is limited by the amount of caseins retained by the MF membrane  

 (Morin et al., 2006). Moreover, casein is the major protein foulant that increases  

the hydraulic resistance and reduces passage of serum proteins through MF membranes 

(Zulewska & Barbano, 2013). It indicates the necessity to conduct the research focused 

on understanding the fouling mechanisms of MF membranes during BM processing. 

 
1.3. Fouling and membrane performance 

 

Membrane fouling occurring during the filtration process may be caused  

by different mechanisms following each other or occurring simultaneously. Among these 

mechanism, there are: 

• adsorption, that  takes place when particles present in the solution interact with 

the membrane material and consequently a thin layer of particles is attracted 

to the membrane; 

• concentration polarization, that occurs when the concentration of a specific 

component increases at the boundary layer close to the membrane surface  

due to the selective transport through the membrane; 
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• partial or complete pore blocking, that occurs when particles present  

in the solution have sizes similar to pore sizes in the membrane material; 

• a cake layer formation, that is formed at the membrane surface  

due to the aggregation of colloids and macromolecules rejected  

by the membrane (Gruskevica & Mezule, 2021; Luis, 2018). 

Usually, the foulants has organic, inorganic, and biological origin. However,  

in complex substrates, inorganic, organic, and biological fouling occurs simultaneously. 

Inorganic fouling occurs due to the deposition of salts and inorganic elements  

on the membrane surface. Whereas, organic fouling refers to the adherence of hydrophilic 

and hydrophobic organic substances, i.e., proteins and polysaccharides on the membrane 

surface. Biological fouling is connected with adsorption of microorganisms (Gruskevica 

& Mezule, 2021). 

The main effect of fouling is a decrease in flux over filtration time. During  

UF of whey β-LG is considered the main protein that induces membrane fouling  

(Wen-qiong et al., 2019). As reported by Morin et al. (2007), the flux during the MF 

process of BM, is mainly controlled by the adsorption of casein to the pore walls  

and the formation of a cake layer. Casein accumulates at the surface of the membrane  

and creates a porous layer that limits permeation.  

The optimum flux during membrane filtration should have acceptable  

degree of fouling and foulants should be easily removed from membrane surface  

and/or pores by a standard cleaning procedure (Damar et al., 2020). Stable and high 

permeate fluxes can be obtained with shear-enhanced filtration processes. In order to keep 

such parameters in long-term operation, critical fouling conditions (the flux at which 

irreversible fouling appears on a membrane surface) should be studied and an optimum 

flux needs to be determined (Bacchin, 2004; Luo et al., 2012) .  

The first and the most important stage during the development of solutions leading 

to fouling reduction is to understand the fouling mechanisms. According to Tan et al. 

(2014) it is possible to elucidate the mechanisms of membrane fouling during filtration 

of skim milk by identifying and quantifying the proteins and minerals involved  

in the external and internal membrane fouling. The method involve an extraction  

of foulants from the filtration unit by subsequent rinsing stages performed with RO water  

and identification coupled with quantification of foulants using high performance liquid 

chromatography.  
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It is also possible to get insight into the fouling mechanism by fitting experimental 

results (i.e. flux measurements) to mathematical models. Due to the great influence that 

the decline of permeate flux has on the process productivity, the research has been focused  

on the prediction of the time evolution of permeate flux by means of the development  

of mathematical models (Bolton et al., 2006; Chen & Kim, 2006; Choi et al., 2000; Ho & 

Zydney, 2000; Mondal & De, 2010). Among the different models available  

in the literature, the resistance-in-series model (RIS) is the most often used. In recent 

study performed by Corbatón-Báguena et al. (2018), a RIS model was fitted  

to the experimental data obtained during UF of whey model solutions. The fitting was 

characterized by very high accuracy in terms of coefficient of determination (R2 > 0.95).  

It seems that the fouling occurring during membrane filtration of dairy streams  

is quite well explored. However, majority of previously published data considers  

the filtration of model solutions of single or mixed whey proteins or whey derived from 

reconstitution of milk or whey protein concentrates (Corbatón-Báguena et al., 2018; 

Konrad et al., 2012a; Luján-Facundo et al., 2017). When the preparations are used  

to prepare the feed solution, there is a bias related to the potential influence of previous 

processing on protein properties and hence their interactions with other whey components 

and membrane material during filtration. Therefore, the research on complex industrial 

streams is of great importance and requires further exploration.   

 
1.4. Valorization of by-products generated during membrane filtration of dairy 

streams 

 

Membrane separation processes applied in fractionation of components of dairy 

streams solve the issue related to recovery of ingredients with high added value  

and increase their application in the food sector. However, UF of whey or milk serum 

generate another stream – UFP, which require further processing. Additionally,  

the diafiltration (DF) process is usually applied during concentration  

of serum proteins to obtain higher purity of retentate (Chamberland et al., 2020; Çınar, 

2022; Lee et al., 2003; Lipnizki, 2010; Tomasula & Bonnaillie, 2015), resulting  

in doubling the amount of permeate generated. The DF process is a variation of a UF 

process, in which fresh solvent (usually RO water) is added to the retentate produced 

during the first stage of filtration (UF) to replenish the filtered volume. As a result of DF, 

small molecules (i.e. salts) are washed away from the retained macromolecules.  
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The UF/DF permeate contains mainly water, lactose, minerals, and a small amount  

of nitrogen containing compounds. Most of the nitrogen present in the UF/DF permeate 

consists of nonprotein nitrogen compounds normally found in milk (Barbano et al., 1988). 

Generally, the side-streams generated during milk and whey processing are characterized 

by an extreme COD up to approximately 70,000 mg O2/L (Bella & Rao, 2021). These 

liquids are commonly regarded as the environmental problem and are creating a great 

difficulty for the dairy industry in their disposal (Das et al., 2016). 

Since UF/DF permeate is a waste product, it can be utilized as a cheap source  

of lactose. The primary raw material for lactose production is the UFP of sweet/cheese 

whey generated during the production of WPC and WPI. About 4.2 million tons of WP 

powders were produced worldwide in 2018 (Research and Markets, 2019), indicating the 

large amount of permeate generated. The recovery of lactose can help reducing the COD 

loading of UF/DF permeate and can help solving the problem of environmental 

pollution being caused by its disposal. However, this approach is relevant only in the case 

of large-scale dairy factories possessing appropriate technological equipment.  

The production of lactose powder requires additional investment and operation costs  

for equipment dedicated to the further processing of the UF/DF permeate (Durham, 

2009). 

Anaerobic digestion was recognized as an environmentally friendly process 

applied for treatment of dairy wastes (Pochwatka et al., 2020; Ratanatamskul et al., 2014). 

Moreover, the production of biogas through the AD allows the increase in the share  

of renewable sources in the national energy scheme, which is the EU’s goal as set out  

in the renewable energy directive (RED II) (RED I, 2013). Due to the growing energy 

demand in European Union, it is forecasted that there will be a rapid development  

of biogas plants needed in the nearest future (Kozłowski et al., 2016). These plants enable 

the production of biogas, which is a mixture of methane (45–74%) and carbon dioxide 

(25–54%). It may also contain a trace amounts of other components like hydrogen sulfide, 

ammonia, hydrogen, nitrogen or oxygen in a concentration between 1% and 2%  

of the total biogas volume. The composition of produced biogas is mainly affected  

by the components found in the substrates used in AD (Kozłowski et al., 2016).  

The biochemical methane potential (BMP) test is often applied to assess the anaerobic 

biodegradability of a substrate, whereby the produced volume of methane generated  

by the substrate (in terms of VS or COD added) can be determined (Escalante et al., 2018).  
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The vast majority of previous research has reported BMP values for cheese whey. 

It ranges from 0.32 to 0.85 L CH4/g VS (Dreschke et al., 2015; Ergüder et al., 2001; 

Labatut et al., 2011). Although cheese whey is characterized by high organic matter 

content, methane yield is limited owing to the production of volatile fatty acids (VFAs) 

during lactose fermentation. For this reason, acid accumulation causes  

the decrease in pH, lead to the growth of acetogenic bacteria, and inhibition  

of methanogenic activity (Yang et al., 2018). In another study by Zieliński et al. (2007), 

it was showed that the controlled AD allows efficient disposal of the permeate obtained 

after NF of acid whey. To date, little is known about BMP of UF/DF permeates containing 

a relatively high concentration of lactose. The assessment of the possibility of valorizing 

the permeates generated during UF and DF by using them in biogas production remains 

to be exploited. 
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2. Objectives 

 

The fundamentals about fractionation of dairy by-products using membrane processes 

have already been established over the last 50 years. Many theories and models regarding 

mass transfer have been developed to represent most of the existing membrane systems. 

However, there still exist a big gap in the area of the industrial application  

of the membrane processes. More specifically, several observations cannot  

yet be explained regarding the fouling mechanism. In this thesis, an attempt to reduce  

the gap in understanding the filtration of complex raw materials such as whey  

and buttermilk (BM) was made. Moreover, in order to minimize the environmental impact 

of ultrafiltration/diafiltration permeates (UFP/DFP), side-streams generated during 

fractionation of milk components, their application as substrates in anaerobic digestion 

(AD) has been studied.  

 

The main objectives of the study were to assess the fractionation efficiency  

of membrane filtration of dairy streams, to indicate major foulants during filtration 

processes, to relate the model parameters of a resistance-in-series (RIS) model  

to the different feed tested and to assess the possibility of valorizing the permeates 

generated during diafiltration (DF) by using them in biogas production and comparing 

their effects with typical ultrafiltration (UF) permeates. 

 

The specific objectives of the doctoral dissertation (which is a collection of published 

and thematically related scientific publications) were: 

SO1 To examine the fouling mechanisms that affect ceramic UF membranes using acid 

whey in comparison with sweet whey, based on physicochemical analysis  

of external and internal foulants as well as mathematical modelling of the flux 

using RIS model. 

SO2 To examine the microfiltration (MF) process of BM (using ceramic graded 

permeability membranes) in terms of the efficacy of serum protein fractionation 

and fouling mechanisms that affect membrane performance by physicochemical 

analysis of external and internal foulants as well as fitting experimental data  

to the RIS model. 
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SO3  To identify major foulants reducing the performance of UF membrane during whey 

processing and MF membrane during BM processing. 

SO4 To estimate the relationship between the degree of lactose recovery in UF/DF 

permeates and the amount of biogas obtained in AD. 

SO5 To analyze the possibilities of using the waste from dairy streams processing 

(UFP/DFP) to produce electricity and heat from the biomethane generated  

in the process of AD. The biochemical methane potential test was performed and 

its results served as one of the input variables in the case study concerning electric 

power and heat production from UF/DF effluents generated by large-scale dairy 

factory. 

 

The research plan is presented in the Figure 1. 

 

 

 

 

 

Figure 1. Schematic research plan: SO - specific objective, UF - ultrafiltration,  

MF- microfiltration, AD – anaerobic digestion, RIS – resistance-in-series,  

P1 – publication 1 (Tarapata et al., 2022a), P2 – publication 2 (Tarapata et al., 2022b),  

P3 – publication 3 (Tarapata et al., 2022c). 
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Based on the literature review the following research hypothesis were formed: 

H1 RIS model accurately describes flux decline during membrane filtration  

of industrially obtained whey and BM.  

H2 Microfiltration of thermally processed BM results in fractionation of major serum 

proteins under certain conditions. 

H3 The concentration of lactose in UF/DF permeates affects the results  

of biochemical methane potential test.  

H4 Ultrafiltration and diafiltration permeates are efficient substrates in biomethane 

production through AD.  

 

In order to test these hypotheses, the following processes were investigated: 

• UF of acid whey (generated in the dairy industry during Tvarog cheese 

production) and sweet whey (generated in the pilot-scale production of Gouda 

cheese) using ceramic (zirconia) membrane under the parameters recommended  

by the membrane manufacturer, 

• MF of BM generated after butter making on industrial scale using graded-

permeability ceramic membranes, 

• biochemical methane potential test of permeates generated after UF  

and DF (pilot-scale) of milk and milk serum. 

Detailed information on the research material, research methodology, the results  

and the discussion are provided in the thematically related series of scientific publications 

(3 research papers), which constitute a doctoral dissertation entitled "Fractionation  

of milk components and valorization of by-products obtained with membrane filtration  

of dairy streams". 
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3. Materials and Methods 
 
3.1. Materials 
 

The following streams were used in series of experiments carried out: sweet whey, acid 

whey, BM, UFPs, DFPs. 

 
3.1.1 Whey  

 

Sweet/cheese whey (SW) was generated during Gouda cheese production in Dairy 

Research and Educational Center (DREC) at University of Warmia and Mazury  

in Olsztyn (Poland).  

Acid whey (AW-T) was supplied by the Dairy EkoŁukta Ltd. (Łukta, Poland).  

It was generated during Tvarog cheese (acid-coagulated cheese) production with the use 

of cheese milk pasteurized at 88.2 ± 2°C for 21s.  

Before UF process, whey was subjected to several pre-treatment operations. Right 

after separation from curd grains whey was centrifuged at 45°C using LWG20 centrifuge 

(Spomasz, Gniezno, Poland) to remove fat and residual curd. Next, it was pasteurized  

at 72°C for 15s using plate heat exchanger (P20-HB; Alfa Laval, Lund, Sweden). 

Following the pasteurization, whey was cooled and stored (at least 24 h) at 3°C until 

further processing. The chemical composition and pH of tested whey types  are reported 

in Table 1. 

 

Table 1. The chemical composition and pH of tested whey types. 

Parameter SW AW-T 

TS [%] 5.90a ± 0.51 5.53a ± 0.16 
TN [%] 0.86a ± 0.02 0.50b ± 0.01 
NCN [%] 0.82a ± 0.03 0.48b ± 0.02 
NPN [%] 0.19a ± 0.02 0.229b ± 0.004 
Lactic acid [%] 0.09b ± 0.01 0.58a ± 0.02 

Ca [mg/L] 366b ± 49 1180a ± 74 
P [mg/1000g] 363b ± 35 612a ± 20 
pH 6.66a ± 0.13 4.66b ± 0.08 

a,b - means within a row with different superscripts are different (P < 0.05);  
TS - total solids; TN - total nitrogen; calculated as total N × 6.38; NCN - noncasein nitrogen × 6.38; NPN 
- nonprotein nitrogen × 6.38; Ca - calcium; P - phosphorus. 
Source: Tarapata et al. (2022 P1). 
 
The detailed information on raw materials subjected to UF process can be found in 

publication P1 (Section 2.2, p. 2). 
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3.1.2. Buttermilk 

 

Buttermilk was supplied by the Dairy Cooperative SM Mlekovita (Poland)  

and delivered to the DREC located at the University of Warmia and Mazury in Olsztyn. 

Upon arrival at the DREC, the BM was skimmed by centrifugation (LWG20 centrifuge, 

Spomasz) to ~0.3% fat at 45°C. Next, the BM was subjected to pasteurization using heat 

plate exchanger (P20-HB; Alfa Laval) at 72°C for 15s. After the pasteurization process, 

the BM was cooled to microfiltration temperature of 50°C and processed. The chemical 

composition and pH of BM are reported in Table 2. 

 

Table 2. The chemical composition and pH of buttermilk. 

 

 
 
 
 
 
 
 
 
 
 
 

TS - total solids; TN - total nitrogen; calculated as total N × 6.38; NCN - noncasein nitrogen × 6.38; NPN 
- nonprotein nitrogen × 6.38; Ca - calcium; P - phosphorus. 
Source: Tarapata et al. (2022 P2). 
 

The detailed information on raw material subjected to MF process can be found  

in publication P2 (Section 2.2, p. 3). 

 

3.1.3. Ultrafiltration/diafiltration permeates (substrates for anaerobic digestion) 

 
The UF permeates (UFP) and diafiltration permeates (DFP) were generated during 

UF/DF processes curried out in DREC at University of Warmia  

and Mazury in Olsztyn. The UF/DF experiments were performed with a pilot-scale 

filtration unit (Koch Membrane Systems, Wilmington, MA, USA). The system was 

equipped with a spiral-wound polyethersulfone (PES) UF membrane (model 3838-HFK-

131) with a molecular weight cut-off of 10 kDa and a feed spacer model N 31 mil 

(manufacturer’s specifications). Total membrane surface area was 6.7 m2. Two different 

dairy streams, namely skimmed milk and milk serum were ultra- and diafiltered according 

to the procedures described below. 

Parameter Value 

TS [%] 8.61 ± 0.22 
TN [%] 2.80 ± 0.10 
NCN [%] 0.31 ± 0.01 
NPN [%] 0.16 ± 0.02 
Fat [%] 0.27 ± 0.02 
Ca [mg/L] 843 ± 379 
P [mg/1000g] 666 ± 47 
pH 6.68 ± 0.10 
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UF/DF of milk 

 

 Raw milk was purchased from a local dairy manufacturer and skimmed at 45°C 

using LWG20 centrifuge (Spomasz). Then, it was pasteurized at 72°C for 15s using plate 

heat exchanger (P20-HB; Alfa Laval). Next, it was cooled down to 50°C and subjected 

to UF/DF processes in order to produce milk protein concentrate (MPC). Three 170 kg 

batches of skimmed milk were ultra- and diafiltered to reach a final protein content  

in retentate of approximately 13.5%. The UF/DF system was operated in a batch mode  

at 50°C, under a constant transmembrane pressure (TMP) of 4 bar. Skim milk was 

ultrafiltered until concentration factor (CF) of 4.6×. Once the target CF was reached,  

the DF (CF of 6.6×) was carried out by adding the reverse osmosis (RO) water (50°C)  

to UF retentate to bring the weight back to the original total weight of the starting feed. 

Samples of the permeate generated after UF step, and the permeate generated at the end 

of DF step were collected and stored at 4°C before being subjected to anaerobic digestion 

(AD) described in section 3.8. The physicochemical parameters of UF/DF permeates 

generated after milk filtration are reported in Table 3. 

 

Table 3. The physicochemical parameters of UF/DF permeates generated after filtration 
of milk (M). 

Parameter Permeate 
UFP-M DFP-M 

TS [%] 5.60a ± 0.06 1.81b ± 0.05 
VS [%] 5.13a ± 0.06 1.6b ± 0.08 
Ash [%] 0.45a ± 0.01 0.15b ± 0.01 
Ca [mg/L] 185.5a ± 9.6 34.8b ± 2.0 
TN [%] 0.18a ± 0.03 0.06b ± 0.01 
Lactose [%] 4.97a ± 0.02 1.59b ± 0.18 
pH 6.55a ± 0.18 6.84b ± 0.10 

COD [mg O2/L] 57,020a ± 510 19,150b ± 1500 
a,b - means within a row with different superscripts are different (P < 0.05);  
TS - total solids; VS – volatile solids; TN - total nitrogen; calculated as total N × 6.38; Ca – calcium;  
COD – chemical oxygen demand. 
Source: Tarapata et al. (2022 P3). 
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UF/DF of milk serum 

 
  Milk serum was produced in DREC in University of Warmia and Mazury  

in Olsztyn. Raw milk was purchased from a local dairy manufacturer and skimmed  

at 45°C using LWG20 centrifuge (Spomasz). Then, it was pasteurized at 72°C for 15s 

using plate heat exchanger (P20-HB; Alfa Laval). Next, it was cooled down to 50°C  

and subjected to MF/DF processes typically applied during production of micellar casein 

concentrates (MCC). Three 160 kg batches of skimmed milk were micro- and diafiltered 

to reach a final protein content in retentate of approximately 7%. The detailed description 

of MF unit used was provided in section 3.2 (below). The MF/DF system was operated 

in batch mode at 50°C, under a constant TMP of 1.9 bar. Skim milk was microfiltered 

until CF of 3.0×. Once the target CF was reached, two DF stages (DF1 and DF2) were 

carried out using RO water (50°C) as a diafiltrant. The target CF of both DF stages was 

3.0×. The permeates generated after MF and DF1 stages (milk serum) were mixed and 

stored at 4°C until further processing with UF/DF unit. In order to produce serum protein 

concentrate (SPC). 

Three 170 kg batches of milk serum were ultra- and diafiltered  

to reach a final protein content in a retentate of approximately 2.2%. The UF-DF system 

was operated in a batch mode at 50°C, under a constant TMP of 4 bar. Milk serum was 

ultrafiltered until CF of 5.5×. Once the target CF was reached, the DF (CF of 8.5×) was 

carried out with RO water as diafiltrant. Samples of the permeate generated after UF step, 

and the permeate generated at the end of DF step were collected and stored at 4°C before 

being subjected to AD described in section 3.8. The physicochemical parameters  

of UF/DF permeates generated after milk serum filtration are reported in Table 4. 
 

Table 4. The physicochemical parameters of UF/DF permeates generated after filtration 
of milk serum (MS). 

Parameter Permeate 
UFP-M DFP-M 

TS [%] 3.80a ± 0.02 0.86b ± 0.09 
VS [%] 3.40a ± 0.07 0.79b ± 0.03 
Ash [%] 0.332a ± 0.004 0.07b ± 0.01 
Ca [mg/L] 54.4a ± 2.1 3.6b ± 0.1 
TN [%] 0.097a ± 0.003 0.021b ± 0.002 
Lactose [%] 3.37a ± 0.02 0.76b ± 0.01 
pH 6.84a ± 0.04 7.03b ± 0.06 
COD [mg O2/L] 38,600a ± 780 7610b ± 430 

a,b - means within a row with different superscripts are different (P < 0.05);  
TS - total solids; VS – volatile solids; TN - total nitrogen; calculated as total N × 6.38; Ca – calcium;  
COD – chemical oxygen demand. 
Source: Tarapata et al. (2022 P3). 
 
The detailed information on raw materials subjected to AD process can be found  

in publication P3 (Section 2.1, p. 3-5). 
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3.1.4. The fermentative inoculum 

 

The source of methanogenic bacteria was an anaerobic sludge, which came  

from a bioreactor operating under mesophilic conditions (36 ± 1°C). The reactor was 

installed in the Department of Environmental Engineering, University of Warmia and 

Mazury in Olsztyn. The parameters of the sludge are reported in Table 5. 

 
Table 5. The parameters of fermentative inoculum used in anaerobic digestion. 
 

 
 
 
 
 

 
 
 
 
 

TS – total solids; VS – volatile solids; C – carbon; N – nitrogen; C/N – carbon to nitrogen; ± standard 
deviation. 
Source: Tarapata et al. (2022 P3). 
 
The detailed information on inoculum used in AD process can be found in publication P3 

(Section 2.1, p. 5). 

 

3.2. Filtration units and membranes 

 

Ultrafiltration of SW and AW-T was performed using a laboratory-scale unit (Pall 

Membralox XLAB 5, Pall Corp, Port Washington, NY) described previously  

by Zulewska et al. (2018). The 3.5-L stainless steel feed tank was connected  

to a progressive cavity feed pump with frequency converter, powering the whole unit. 

Two manometers were located at each side of the membrane module to control the TMP. 

The unit was equipped with a temperature control system and UF monochannel ceramic 

membrane (model ET1-070, zirconia, Pall Corp.). The membrane was 250 mm long with 

channel diameter of 7 mm and pore size of 20 nm. Total membrane surface area was 

0.005 m2. 

Microfiltration of BM was performed on a pilot-scale graded permeability (GP) MF 

system. The 60-L stainless steel feed tank was connected to a feed pump (model LKH-

10-155-FSS-DIN, 3.0 kW, Alfa Laval, Kansas City, MO, USA). The system was also 

Parameter Value 

TS [%] 6.8 ± 0.2 
VS [% TS] 73.5 ± 0.9 
Ash [% TS] 26.5 ± 0.9 
C [% TS] 41.1 ± 0.8 
N [% TS] 3.7 ± 0.0 
C/N ratio 11.2 ± 0.2 
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equipped with a retentate recirculation pump (model LKH-10-155-FSSDIN 4.0 kW, Alfa 

Laval, Kansas City, MO, USA). Three ceramic MF membranes (tubes, model 

EP1940GL0.1mAGP1020, alumina, Pall Corp., East Hills, NY, USA) were mounted 

vertically in a tubular single stainless steel module. The membranes  

were 1.02 m long with 19 channels each and 4-mm channel diameter. Total membrane 

surface area was 0.72 m2 (0.24 m2 per membrane). 

The detailed information on: UF unit can be found in publication P1 (Sections 2.1  

and 2.2, p. 2); MF unit can be found in publication P2 (Section 2.3, p. 3). 

 

3.3. UF of Whey and Membrane Cleaning Procedure 

 

The main processing conditions applied during UF of whey are summarized  

in Table 6.  

 

Table 6. The processing conditions applied during UF of whey. 

Parameter Description 

Filtration unit • laboratory-scale UF system (Pall Membralox XLAB 5, 

Pall Corp.) 

Membrane used 

• single ceramic unit (model ET1-070, zirconia, Pall 

Corp.), 

• membrane length: 250 mm, 

• channel diameter: 7mm, 

• pore size: 20 nm, 

• surface area: 0.005 m2 

Cleaning procedure 

before running 

experiment 

• short cleaning procedure previously described  

by Zulewska et al. (2018) 

Prerun clean water 

flux (CWF) 

measurement 

• RO water flushing at 25°C until neutral pH, 

• the retentate outlet valve opened to obtain TMP  

of 1 bar, the permeate outlet valve fully opened, 

• calculations based on permeate weight collected  

in 120 s 
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UF process 

Feed • 3.5 kg of AW-T (1 batch), 

• 3.5 kg of SW (1 batch) 

Mode • first 5 min before opening the permeate valve – total 

recirculation mode, 

• after opening the permeate valve – recirculation  

of retentate, permeate was collected 

Temperature • 50°C 

Filtration time • 180 min 

Pump settings • pump motor frequency of 28.3 Hz, 

• frequency converter adjusted to 5 on 0 to 10 scale 

Crossflow velocity • 4.1 m/s, 

• turbulent flow of whey through the unit (Re ~38,000) 

TMP • 3 bar (0.3 MPa) 

Flux measurements • measured every 15 min based on the weight  

of permeate obtained during this time 

RO water flushing 

after UF process 

• flushing with RO water (50°C), to wash out whey 

residue, 

• next, another rinsing steps were performed to collect 

foulants according to procedure described in section 3.6. 

Fouled water flux 

(FWF) measurement 

• determined using same settings as for prerun CWF, 

• performed after foulants collection 

Cleaning procedure 

after UF 

• cleaning procedure previously described by Zulewska  

et al. (2018) 

Postrun CWF 

measurement 

• determined under the same conditions as for prerun CWF 

 

The detailed information on UF of whey and cleaning procedure can be found  

in publication P1 (Sections 2.1- 2.3, p. 2). 
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3.4. MF of Buttermilk and Membrane Cleaning Procedure 

 

The main processing conditions applied during MF of BM are summarized  

in Table 7.  

 

Table 7. The processing conditions applied during MF of BM. 

Parameter Description 

Filtration unit • a pilot-scale GP MF system 

Membrane used 

• 3× ceramic tubes (model EP1940GL0.1mAGP1020, 

alumina, Pall Corp.), 

• membrane length: 1.02 m,  

• no. of channels: 19, 

• channel diameter: 4 mm, 

• pore size: 0.1 µm, 

• surface area: 0.72 m2 (0.24 m2 per membrane) 

Cleaning procedure 

before running 

experiment 

• alkaline cleaning only, 

• cleaning chemicals: Divos 120CL VM9 (Diversey, Fort 

Mill, SC, USA) water solution at concentration  

of 1.0-1.5% v/v, 

• cleaning temperature: 75°C, 

• time of cleaning: 30 min, 

• permeate flow of approximately 1000 L/h,  

• retentate flow of approximately 5000 L/h,  

• feed and recirculation pumps on  

Prerun CWF 

measurement 

• RO water flushing at 25°C until neutral pH, 

• the retentate pressure at the inlet (Rpi) 0.32 MPa,  

• the retentate pressure at the outlet (Rpo) 0.20 MPa, 

• the permeate outlet valve fully opened, 

• retentate flow of  approximately 7000 L/h, 

• permeate flow of approximately 750 L/h, 

• calculations based on permeate weight collected  

in 90 s 
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MF process 

Feed • ~160 kg of BM (1  batch) 

Mode • first 5 min before opening the permeate valve – total 

recirculation mode, 

• after opening the permeate valve – feed and bleed mode 

until 28 kg of retentate was collected, 

• next, recirculation of retentate and collection of permeate 

Temperature • 50°C 

Filtration time • ~6 h 

CF • 3× 

Permeate removal 

rate 

• 16.9 L/h 

Rpi • 0.25 MPa 

Ppo • 0.15 MPa 

Crossflow velocity • 6.3 m/s, 

TMP • 2 bar (0.2 MPa) 

Flux measurements • measured every 30 min based on the weight  

of permeate obtained during this time 

RO water flushing 

after MF process 

• flushing with RO water (25°C), to wash out BM residue, 

• next, another rinsing steps were performed to collect 

foulants according to procedure described in section 3.6. 

FWF measurement • determined using same settings as for prerun CWF, 

• performed after foulants collection 

Cleaning procedure 

after MF 

Alkaline cleaning: 

• cleaning chemicals: Divos 120CL VM9 (Diversey) water 

solution at concentration of 1.0-1.5% v/v, 

• cleaning temperature: 70°C, 

• time of cleaning: 30 min, 

• permeate flow of approximately 1000 L/h,  

• retentate flow of approximately 5000 L/h, 

• both pumps on 
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Acidic cleaning: 

• cleaning chemicals: Pascal VA5, conc. 1.0%, v/v, 

(Diversey, Fort Mill, SC, USA), 

• cleaning temperature: 65°C, 

• time of cleaning: 30 min, 

• permeate flow of approximately 1000 L/h,  

• retentate flow of approximately 5000 L/h, 

• both pumps on 

Postrun CWF 

measurement 

• determined under the same conditions as for prerun CWF, 

after alkaline cleaning 

 

The detailed information on MF of BM and cleaning procedure can be found  

in publication P2 (Section 2.3, p. 3-4). 

 

3.5.  Membrane performance 

 

The membrane performance was characterized by calculating permeate flux, 

fouling coefficient, fouling degree, limiting flux and critical flux.  

Permeate flow rate values were measured throughout the experiment in time 

intervals specified in sections 3.3 and 3.4, by weighing the permeate collected in that time 

intervals. Permeate flux (Jp, m3/m2h) values were calculated using Eq. 1: 

 

𝐽
௣ୀ 

ಾ

ಲ೘ × ೟ ×ഐ 

           (1) 

 

where M is the permeate weight (kg), Am is the membrane area (m2), t is time (s), and  ρ 

is the permeate density at the operating temperature (kg/m3). 

The fouling coefficient (Fc) was calculated according to Rao (2002) with Eq. (2): 

 

Fc = 1- (FWF / prerun CWF)            (2) 

 

where FWF is fouled water flux, and prerun CWF is the flux of pure water measured 

before filtration process. The Fc varies between 0 (not fouled membrane)  

and 1 (completely fouled membrane). 
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The fouling degree (FD) was calculated by comparing the permeate flux  

at the start of filtration process (Jp,0) and at the end of a run (Jp,f) according to Eq. 3: 

 

  FD (%) = [(Jp,0 – Jp,f)/Jp,0] × 100%                 (3) 

 

 Limiting and critical flux were calculated according to Samuelsson et al. (1997) 

and Bacchin (2004), respectively. 

 

3.6. Characterization of membrane fouling 

 

The external (Fe) and internal (Fi) foulants located on the membrane surface  

and inside the pores, respectively were collected according to the modified method 

described by Tan et al. (2014).  The modifications were adjusted depending on filtration 

unit used. The parameters of foulants collection procedure are summarized in Table 8.  

 

Table 8. The main conditions applied during foulants collection. 

Foulants UF of whey MF of BM 

External foulants – Fe 

 • 1st flushing: 2 L of RO water  

at 50°C circulating in the system 

for 1 min to wash out whey 

residues (drained), 

 

• 2nd flushing: 2 L of RO water 

circulating in the system  

for 5 min to collect Fe: 

 

- the permeate valve closed, 

- the retentate valve opened, 

- pump motor frequency: 12.9 Hz 

 

• 1st- 4th flushing: 4 × 60 L of RO 

water at 25°C circulating in the 

system for 3 min to wash out BM 

residues (drained), 

 

• 5th flushing: 60 L of RO water 

circulating in the system  

for 5 min to collect Fe: 

 

- the permeate valve closed, 

- the retentate valve opened, 

- crossflow velocity of 10.3 m/s 
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Internal foulants – Fi 

 • 3rd flushing: 2 L of RO water 

circulating in the system  

for 5 min to collect Fi: 

 

- the permeate valve opened, 

- the retentate valve closed, 

- pump motor frequency: 12.9 Hz 

• 6th flushing: 60 L of RO water 

circulating in the system  

for 5 min to collect Fi: 

 

- the permeate valve opened, 

- the retentate valve closed, 

- crossflow velocity of 10.3 m/s  

 

The detailed information on foulants collection after UF of whey can be found in P1 

(Section 2.4, p. 2-3), after MF of BM in publication P2 (Section 2.4, p. 4). 

 

3.7. Modelling of permeate flux with resistance-in-series model 

 

The resistance in series model (RIS) applied in described studies considers four 

following filtration resistances: resistance of membrane material, resistance  

due to adsorption, resistance due to concentration polarization and resistance due to cake 

layer formation. In this regard, the permeate flux of the cross-flow filtration process (Jp) 

is described by Eq. (4) (Juang et al., 2008a): 

 

𝐽௣ =
𝑇𝑀𝑃

𝜇 × ൫𝑅୫ + 𝑅ୟୢୱ + 𝑅ୡ୮ + 𝑅ୡ୪൯
 

(4) 

 

where TMP is the transmembrane pressure, µ is the viscosity of the feed,  

Rm is the hydraulic resistance of the membrane material, Rads is the resistance  

due to the adsorption of solute on the membrane surface, and also on the pore walls,  

Rcp is the resistance due to concentration polarization, and Rcl is the resistance of the cake 

layer.  

 The Rm  is determined based on CWF measurements. According to Eq. (4), when 

the clean water is used as feed, the values of Rads, Rcp and Rcl are negligible.  

Then, the formula describing Rm is given in Eq. 5: 

 

𝑅୫ =
𝑇𝑀𝑃

𝜇 ×  𝐶𝑊𝐹
 

(5) 
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According to Carrere et al. (2001) and Juang et al. (2008b), the experimental 

variations of Rads and Rcp follow an exponential trend. These resistances grow at a rate 

constant b up to a steady-state (ss) values of Rads,ss and Rcp,ss. Moreover, both resistances 

are determined simultaneously during crossflow filtration experiments and are expressed 

as a one fixed value of  Rads,ss + Rcp,ss  (Eq. 6): 

 

𝑅ୟୢୱ + 𝑅ୡ୮ = ൫𝑅ୟୢୱ,ୱୱ + 𝑅ୡ୮,ୱୱ൯  ×  [1 − exp(−𝑏 × 𝑡)] (6) 

 

where Rads,ss is the resistance due to solute adsorption at the steady-state and Rcp,ss 

is the resistance due to concentration polarization at the steady-state, t is the filtration 

time. The sum of Rads,ss+Rcp,ss and the value of b are determined by fitting experimental 

data to the model equations (Corbatón-Báguena et al., 2018; Juang et al., 2008a). 

         The resistance due to formation of the cake layer (Rcl) is explained by Eq. (7): 

 

𝑅௖௟ = ൬
𝑚ௗ௘௣

𝐴௠
൰ × 𝛼 (7) 

 

where Am is the membrane area, mdep is the protein mass deposited on the membrane 

surface, and α is the specific cake resistance. The value of α is determined by fitting 

experimental data to the model equation (Corbatón-Báguena et al., 2018). 

 Once the Jp and rejection of protein are known, the changes in protein 

concentration in the retentate at each time interval can be calculated from Eq. (8) (Juang 

et al., 2008b): 

𝐶 =
𝐶଴ ቂ𝑉଴ − (1 − 𝛽)𝐴௠ ∫ 𝐽௣𝑑𝑡

௧

଴
ቃ

𝑉଴  −  𝐴௠ ∫ 𝐽௣𝑑𝑡
௧

଴

 
(8) 

 

where C is the protein concentration in the retentate stream, V0 is the initial volume of the 

feed, and β is the rejection of protein calculated at a steady-state in flux (the last measured 

flux value) according to Eq. (9): 

𝛽 = 1 − ൬
𝐶௣

𝐶଴
൰ 

(9) 

  

where Cp and C0 are the concentration of protein in permeate at the steady-state  

and in the feed, respectively. 
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 Under certain assumptions, the mass of protein deposited on the membrane 

surface (mdep) can be estimated by means of mass equation balance (Eq. 10) (Juang et al., 

2008b): 

 

𝑑𝑚ௗ௘௣

𝑑𝑡
=  𝐴௠ × 𝐶 × ൫𝐽௣ − 𝐽௣,௙൯ 

(10) 

 

where Jp,f is the average permeate flux at the end of the test. 

 According to Carbonell-Alcaina et al. (2016), who successfully expressed Rcl  

as an exponential function of time and considering the fact that Rcl depends on protein 

mass deposited on the membrane surface, a new general equation that accounts  

for the protein mass deposition on the membrane surface as a function of time during MF 

of BM was proposed in this work and was presented as Eq. (11): 

 

𝑚ௗ௘௣ = 𝑚ௗ௘௣,௦௦[1 − 𝑒𝑥𝑝(−𝑐 × 𝑡)] (11) 
 

where mdep,ss is the mass deposited on the membrane surface in the steady-state and c  

is the rate of protein mass deposit development. The mdep,ss and c can be determined  

by fitting the mdep values calculated based on Eq. (10) and experimental data  

to the proposed model. 

Substituting Eq. (6), Eq. (7) and Eq. (11) in Eq. (4), the general formula  

for the RIS model can be obtained (Eq. 12): 

 

𝐽
௣ ୀ  

்ெ௉

ஜ × ቈୖౣା൫ୖ౗ౚ౩,౩౩ାୖౙ౦,౩౩൯ × [ଵିୣ୶୮(ିୠ × ୲)]ାቆ
୫ౚ౛౦,౩౩[ଵିୣ୶୮(ିୡ × ୲)]

୅ౣ
ቇ × ஑቉

 
 (12) 
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3.8. Anaerobic digestion of UF/DF permeates 
 

 

 

 

The parameters applied during AD of dairy wastes (UFPs and DFPs) are presented 

in the Figure 2.  

 

 

 

Figure 2. Parameters of anaerobic digestion of UF/DF permeates: OLR – organic load 

rate, COD – chemical oxygen demand. 

 
 

The detailed information on AD can be found in publication P3 (Section 2.3, p. 5-6). 
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3.9. Analytical methods 

 

The feed materials, retentates, permeates and substrates used in AD were 

subjected to physicochemical analyses (Table 9). 

 

Table 9. Summary of physicochemical analyses of the feed materials, retentates, 

permeates and substrates used in AD. 

Parameter Method/equipment References 

pH 
pH meter (CP-401, Elmetron, Zabrze, 

Poland) equipped with an electrode IJ-44C 
IONODE (Elmetron) 

n/a 

TS AOAC International method 990.20; 33.2.4 (AOAC, 2007) 

TN 
Kjeldahl method  

(AOAC International  
method 991.20; 33.2.11) 

(AOAC, 2007) 

Noncasein 
nitrogen (NCN) 

Kjeldahl method  
(AOAC International method 998.05; 

33.2.64) with modifications according to  
Wojciechowski and Barbano (2015) 

(AOAC, 2007) 
(Wojciechowski  

and Barbano, 2015) 

Nonprotein 
nitrogen (NPN) 

Kjeldahl method  
(AOAC International method 991.21; 

33.2.12) 
(AOAC, 2007) 

Fat content Rose-Gottlieb method (IDF, 1987a) 

Lactic acid 
content 

Calculated based on titratable acidity 
measurements (1◦SH = 0.0225 lactic acid %) 

n/a 

Lactose content 
Milko-Scan™ FT2  

(Foss, Hillerød, Denmark) 
n/a 

Ash content The muffle furnace technique at 530°C (PN-A-86364:1996) 
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Total calcium 
content 

Atomic absorption spectrometry according to 
ISO 8070-2007 IDF 119:2007(E)  

using Thermo Scientific iCE 3000 Series AA 
Spectrometer (Thermo Fisher Scientific, 

Franklin, MA, USA) and at the wavelength 
of 422.7 nm 

(ISO/IDF, 2007) 

Total phosphorus 
content 

A colorimetric analysis  
and the absorbance measured using a Carry 

60 UV-Vis (Agilent) spectrophotometer 
at the wavelength of 610 nm 

(Żegarska, 2000) 

Viscosity 
A rotational rheometer (RheolabQC, Anton 
Paar, Graz, Austria) at a shear rate of 100 s-1 

and a temperature of 50°C 
n/a 

Density 

An automatic handheld density meter 
(Densito, Mettler Toledo, Greifensee, 

Switzerland) with an accuracy  
of ± 0.001 g/cm3 

n/a 

Conductivity 

Conductivity benchtop meter (model InoLab 
Cond Level 1, WTW, Weilheim, Germany) 
equipped with conductivity cell TetraCon 

325 (WTW) 

n/a 

Particle-size 
distribution 

Dynamic light scattering, using Zetasizer 
NanoS (model ZEN1600, Malvern  

Instrument Ltd., UK) 
Dybowska (2011) 

VS A gravimetric method EPA-821-R-01-015 

COD 
The aid of cuvette test LCK 914 (HACH 

LANGE GmbH, Berlin, Germany) 
n/a 

The composition  
and  percentage  

of individual 
components  
of the biogas 

outflow  
(CH4, CO2) 

A gas chromatograph (GC, 7890A Agilent, 
Santa Clara, CA, USA) equipped  

with a thermoconductometric detector (TCD) 
Rokicka et al. (2021) 

n/a – not applicable 
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3.10. SDS-PAGE electrophoresis 

 

To identify proteins present in filtration streams and proteins attached  

to the membrane surface and pore walls contributing to external and internal fouling, 

respectively, an SDS-PAGE electrophoresis on 12% polyacrylamide gel (Biorad 

Laboratories, Warsaw, Poland) was used. The fresh samples of BM, MF retentate, MF 

permeate, SW, AW-T and permeates obtained after UF of whey were diluted  

with a sample buffer (pH 6.8, 10 mM TrisHCl, 1.0% SDS, 20% glycerol, 0.02% 

bromophenol blue tracking dye, and 50 mM dithiothreitol), then immersed in boiling 

water for 3 min and kept frozen (-26 °C) in plastic vials (Eppendorf microtubes, 3810X; 

Merc, Darmstadt, Germany) until analysis. Due to the small TS content (data not shown), 

samples of Fe and Fi (20 g each) were first frozen at -26°C, lyophilized for 72 h  

at 0.18 bar (Freeze dryer Alpha 1e2 LD, Christ, Germany), then diluted with 100 µL  

of sample buffer, immersed in boiling water for 3 min and kept frozen (-26°C).  

Before the analysis, all samples were thawed at room temperature, and the wells were 

then loaded with 22.4 μg protein per loading for BM, MF retentate and MF permeate, 

13.6 μg protein per loading in case of whey and permeates obtained after UF of whey,  

and with 10 μL of Fe and Fi sample per loading. In addition, 4 µL of an SDS-PAGE 

molecular mass standard (Dual Xtra Standard, Bio-Rad) was applied to one well. 

Running, staining and destaining procedures were performed according to Verdi, 

Barbano, Dellavalle, and Senyk (1987). The destained gels were scanned using a Lumi 

Bis Bioimaging Systems DNR scanner (Jerusalem, Israel) and analysed using TotalLab 

1D v 11.3 (Newcastle, UK). 

 

3.11. Kinetic analysis of methane production 

 

According to the approach reported by Llabres-Luengo and Mata-Alvarez (1987), 

a nonlinear regression was used to obtain the rate constants of methane production  

from plots of volume of methane per mass of CODadded versus time.  
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3.12. Energetic calculation 

 

The calculations of the energy potential of substrates (UFP-M, DFP-M, UFP-MS, 

and DFP-MS) were based on the conducted fermentation tests and methodology 

described by Cieślik et al. (2016) and Kozłowski et al. (2019). The amount of electricity 

and heat produced from combined heat and power (CHP) unit were estimated  

for the unit offered by PAKTOMA (Łódź, Poland), a Polish manufacturer of modern  

co-generation units for biogas plants. For the purpose of the calculation of the amount  

of produced electric energy, the efficiency of 43% was assumed for the unit offered by 

PAKTOMA. In the case of the calculation of the amount of produced heat, the efficiency 

of 45% was assumed for the unit offered by the same company. 

 

The detailed information on energetic calculations can be found in publication P3 

(Section 2.5, p. 6). 

 

 

3.13. Statistical analysis 

 

The statistical analysis was performed using the Statistica software (version 13.1, 

1984-2016, StatSoft, Inc., Tulsa,  K, USA). The one way ANOVA (P < 0.05) followed 

by Tukey's post hoc test was performed. The Person’s correlation coefficient was 

determined at P < 0.05. The RIS model was fitted to the experimental data using 

Microsoft Excel's add-in Solver and LabPlot software (LabPlot Team, 2022).  

The non-linear least-squares minimization was performed to minimize the difference 

between the experimental and predicted data. The fitting accuracy was evaluated using 

the regression coefficient (R2) and the standard deviation (SD). 
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4. Publications 

 

This thesis is a collection of three scientific publications published in international 

peer-reviewed journals:  

 

P1. Tarapata, J., Dybowska, B.E., Zulewska, J. 2022. Evaluation of fouling during 

ultrafiltration process of acid and sweet whey. Journal of Food Engineering, 328, 111059. 

https://doi.org/10.1016/j.jfoodeng.2022.111059.  

IF = 6.203; MEiN 2021 = 140 points 

 

Author contributions 

Justyna Tarapata: Conceptualization, Methodology, Investigation, Visualization, , Data 

curation, Resources, Writing – original draft. Estimated percentage contribution: 70%. 

Brygida E. Dybowska: Methodology, Investigation. Estimated percentage contribution: 

10%. 

Justyna Żulewska: Conceptualization, Methodology, Funding acquisition, Project 

administration, Writing – review & editing, Supervision. Estimated percentage 

contribution: 20%. 

 

P2. Tarapata, J., Maciejczyk, M., Zulewska, J. 2022. Microfiltration of buttermilk: 

Partitioning of proteins and modelling using a resistance-in-series model. International 

Dairy Journal, 134, 105445. https://doi.org/10.1016/j.idairyj.2022.105445.  

IF = 3.572; MEiN 2021 = 100 points 

 

Author contributions 

Justyna Tarapata: Conceptualization, Methodology, Investigation, Modelling of fouling, 

Visualization, Resources, Data curation, Writing - original draft. Estimated percentage 

contribution: 75%. 

Maciej Maciejczyk: Modelling of cake layer formation. Estimated percentage 

contribution: 5%. 

Justyna Żulewska: Conceptualization, Methodology, Funding acquisition, Project 

administration, Writing - review & editing, Supervision. Estimated percentage 

contribution: 20%. 
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P3. Tarapata, J., Zieliński, M., Zulewska, J. 2022. Valorization of Dairy By-Products: 

Efficiency of Energy Production from Biogas Obtained in Anaerobic Digestion  

of Ultrafiltration Permeates. Energies, 15, 6829.  https://doi.org/10.3390/en15186829. 

IF = 3.252; MEiN 2021 = 140 points 

 

Author contributions 

Justyna Tarapata: Conceptualization, Methodology, Formal Analysis, Investigation, 

Writing – review & editing, Data curation, Writing – original draft, Visualization. 

Estimated percentage contribution: 70 %. 

Marcin Zieliński: Conceptualization, Methodology, Writing – review & editing, 

Validation, Data curation, Supervision, Resources, Funding acquisition. Estimated 

percentage contribution: 20 %. 

Justyna Żulewska: Conceptualization, Methodology, Writing—review & editing, 

Validation, Data curation, Supervision, Resources, Funding acquisition. Estimated 

percentage contribution: 10 %. 

 

THE SUM OF MEiN 2021 POINTS: 380 

TOTAL IF: 13.027 
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5. Research results in the thematically related series of publications  

 

5.1.  Fouling mechanisms that affect ceramic ultrafiltration membranes using acid 

whey in comparison with sweet whey  

 

The fouling mechanisms that affect ceramic UF membranes using AW-T  

in comparison with SW was studied and the results are presented in the publication P1. 

In contrast to previously conducted research (Corbatón-Báguena et al., 2018; Konrad et 

al., 2012b; Luján-Facundo et al., 2017), the whey subjected to UF in this study was 

obtained from cheesemaking process instead of using model solutions, thus omitting  

the potential influence of processing on protein properties and hence protein-protein, 

protein-membrane interactions. Based on the physicochemical analysis of external and 

internal foulant streams as well as a mathematical modelling of the process using RIS 

model, a thorough investigation of the flux decline was carried out. 

There were some similarities observed in the flux vs time curve plotted  

for AW-T and SW at the very beginning of the processing (Fig. 1, P1, p. 4). The flux 

rates for each feed material declined sharply after starting the UF. This phenomenon  

is related to the membrane fouling and suggests that the maximum fouling occurred once 

the membrane was exposed to whey flow at the start of the process. Similar results 

concerning milk filtration have been reported previously (Zulewska et al., 2018; 

Zulewska & Barbano, 2013). In the current study, after rapid decrease in flux at the start 

of UF, further substantial decline was observed in the case of AW-T. Whereas, in the case 

of SW, the plateau value of flux was reached after that rapid decline.  

The average (n=3) measured flux was 2.51×10-5 m3/m2s and 1.60×10-5 m3/m2s  

for AW-T and SW, respectively (Table 1, P1, p. 4). While comparing observed permeate 

flux values with calculated limiting (2.62×10-5 m3/m2s) and critical flux (1.75×10-5 

m3/m2s) values, it can be stated that all UF processes were conducted under limiting flux 

conditions, thus formation of highly irreversible fouling was prevented. Flux for AW-T 

was higher than the critical value indicating continuous formation of the fouling layer 

causing subsequent increase in the hydraulic resistance, which was in agreement with the 

course of the curve plotted for the total resistance vs time. According to Diagne et al. 

(2013), the critical flux is the flux below which the fouling is fully reversible, whereas 

above the critical value irreversible fouling starts to occur. It proves that during UF  
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of AW-T conducted in this experiment the irreversible deposition of material occurred. 

The permeation during UF of SW was lower than the critical flux suggesting that fouling 

was fully reversible. However, it is worth noting, that the critical flux value was compared 

with an average value of flux observed throughout the processing time. The initial flux 

for SW was much higher than the critical value (2.09×10-5 m3/m2s vs 1.75×10-5 m3/m2s), 

causing irreversible fouling layer formation. This layer had formed after 30 min of UF 

resulting in increase in total resistance leading to plateau value of flux  

of approx. 1.57×10-5 m3/m2s (close to the average value of 1.60×10-5 m3/m2s) that 

remained constant till the end of processing, confirming reversible fouling  

(i.e. concentration polarization with adsorption fouling) occurring after formation  

of irreversible layer. 

To get better insight into the type of fouling dominating during UF of whey,  

the time profile of the hydraulic resistances included in RIS model was developed  

(Fig. 8, P1, p. 9). It has been revealed that, the fouling related to the adsorption of particles 

on the membrane surface and inside the pores as well as concentration polarization 

(Rads+Rcp) occurred at the very beginning of processing and therefore these are main 

mechanisms responsible for the sharp decrease in permeate flux at the start of UF process. 

Similar observations were previously reported by Juang et al. (2010) and Villeneuve  

et al. (2021). Moreover, resistances Rads+ Rcp were predominant over the entire processing 

time regardless the whey type tested. The total hydraulic resistance during UF of SW  

and AW-T increased in time because of gradual accumulation of the cake layer.  

There was an initial period of rapid protein adsorption on the membrane surface followed 

by a gradual growth of resistance until constant value of Rcl was reached. The obtained 

time profile of cake layer formation for AW-T indicated that cake layer was formed 

slower than in case of SW, which was reflected in the profile of flux vs time curve.  

At the end of AW-T ultrafiltration, resistance reflecting cake formation (Rcl) was almost 

equal to that caused by adsorption and concentration polarization (Rads+Rcp).  

The Rads,ss+Rcp,ss value noted for AW-T (10.053×1012 m-1; 0.27% true protein  

in feed and 0.42% in retentate) was smaller than for SW (17.445×1012 m-1; 0.67% true 

protein in feed and 0.92% in retentate) (Table 2, P1, p. 4; Table 4, P1, p. 5; Table 5, P1, 

p. 8). These data are in agreement with literature data (Carić et al., 2000), stating that 

fouling resistance caused by protein adsorption increases as protein concentration 

increases. According to Cheryan (1986) and Baldasso et al. (2011) the more concentrated 

the solution of protein the lower the permeate fluxes. It results from the higher osmotic 
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pressure and the greater accumulation of solute molecules in the polarized layer 

increasing its thickness and thus its resistance to filtration. The Rcl,ss and the determined 

specific cake resistance coefficient α were higher during SW processing  

(7.132 × 1012 m-1 and 12.859 ×1013 m/kg, respectively) than during AW-T processing 

(7.033 × 1012 m-1 and 8.852 ×1013 m/kg, respectively) (Table 5, P1, p. 8). It can be 

observed that the values of parameter α increased as the size of the molecules in the feed 

decreased (approx. 245 nm for AW-T and 208 nm for SW). Similar relation was reported 

previously by Salinas-Rodriguez et al. (2015) and Corbatón-Báguena (2018). The RIS 

model fitted the experimental data with high accuracy in terms of R2 (0.979 and 0.994  

for AW-T and SW, respectively) and SD (0.003 and 0.007 for AW-T and SW, 

respectively) (Table 5, P1, p. 8). 

In summary, the knowledge generated in this study advances the understanding  

of fouling in UF of polydisperse systems like Tvarog acid whey in which diffusive 

transport is complex and not yet fully understood. The RIS model, tested in this work, 

based on cake formation, concentration polarization and adsorption mechanisms, fitted 

the experimental data with high accuracy in terms of the regression coefficient  

and standard deviation. Thus, it can be concluded that this model is appropriate  

to describe the evolution of permeate flux during UF (with 20 nm ceramic membranes,  

at TMP of 3 bar, crossflow velocity of 4.1 m/s) of acid and sweet whey obtained after 

cheese manufacture. 

 

5.2. Microfiltration of buttermilk: efficacy of serum protein fractionation  

and fouling mechanisms  

 

The MF process of BM (using ceramic GP membranes) was examined in terms  

of the efficacy of serum proteins fractionation and fouling mechanisms that affect 

membrane performance and the results are presented in the publication P2. The RIS 

model was fitted to experimental data. An evolution of model parameters in filtration time 

was determined, and the predominance of each fouling resistance as a function of time 

was investigated. Moreover, exponential time dependence was proposed to describe 

changes in protein mass deposited on the membrane surface during MF. 

The efficiency of serum protein fractionation in MF of BM was assessed  

by the evaluation of protein profile with SDS-PAGE electrophoresis. Caseins and MFGM 

proteins were main components retained by the membrane in the retentate stream  
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(Fig. 7, P2, p. 8).  The relative ratio of β-LG to α-LA assessed with densitometry analysis 

was 71:29 in feed, 81:19 in retentate and 40:60 in permeate. Based on this results, it was 

stated that the selective transmission of α-LA to permeate stream occurred.  

This phenomenon can be explained with the observations described in previous research. 

According to Harland, Coulter, & Jenness (1952) and Zulewska et al. (2018), thermal 

processing of milk proteins may cause the denaturation of serum proteins  

and the formation of intermolecular disulfide bonds between β-LG and κ-casein.  Since, 

cream used in this study was subjected to high heat treatment before butter making 

process, some part of β-LG could remain in the retentate stream due to the interactions 

described above. However, the yield of serum proteins in the permeate stream, only 27% 

of SP in the feed actually partitioned to the permeate, was low. It indicated the low 

feasibility of fractionation process. Densitometry analysis of the gels also revealed almost 

unchanged ratio of MFGM proteins to caseins when comparing BM with obtained 

retentate (13:87 vs 15:85). The presence of skim milk solids in BM, especially casein 

micelles, restricts the concentration of MFGM, as the MFGM particles and casein 

micelles are comparable in size (Oliveira et al., 2020). The study by Morin et al. (2004) 

showed that MF alone cannot achieve optimal separation of lipids and proteins  

for the production of novel ingredients from BM.  

The calculated fouling coefficient (Fc) was 0.88 ± 0.01, indicating severe fouling 

of the ceramic membrane used. The RIS model was fitted to the experimental data to get 

some insight into the fouling mechanism governing MF of BM. As the Rcl can be 

expressed as an exponential function of time (Carbonell-Alcaina et al., 2016) and depends 

on protein mass deposited on the membrane surface, a new general equation that accounts 

for the protein mass deposition on the membrane surface as a function of time was 

proposed in this work (Eq. 11 explained in detail in Section 3.7): 

 

   𝑚ௗ௘௣ = 𝑚ௗ௘௣,௦௦[1 − 𝑒𝑥𝑝(−𝑐 × 𝑡)]                         (11) 

 

After fitting Eq.11 to experimental data, the noticeable disturbance of exponential 

growth of the deposited mass in the approximate time interval 1 - 4 h during MF of BM 

was observed (Fig. 4, P2, p.6). It should be noted that the investigated process was 

affected by the change of processing conditions from feed and bleed mode to recirculation 

mode, which generated that deviation. Therefore, an analytical polynomial correction  
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of the fitted function which models this effect was proposed and fitted to the experimental 

data  (Eq. 13): 

 

                              𝑚ௗ௘௣(𝑡) = 𝑚ௗ௘௣,௦௦[1 − 𝑔(𝑡) × 𝑒𝑥𝑝(−𝑐 × 𝑡)]                    (13) 

  

where 𝑔(𝑡) = 𝑑 × 𝑡ଶ + 𝑒 × 𝑡 + 𝑓 is the polynomial correction of the exponential growth. 

The corrected equation (Eq. 13) more accurately fitted the experimental data in terms  

of R2 = 0.99 compared to 0.93 obtained for Eq. 11. 

It should be noted that the time-dependence of this process does not depend only  

on  parameter c (a time constant which describes the speed of the cake formation)  

in the corrected model but also on d, e and f parameters. Therefore, further research is 

needed to gain insight into the definition and interpretation of additional parameters. 

Since the Rcl,ss obtained in this study was greater than Rads,ss +Rcp,ss (3×1013 versus 

8 ×1012 m-1) (Table 4, P2, p.7), the cake formation mechanism dominated at the steady-

state for the operating parameters applied. It can be observed that at the beginning  

of the MF process, the dominant resistance was due to adsorption (either on the surface 

or on the pore walls of the membrane) and concentration polarization (Fig. 5, P2, p. 7). 

The change in the dominant fouling mechanism from adsorption and concentration 

polarization to the cake layer formation was noted in this experiment after less than 1 h 

of the MF process.  

To the best of the author’s knowledge, there is limited number of studies 

considering the RIS model that accounts for the time evolution of the fouling resistances 

during membrane filtration of liquid dairy products. Recently, Corbatón-Báguena (2018) 

reported on the fitting accuracy of the RIS model to the permeation resistance noted 

during UF of whey model solutions. Based on that research, some similarities between 

the UF of whey model solutions performed with 15 kDa ceramic membrane and the MF 

process performed in the current study can be identified. During the UF of WPC solution 

(44.4 g/L), the resistance due to cake formation increased over the entire UF time, being 

predominant at the end of the filtration process (Corbatón-Báguena, 2018). Moreover,  

the parameter Rcl,ss (characterizing the resistance due to the cake layer at the steady-state  

in the UF process of WPC solutions) was similar to that obtained during the filtration  

of BM in the current study (~3×1013 m-1). However, the structure of this layer would differ 

significantly due to the different protein compositions of tested feeds. 
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In summary, this study demonstrates that the RIS model accounting for the time 

evolution of the fouling resistances during MF of BM accurately fit the experimental data 

in terms of high R2 and low SD. The resistance due to adsorption and concentration 

polarization was predominant during the first minutes of operation as it sharply increased 

with time. However, the resistance due to the cake formation increased over the entire 

microfiltration time, being predominant at the latter stages of the filtration process. It was 

observed that the cake layer was mainly composed of casein and high molecular weight 

serum proteins. Apart from cake layer formation, casein was also involved in the pore-

blocking mechanism. The results showed that applied processing parameters (GP ceramic 

membranes, pore size of 0.1µm, TMP of 2 bar, crossflow velocity of 6.3 m/s) enabled 

selective partitioning of α-LA, resulting in transmission of this protein to the permeate 

stream. Nevertheless, further studies on optimized MF conditions enhancing  

the efficiency of the fractionation process should be performed. 

 

5.3. Identification of major foulants reducing efficiency of filtration processes 

 

The identification of major foulants reducing the membrane performance during UF 

of whey and MF of BM was performed and the results are presented in the publications 

P1 and P2.  

In the case of whey UF (P1), external foulants consisted of all major WPs as showed 

by the results of SDS-PAGE electrophoresis (Fig. 3, P1, p. 6). β-LG and α-LA did appear  

to be the major cause of pore blocking. Dynamic light scattering analysis of particle-size 

distribution showed multimodal size distribution in permeate streams shifted towards 

smaller particle sizes in contrast to unimodal (SW) and bimodal (AW-T) particle size 

distribution in feed (Fig. 5, P1, p. 7). It suggests that the shear stress during processing 

caused breakdown of aggregates, enhancing transmission of smaller particles (α-LA  

and β-LG) to the permeate stream and thus its adsorption inside the pores. Higher Ca 

content in AW-T in comparison with SW (1180 mg/L vs 366 mg/L, respectively) 

contributed to significantly higher Ca content in stream containing internal foulants  

(3.7 mg/L vs 2.2 mg/L) (Fig. 6, P1, p. 8). According to Steinhauer et al. (2016)  

the presence of salt ions has a major impact on protein interaction forces and at higher 

ion concentrations the deposition probability is higher because of reduced particle 

repulsions. This may explain why flux decline noted during UF of SW (26%) was 

significantly lower (P < 0.05) than for AW-T (37%) (Table1, P1, p. 4). In addition,  
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the postrun CWF measured in this experiment after cleaning the fouled membrane was 

close to prerun CWF, so the fouling layer was chemically removed which means it was 

reversible fouling. 

Concerning MF of BM (P2), casein was the major protein responsible for both pore 

blocking and cake layer formation as revealed by the results of SDS-PAGE 

electrophoresis of the foulants (Fig. 3, P2, p. 6). However, apart from casein, the cake 

layer was also composed of high molecular mass serum proteins (i.e., lactoferrin). 

According to Morin et al. (2007), casein accumulates at the surface of the membrane, 

creating a porous layer that limits permeation. Therefore, it can be stated that during  

the MF process of BM, the flux is mainly controlled by the adsorption of casein to the 

pore walls and the formation of a cake layer composed of casein and high molecular mass 

WPs. Additionally, based on similar prerun and postrun CWF values, it can be stated that 

water flux was restored after the cleaning procedure, indicating a reversible form  

of fouling occurred in this experiment. 

 The phenomenon of fouling occurring during the filtration of various raw 

materials (containing only WPs (whey) or a mixture of WPs and casein (BM)) was 

compared based on the results described in publications P1 and P2. In general,  

the mechanism of cake layer formation dominated during MF of BM in contrast to UF  

of whey, when the decrease in membrane performance was caused mainly by adsorption 

and concentration polarization (Fig. 8, P1, p. 9 & Fig. 5, P2, p. 7). It can be stated that 

the casein content determines the type of fouling mechanism occurring during membrane 

filtration. Its presence induces formation of cake layer. 

 

5.4. The relationship between the degree of lactose recovery in UF/DF permeates 

and the amount of biogas obtained in anaerobic digestion 

 

The possibility of valorization of permeates generated during DF processes by using 

them in biogas production and comparing their effects with typical UF permeates was 

assessed in publication P3. The raw material subjected to UF/DF processes were milk 

and milk serum (permeate obtained after the MF of milk during concentration of casein 

micelles) (Fig.2, P3, p. 4). Attempts were made to estimate the relationship between  

the degree of lactose recovery and the amount of biogas obtained.  

The permeates obtained in the UF and DF stages, during either the milk or milk serum 

filtration, contained mostly water and a very low amount of solids (5.6% TS in UFP-M, 
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1.81% TS in DFP-M, 3.8% TS in UFP-MS and 0.86% TS in DFP-M) (Table 2, P3, p. 7). 

The respective streams obtained either during UF (UFP-M vs. UFP-MS) or DF (DFP-M 

vs. DFP-MS) were characterized by higher TS content when milk was subjected  

to filtration in comparison with milk serum.  

The waste load equivalents of TS constituents are: 1 kg of fat, which contributes  

to 3 kg of COD; 1 kg of protein, which contributes to 1.36 kg of COD; and 1 kg of lactose, 

which contributes to 1.13 kg of COD (Ahmad et al., 2019; Bella & Rao, 2021). According 

to Barbano et al. (1988), the permeates generated after the UF/DF process in the dairy 

industry contribute to a high COD as they are rich in lactose. Lactose contributes around 

90% of the COD (Bella & Rao, 2021). The lactose content measured in substrates tested 

in the current work was as follows: 4.97% in UFP-M, 1.59% in DFP-M, 3.37%  

in UFP-MS and 0.76% in DFP-MS (Table 2, P3, p. 7). As confirmed by the Pearson’s 

correlation coefficient (r = 1), the lactose content determined the COD of tested wastes 

(Table 3, P3, p. 8).  

High COD values indicate that the dairy wastes produced are strong and fluctuating 

types (Bella & Rao, 2021). The COD of the permeates, coming from UF process 

conducted in this study, were 38,600 and 57,020 mg O2/L for UFP-MS and UFP-M, 

respectively (Table 2, P3, p. 7). Whereas the COD values of the permeates obtained 

during the DF stage were equal to 7610 and 19,150 mg O2/L for DFP-MS and DFP-M, 

respectively.  

The methane potential of the UF/DF permeates ranged from 149 to 181 NL CH4  

per kg of added COD (Table 4, P3, p. 8). When the volume of the substrate characterized 

by higher COD value was analyzed, higher biogas volume was observed. However,  

there were no significant (P > 0.05) differences detected between the methane yields 

noted at the end of the experiment calculated as NL per kg of added COD for four tested 

waste samples. The experimental methane yield was fitted to the first order regression 

with high accuracy (R2 > 0.87). The reaction rates were similar for four substrates tested 

as there were no significant differences noted between calculated kinetic constant k.  

It ranged from 0.29/day for DFP-MS to 0.37/day for UFP-M and DFP-M (Table 4, P3, 

p.8). The results of kinetic analysis were in agreement with the results of methane yield.  

As coefficients of methane production expressed in NL per kg of added COD were similar 

for all tested samples, the kinetic of methane production was also comparable. The 

methane content in the biogas did not differ significantly (P > 0.05) among the four tested 

samples and reached about 69%. The amount of CO2 reached 31% (Table 5, P3, p. 9). 
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The quality of obtained biogas indicated that all samples subjected to AD were equally 

good substrates for biomethane production. 

The efficiency of biomethane production from dairy waste varies across literature 

data and depends on the applied parameters and substrates. For example, Fernández  

et al. (2015), reported a yield of 314 L CH4/kg CODadded during single stage AD of whey 

under thermophilic conditions, with an OLR up to 1.5 kg O2/m3day. In another study  

by Kisielewska et al.(2014), the digestion of a solution of dried ultrafiltrated whey 

permeate in a mesophilic system (UASB methanogenic reactor; 35 °C) at OLR rates from 

4.6 to 6.9 kg COD/m3 was tested. The obtained methane yield reached about  

120 L CH4/kg CODadded.  

The kinetic constant obtained in this experiment was comparable with the kinetic 

constants reported in the literature for dairy liquid wastes such as cheese whey  

(with a hydrolysis constant k between 0.36–0.55/day; a COD of substrates between 

50,000–78,000 mg/L; an inoculum/substrate ratio of 6; and a temp. of 35°C) (Mainardis 

et al., 2019). The results obtained in this experiment indicated that majority  

of components present in tested permeates were easily biodegradable by the biomass 

used.  

In summary, lactose content was highly correlated with the COD value of tested 

substrates. Analyzed biochemical methane potential for DFPs and UFPs showed similar 

values of methane production yield. Calculation per kg of COD added indicates a lack  

of significant differences. Anaerobic co-digestion can overcome most of the limitations 

of anaerobic mono-digestion by producing more CH4 due to the synergy of the substrates 

and the supplementation of the missing nutrients by the co-substrates (Bolen et al., 2022; 

Mata-Alvarez et al., 2014). Comino et al. (2012) indicated that the co-digestion of a high 

volume of whey (up to 65% in volume) and cattle slurry is possible without the use  

of chemicals for pH correction, and additionally this kind of mix has a similar energetic 

potential for an AD as energy crops such as maize.  
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5.5. The use of UF/DF permeates to produce electricity and heat from  

the biomethane generated in the process of anaerobic digestion: the case study 

considering large-scale dairy plant 

 

The potential heat and electric energy production from biogas obtained in AD  

of UF/DF permeates acquired in the amounts comparable with that generated during 

protein concentration in a large-scale dairy plant was described in publication P3. 

Permeates yield were estimated based on the raw milk and whey throughput  

and processing using membrane technology. The assumption was that the dairy plant 

process daily about 1200 t of raw milk, which is solely dedicated for the production  

of milk concentrates and 800 t of whey. Considering the amount of raw material processed 

in the analyzed dairy plant, the membrane filtration processes applied in valorization  

of milk and whey would generate about 864 t of permeate per stage of filtration  

in the case of milk and 706 t of permeate per stage of filtration in the case of whey. 

Additionally, the daily large-scale dairy plant demand for electric power was estimated 

at 11 MWh/day. 

The maximum generated electric power was estimated at 10,632 MWh/a  

for UFP-M and a minimum of 1374 MWh/a for DFP-MS (Table 6, P3, p. 11). In general, 

the higher the COD of the substrates, the higher the electric power produced and thus the 

higher profitability of the biogas plant. In the work by Kozłowski et al. (2019), the energy 

data from a dairy factory, producing 400 t of whey per day (two times lower than  

in the case of the dairy plant considered in this case study), were reported: they claimed 

a biomethane yield of 3,508,487 m3 per annum, which is a significantly greater amount 

than the summarized methane yield (2,167,430 m3/a) noted for UF/DF permeates  

(UFP-MS and DFP-MS) generated after milk serum filtration conducted in this study.  

It is also important to highlight that in the research conducted by Kozłowski et al. (2019), 

whey was used as a fermentation substrate, and its amount was almost half of that  

of UFP-MS. Whey contains more COD than UF/DF permeate, which is why the amount 

of biogas generated is expected to be higher than that from milk serum permeates. 

Therefore, in the future research, the co-digestion of UF/DF permeates in combination 

with other wastes should also be considered.  

As calculated, the dairy plant can generate approximately 23,000 MWh/a  

of electricity and about 85,500 GJ of heat on an annual basis while using all the generated 

permeates considered in this study (Table 6, P3, p. 11). The total electric energy output 
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value corresponds to approximately 2.8 MW of the gross nominal capacity, which not 

only covers the annual demand of the whole factory (0.5 MW, calculated based  

on the daily demand of 11 MWh/d) but also enables the sale of remaining energy.  

It is assumed that a 3 MW biogas plant is capable of generating 24,000 MWh per year  

of electric power (Kozłowski et al., 2019), which means that in the analyzed case there is 

still an approx. 4% power reserve for a potential increase in waste processing. 

Additionally, apart from serving as potential substrates for AD,  the analyzed UF/DF 

permeates may also be considered a profitable source material  for lactose production.  

In purely financial terms, food-grade lactose production exceeds the profitability  

of biogas production in the on-site biogas plant (19.7 mln EUR/a vs 2.9 mln EUR/a) 

(Table 6, P3, p. 12). However, other aspects such as the renewable energy demand and 

the geopolitical situation should also be considered by the plant owners. It is worth noting 

that one of the current objectives of the Bioeconomy Strategy for the EU is a reduction  

in energy dependence on non-renewable and unsustainable sources (European 

Commission, 2018). 

In summary, the UF/DF permeates are efficient substrates in biomethane production 

through the AD. The amount of biomethane generated is enough to cover the total heat 

and electric power requirements of a large-scale dairy factory that reuses its own 

effluents. 
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6. Summary and conclusions 

 

In summary, the results presented in the thematically related series of published 

papers, constituting a doctoral dissertation entitled “Fractionation of milk components  

and valorization of by-products obtained with membrane filtration of dairy streams”, 

are of a cognitive nature. They provide new information in the subject of fouling 

mechanism occurring during membrane filtration and in the field of environmental 

science focused on disposal of dairy wastes. The causes of flux decline during UF  

and MF of dairy by-products i.e., whey and BM were discussed. The explanation  

of fouling mechanism was provided by fitting the experimental data to the RIS model. 

Additionally, considering the need to increase the circularity of dairy by-products,  

the utilization of UF/DF permeates in AD was studied. 

Novelty of the study: 

1. A time-based evolution of RIS model parameters was determined for the first 

time, when filtering dairy streams obtained at industrial scale.  

2. A general equation that accounts for the time-based changes in the mass deposited 

on the membrane surface during MF of BM (an exponential function and its 

polynomial correction) was newly proposed.  

3. It has been shown that it is possible to fractionate α-LA when the process  

of MF is applied to BM, which has undergone extensive heat treatment.  

4. The assessment of the possibility of valorizing the permeates generated during DF 

by using them in biogas production and comparing their effects with typical UF 

was a new approach in studies on AD. 

5. This research has shown that the amount of permeate generated by large-scale 

dairy factory can be enough to meet its demand for electric power and heat. 

Taking into account recent achievements, it should be emphasized that besides 

previously mentioned further exploration of buttermilk microfiltration as an efficient way 

in fractionation of serum proteins, further research is also required in the field  

of AD of UF/DF permeates. Anaerobic co-digestion seems to be another stage  

of optimization of biomethane production from this kind of dairy effluents. It should be 

of a great importance since the availability of permeate is very high due to growing 

production in the dairy sector. 
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The research carried out allowed to verify research hypotheses: 

1. Resistance-in series model is an accurate model to describe flux decline during 

UF of whey and MF of BM generated in industrial or pilot scale.  

2. Microfiltration (GP ceramic membranes, pore size of 0.1µm, TMP of 2 bar, 

crossflow velocity of 6.3 m/s) of thermally processed BM results  

in enhanced transmission of α-LA to permeate stream in comparison  

with enhanced retention of β-LG in retentate stream. 

3. The higher the lactose content in permeate the more efficient CH4 production can 

be achieved per volume unit. Unit coefficients of methane production calculated 

as volume of methane per kg of COD added were similar in all tested types  

of permeates indicating that DFPs can be equally good substrates in AD as UFPs.  

4. Ultrafiltration/diafiltration permeates can be efficient substrates in biomethane 

production through AD.  

 

Based on the research carried out the following conclusions were drawn: 

 

1. The RIS model allows to describe the evolution of permeate flux during UF  

of acid and sweet whey obtained after cheesemaking when the process is carried 

out with 20 nm ceramic membranes, at TMP of 3 bar, and crossflow velocity  

of 4.1 m/s. 

2. The RIS model accurately describes the evolution of permeate flux during MF  

of BM when the process is carried out with 0.1 µm ceramic membranes, at TMP 

of 2 bar, and crossflow velocity of 6.3 m/s.  

3. Polynomial correction of function describing mass deposited on the membrane 

surface during MF of BM enables accurate (R2 = 0.99) prediction of cake layer 

formation. 

4. The adsorption and concentration polarization were predominant fouling 

mechanisms during UF of acid and sweet whey. 

5. The major WPs (β-LG and α-LA) are adsorbed on the membrane surface  

and/or the pore walls during UF of whey. 

6. The adsorption and concentration polarization cause sudden permeate flux decline 

at the early stages of MF of BM and cake layer formation dominates at the latter 

stages of processing.  
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7. Microfiltration of BM is mainly restricted by cake layer composed of casein  

and high molecular weight serum proteins.  

8. The mechanism of fouling is determined by the composition of feed. When whey 

proteins are main components of dairy streams the adsorption and concentration 

polarization resistance dominates during membrane filtration. When casein  

is main protein fraction the membrane performance is mainly restricted by cake 

layer formation.  

9. Lactose content is highly correlated with the COD value of UF/DF permeates. 

10. Unit coefficients of methane production, which correspond to kg od added COD, 

were similar in all tested types of permeates, however, higher amounts of DFPs 

(characterized by lower COD values than UFPs) in comparison to UFPs  

are required to obtain the same methane volume during AD. 

11. The amount of UF/DF permeate generated by large-scale dairy factory may enable 

the production of biomethane that can serve as a source for heat and electric power 

generation covering the factory demand for energy. 
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A B S T R A C T   

Membrane fouling caused by deposition of whey protein on the membrane surface is still the major factor 
limiting concentration and fractionation efficiency in dairy industry. This work aims to elucidate the mechanisms 
of membrane fouling during ultrafiltration (50 ◦C) of sweet and acid whey obtained after Gouda and Tvarog 
(acid-coagulated cheese) manufacture using 20 nm ceramic membrane. A resistance-in-series model that ac
counts for time evolution of hydraulic resistances was considered. The results demonstrated that the higher the 
protein content the greater the total hydraulic resistance. Moreover, the resistance due to adsorption and con
centration polarization dominated from the first minutes of filtration, whereas the growth of cake layer was 
much slower and gradual for each feed tested. SDS-PAGE electrophoresis showed that α-lactalbumin and 
β-lactoglobulin were the main contributors to pore blocking.   
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1. Introduction 

The production of cheese, caseinates and yogurts generates a green- 
yellowish by-product known as whey (Wherry et al., 2019). Whey is the 
liquid remaining after removal of fat and casein, which contains mostly 
soluble components, including lactose, soluble salts, and globular pro
teins that comprises ~20% of the total protein content in milk (Chan
drapala et al., 2016; Rocha-Mendoza et al., 2021). Whey is classified into 
sweet whey or acid whey based on its processing conditions. Sweet whey 
is collected after the coagulation process during ripened cheese pro
duction via enzymatic coagulation (González-Siso, 1996). Acid whey is 
obtained in the manufacture of acid-coagulated cheeses and Greek 
yogurt (Rocha-Mendoza et al., 2021). The most important differences 
between acid and sweet whey are protein content (0.5–0.84% vs 
0.8–1.0%, respectively), calcium concentration (103–140 mg/100 g vs 
45 mg/100 g, respectively) and pH (4.21–4.6 vs 6–7, respectively) (Fox 

et al., 2000; Smith, 2014; Rocha-Mendoza et al., 2021). Due to its 
composition, the development of economically and environmentally 
sustainable application for acid whey is still a hurdle for dairy industry 
(Zotta et al., 2020). Moreover, the increased demand for acid-coagulated 
fresh cheese creates a supply of acid whey that must be managed. The 
European Union has the largest cheese market in the world and, as a 
result, a large production of acid whey (Rocha-Mendoza et al., 2021). 
Tvarog (original name Twaróg) is an acidic fresh white cheese very 
popular in Central and Eastern Europe. The production technology is, to 
some extent, similar to German Quark. However, the texture of these 
two products are different, with Quark having a paste like texture and 
Tvarog is more crumbly and grainy. Poland and Russia are among the 
biggest producers of Tvarog and Tvarog-type cheeses, which represent 
up to two-thirds of total cheese consumption in these countries 
(Treszczynska et al., 2018). It is estimated that the production of 1 kg of 
Tvarog cheese generates about 6–7 kg of acid whey that must be either 
disposed or repurposed. 

Membrane separation technology became a logical choice for whey 
recovery, because many whey components can be separated based on 
their size and whey contains only dilute concentrations of valuable 
proteins and other biochemical materials (Wen-qiong et al., 2019). In 
the last decades the ultrafiltration (UF) of whey has grown in importance 
as a “green” technique (Corbatón-Báguena et al., 2018). However, 
during filtration of whey, membrane fouling caused by deposition of 
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whey protein on the membrane surface is the major factor limiting 
concentration and fractionation efficiency (Steinhauer et al., 2015). 
Main proteins in whey that are associated with fouling tendencies are: 
α-lactalbumin (α-LA), bovine serum albumin (BSA) and β-lactoglobulin 
(β-LG) (Barukčić et al., 2015). Additionally, physicochemical properties 
like increased ionic strength and calcium content enhance the deposit 
layer formation due to reduction of repulsive forces in protein-protein 
and protein-membrane interactions (Labbez et al., 2002; Steinahuer 
et al., 2016; Luján-Facundo et al., 2017). Ultrafiltration of acid whey 
obtained after lactic acid fermentation is especially difficult to practice 
because of fouling associated mainly with precipitation of calcium 
phosphate, the high concentration of minerals, lactic acid content and 
the resulting insolubility of some individual whey proteins (Konrad 
et al., 2012). 

The main effect of fouling is a decrease in flux. As reported by Konrad 
et al. (2012) the flux in UF of fermented acid whey with poly
ethersulfone membranes is directly dependent on pH (2.5–4.5) and the 
lower the pH (<3.9) the higher the permeation flux. Moreover, the acid 
whey is non-filterable at pH 4.6 with 10 kDa polymeric membranes at 
45 ◦C and transmembrane pressure of 2 bar. The economic flux for a 
plant should have acceptable degree of fouling which can be easily 
removed with a standard cleaning procedure (Damar et al., 2020). High 
and stable permeate flux can be obtained with shear-enhanced filtration 
and in order to sustain such flux in long-term operation, critical fouling 
conditions (the flux at which irreversible fouling appears on a mem
brane surface) should be studied and an optimum flux needs to be 
determined (Bacchin, 2004; Luo et al., 2012). 

Regarding the mechanisms of flux reduction, these are a result of 
both concentration polarization (accumulation of solute on the mem
brane surface) and membrane fouling (Luján-Facundo et al., 2017). As a 
novelty, a resistance-in series model that accounts for the time evolution 
of the fouling resistances during UF of whey model solutions was 
considered recently (Corbatón-Báguena et al., 2018). The results 
demonstrated that the higher the protein and salt concentrations in the 
feed solutions the greater the fouling degree. High values of coefficient 
of determination (R2 > 0.96) indicated that resistance-in-series model 
can be accurately fitted to the experimental data for either ceramic or 
polymeric membranes. 

The aim of this work was to examine the fouling mechanisms that 
affect ceramic UF membranes using acid whey obtained after Tvarog 
manufacture in comparison with sweet whey obtained after rennet 
cheese (Gouda) production. Based on physicochemical analysis of 
external and internal foulant streams as well as mathematical modeling 
of the process a thorough investigation of flux decline was carried out. 
Unlike other authors (Konrad et al., 2012; Luján-Facundo et al., 2017; 
Corbatón-Báguena et al., 2018), the whey subjected to UF in this study 
was obtained from cheesemaking process instead of using model solu
tions of single or mixed whey proteins or whey derived from reconsti
tution of milk or whey protein concentrates, thus omitting the potential 
influence of subsequent processing on protein properties and hence their 
interactions with other whey components and membrane material. 

2. Materials and methods 

2.1. Experimental set-up 

The experiments were carried out using laboratory scale ultrafiltra
tion unit (Pall Membralox XLAB 5, Pall Corp, Port Washington, NY). This 
plant was equipped with a temperature control system, a 3.5 L stainless 
steel feed tank, a progressive cavity pump with frequency converter to 
select the desired crossflow velocity, a manometer at each side of the 
membrane module to control the transmembrane pressure and a balance 
(with an accuracy of ±0.001 g). A complete scheme of the experimental 
set-up can be found in Zulewska et al. (2018). 

2.2. Membrane and feed material 

Filtration was performed using monochannel ceramic membrane 
(ET1-070, zirconia, Pall Corp.). The characteristics of membrane speci
fied by manufacturer were as follows: nominal pore diameter of 20 nm; 
length of 250 mm; channel diameter of 7 mm; effective area of 0.005 m2. 

The abovementioned system was used to ultrafilter two types of 
whey: acid whey obtained after Tvarog (acid-coagulated cheese) 
manufacture (AW-T) and sweet whey (SW) obtained after Gouda cheese 
production (a reference feed material). 

Acid whey AW-T was supplied by Dairy EkoŁukta Ltd. (Łukta, 
Poland). Tvarog cheese was produced from cheese milk pasteurized at 
88.2 ± 2 ◦C for 21s. Sweet whey was produced during cheesemaking 
processes in Dairy Research and Educational Center at University of 
Warmia and Mazury in Olsztyn (Poland). Whey, after separation from 
curd grains, was subjected to centrifugation at 45 ◦C using model 
LWG20 centrifuge (Spomasz, Gniezno, Poland) to remove fat and re
sidual curd, and then pasteurized at 72 ◦C for 15s. Pasteurization process 
was carried out with a plate heat exchanger (model P20-HB; Alfa Laval, 
Lund, Sweden). After that, whey was cooled and stored at 3 ◦C until 
processing (at least 24 h). 

2.3. Ultrafiltration process 

Firstly, the clean membrane was characterized in terms of water 
permeability (prerun clean water flux, CWF) and clean membrane 
resistance (Rm) using reverse-osmosis (RO) water. The prerun CWF was 
determined at ~25 ◦C based on permeate weight collected in 120 s and 
the membrane surface area. The following conditions were applied 
during prerun CWF measurements: the retentate outlet valve was 
opened to produce transmembrane pressure (TMP) of 1 bar, and the 
permeate outlet valve was fully opened. The Rm (1/m) was calculated 
based on prerun CWF according to Corbatón-Báguena et al. (2018), 
separately for each UF process. The value of Rm was considered as mean 
(n = 3) for each feed tested. 

Whey (~3.5 kg) was ultrafiltered at 50 ◦C. It was placed in feed tank 
with all valves closed, except the retentate valve. The pump was turned 
on, the frequency converter was adjusted to 5 on 0 to 10 scale, resulting 
in pump motor frequency of 28.3 Hz and crossflow velocity of approx
imately 4.1 m/s. These parameters created turbulent flow of whey 
through the filtration unit (Re ~38,000). Whey was recirculated for 5 
min and then the permeate valve was slowly opened. Ultrafiltration was 
conducted under constant TMP of 3 bar recommended by membrane 
manufacturer. The permeate was collected and the retentate was recir
culated in the system. The permeation flux (m3/m2h) was determined 
every 15 min according to eq. (1): 

J
p = M

Am × t × ρ
(1)  

where M is the permeate weight (kg), Am is the membrane surface area 
(m2), t is time (s), and ρ is the permeate density at the operating tem
perature (kg/m3). 

At the end of UF run, retentate was drained from the system by 
opening two valves and all permeate collected during processing run 
was mixed and each was sampled. The average total time of whey 
processing was 180 min. 

The cleaning step before and after each UF process was done as 
described by Zulewska et al. (2018). 

2.4. Characterization of membrane fouling 

To gain an insight into the state of the membrane fouling, RO water 
rinsing steps were performed immediately after UF run to collect fou
lants’ streams according to modified method described by Tan et al. 
(2014). 
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First, the UF unit was flushed with 2 L of RO water at 50 ◦C for 1 min, 
to wash out the whey residue from the system. Then, another two rinsing 
steps were carried out to collect: (i) foulants located on the membrane 
surface (external foulants, Fe) and (ii) foulants located inside the 
membrane pores (internal foulants, Fi). First, RO water rinse (2 L) was 
conducted with the permeate valve fully closed and the retentate valve 
fully opened. The RO water rinse was performed for 5 min at 50 ◦C, at 
pump motor frequency of ~12.9 Hz. The rinse water collected in this 
manner contained the external foulants (Fe) attached to the membrane 
surface. The rinsing solution was drained from the UF unit and sampled. 
Next, RO water rinsing (2 L) was conducted with the permeate valve 
fully opened and the retentate valve fully closed to collect the internal 
foulants (Fi) attached to the pore walls. Rinsing and sampling were 
performed as described for Fe. 

When the RO water rinsing was completed, the fouled membrane 
water flux (FWF) was determined using same settings as for prerun CWF. 

Finally, the membrane was cleaned and then rinsed with room- 
temperature RO water until neutral pH was reached and the postrun 
CWF was determined under same conditions as for prerun CWF. The 
postrun CWF was close to the prerun CWF indicating the effectiveness of 
cleaning procedure which enabled the maintenance of the same condi
tions before each UF run. 

Additionally, the fouling degree (FD) was calculated by comparing 
the values of permeate flux at the beginning of UF (Jp,0) and at the end of 
a run (Jp,f) (Eq. (2)): 

FD(%) =
[(

Jp,0 − Jp,f
) /

Jp,0
]
× 100%. (2)  

2.5. Chemical and instrumental procedures 

The pH of the starting and final UF products was measured using a 
pH meter (CP-401, Elmetron, Zabrze, Poland) equipped with an elec
trode IJ-44C IONODE (Elmetron). 

The samples of whey before processing, final retentates and perme
ates were analyzed for total solids (TS), total nitrogen (TN), noncasein 
nitrogen (NCN), and nonprotein nitrogen (NPN) content using forced-air 
oven drying (AOAC International, 2007; method 990.20; 33.2.44), 
Kjeldahl method (AOAC International, 2007; method 991.20; 33.2.11), 
Kjeldahl method (AOAC International, 2007; method 998.05; 33.2.64) 
with modifications according to Wojciechowski and Barbano (2015), 
and Kjeldahl method (AOAC International, 2007; method 991.21; 
33.2.12), respectively. 

The viscosity of feed materials was determined using rotational 
rheometer (RheolabQC, Anton Paar, Graz, Austria) at a shear rate of 100 
s− 1 and the temperature of 50 ◦C. 

The density of the permeates was measured with automatic handheld 
density meter (Densito, Mettler Toledo, Greifensee, Switzerland) with an 
accuracy of ±0.001 g/cm3. 

The lactic acid content in feed was calculated based on titratable 

acidity measurements (1◦SH = 0.0225 lactic acid %). 
The content of mineral components (Ca and P) was evaluated in all 

processing streams and rinsing solutions. Total calcium content was 
analyzed using atomic absorption spectrometry according to the method 
of IDF (2007) at the wavelength of 422.7 nm. Total phosphorus content 

was evaluated by colorimetric analysis (Żegarska, 2000); the absorbance 
was measured using spectrophotometer model Carry 60 UV–Vis (Agi
lent) at the wavelength of 610 nm. 

The conductivity of UF streams was measured with conductivity 
benchtop meter (model InoLab Cond Level 1, WTW, Weilheim, Ger
many) equipped with conductivity cell TetraCon 325 (WTW). 

The feeds and permeates were evaluated for particle-size distribution 
by dynamic light scattering, using Zetasizer NanoS (model ZEN1600, 
Malvern Instrument Ltd., UK). Whey samples were diluted with RO 
water at a ratio of 1:100 before measurement. The parameters necessary 
for software calculations are provided elsewhere (Dybowska, 2011). The 
particle size distribution was presented as average of 9 replicates. 

2.6. SDS-PAGE electrophoresis 

To identify proteins present in UF streams, on the membrane surface 
and inside the pores contributing to external and internal fouling, 
respectively, a SDS-PAGE electrophoresis on 12% polyacrylamide gel 
(Biorad Laboratories, Warsaw, Poland) was used. The fresh samples of 
whey and permeates were diluted with sample buffer (pH 6.8, 10 mM 
Tris-HCl, 1.0% SDS, 20% glycerol, 0.02% bromophenol blue tracking 
dye, and 50 mM dithiothreitol), then immersed in boiling water for 3 
min and kept frozen (− 26 ◦C) in plastic vials (Eppendorf microtubes, 
3810X; Merc, Darmstadt, Germany) until analysis. Due to small TS 
content (data not shown), samples of Fe and Fi (20 g each) were first 
frozen at − 26 ◦C, next lyophilized for 72 h at 0.18 bar (Freeze dryer 
Alpha 1e2 LD, Christ, Germany), then diluted with 100 μL of sample 
buffer, immersed in boiling water for 3 min and kept frozen (− 26 ◦C). 
Before analysis all samples were thawed at room temperature, then wells 
were loaded with 13.6 μg protein per loading in case of whey and per
meates, and with 10 μL of Fe and Fi sample per loading. Running, 
staining and destaining procedures were performed according to Verdi 
et al. (1987). The destained gels were scanned using a scanner Lumi Bis 
Bioimaging Systems DNR (Jerusalem, Israel) and analyzed using Total
Lab 1D v 11.3 (New Castle, England). 

2.7. Fouling resistance model fitting 

Among the different mathematical models available in the literature, 
the resistance-in-series model is the most often used. It takes into ac
count the contribution of following fouling mechanisms: the adsorption 
of solute on the membrane surface and also on the pore walls, the 
concentration polarization and cake formation which are predominant 
fouling mechanisms that explain the decline of permeate flux during UF 
of protein based solutions (Katsoufidou et al., 2005). To determine the 
most predominant fouling mechanism during UF of acid whey, the 
model parameters of a resistance-in-series model were related to 
different feed tested. The general equation for the resistance-in-series 
model is Eq. (3):  

where ΔP is the transmembrane pressure; μ is the viscosity of the feed 
solution, Rm is the resistance of the clean membrane, t is filtration time. 

The resistances due to adsorption on membrane surface and on the 
pore walls and concentration polarization (Rads + Rcp) are expressed as 

J
p =

ΔP
μ ×

(
Rm + Rads + Rcp + Rcl

) =
ΔP

μ ×

(

Rm +
(
Rads,ss + Rcp,ss

)
× (1 − exp(− b × t)) +

(
mdep
Am

)

× α
)

(3)   

J. Tarapata et al.                                                                                                                                                                                                                               



Journal of Food Engineering 328 (2022) 111059

4

exponential time dependence that makes these resistances grow at a 
constant rate b up to a steady-state value expressed as sum of resistance 
due to solute adsorption at the steady-state (Rads,ss) and resistance due to 
concentration polarization at the steady-state (Rcp,ss). The resistance due 
to cake formation (Rcl) is expressed as ratio of the protein mass deposited 
on the membrane surface (mdep) to the membrane area (Am) multiplied 
by specific cake resistance (α). Detailed description of the model was 
done by Corbatón-Báguena et al. (2018). In current experiment the 
mathematical model was fitted to the experimental data using Microsoft 
Excel’s add-in program Solver. The non-linear least squares minimiza
tion was performed to minimize the difference between the experi
mental and predicted data. The fitting accuracy was evaluated by 
calculating coefficient of determination (R2) and standard deviation 
(SD). 

2.8. Statistical analysis 

UF runs for two tested whey types were carried out in triplicate. The 
statistical analysis was performed using the Statistica software (version 
13.1, 1984–2016, StatSoft, Inc., Tulsa, OK, USA). Statistical evaluation 
of data was done using one way ANOVA (P < 0.05) followed by Tuckey’s 
post hoc test. 

3. Results and discussion 

3.1. Ultrafiltration of whey 

The average permeate flux observed for two ultrafiltered whey types 
is presented in Table 1. The flux noted for AW-T was significantly (P <
0.05) higher than for SW. Sweet whey contained almost 2.5 times more 
protein (TP) than AW-T (~0.67% compared to 0.27%, Table 2) which 
resulted in ~1.5 times lower permeation (1.60 × 10− 5 compared to 2.51 
× 10− 5 m3/m2s, Table 1). As confirmed by other researchers (Cor
batón-Báguena et al., 2018), the fouling during UF of whey model so
lutions becomes more severe when whey protein concentration 
increases. 

The evolution of permeate flux and total hydraulic resistance over 
time for SW and AW-T are shown in Fig. 1 a and b, respectively. It can be 
observed that the flux rates for each feed material declined sharply after 
starting the UF process. This phenomenon is related to membrane 
fouling and suggests that the maximum fouling occurred once the 
membrane was exposed to whey flow at the very beginning of the 
filtration process. Similar results during milk filtration have been re
ported elsewhere (Zulewska and Barbano, 2013; Zulewska et al., 2018). 

The flux decline at the start of the UF is connected either with 

formation of the secondary layer on the membrane surface (Cheryan, 
1997) or pore blocking mechanism followed by the formation of a cake 
layer (Juang et al., 2010). Adsorption of proteins onto membrane sur
face at the early stages of filtration has also been reported by Tong et al. 
(1988) who examined the mechanism of membrane fouling by only 
submersing membranes in milk. 

In our study, the course of the curve representing changes of 
permeate flux in time was different for acid and sweet whey. In case of 
AW-T, the substantial flux decline was observed during 45 min of UF and 
after that, much slower, but progressive increase in hydraulic resistance 
occurred. In case of SW, flux substantially decreased during 30 min after 
the beginning of UF and after that time, generally the plateau value was 
reached. It can be concluded that in case of SW, the fouling layer, once 
built up during 30 min of UF, did not increase substantially during 
further processing, in contrast to UF of acid whey when the overall 
fouling evolved with time resulting in subsequent increase in total hy
draulic resistance. 

Fouling occurring during the production step is still a bottleneck of 
UF of milk protein suspensions. Therefore, flux optimization in mem
brane filtration was a subject of many studies (Luo et al., 2012; Diagne 
et al., 2013). An early concept to avoid excessive pressure causing flux 
decline was the limiting flux defined as plateau flux which is achieved at 

Table 1 
Prerun clean water flux (CWF), an average permeation flux, fouled water flux (FWF), fouling degree (FD) and concentration factor (CF) obtained during UF of acid 
whey from tvarog production (AW-T) and sweet whey (SW).  

Feed prerun CWF (× 10− 4 m3/m2s) Flux (× 10− 5 m3/m2s) FWF (× 10− 5 m3/m2s) FD (%) CF based on retentate and permeate weights 

AW-T 1.045a 2.51a 0.73b 37a 1.64a ± 0.02 
SW 1.037a 1.60b 0.94a 26b 1.34b ± 0.09 

a-c Means within a column with different superscripts are different (P < 0.05). 

Table 2 
Means (n = 6) and standard deviations of pH and compositiona (% by weight) of acid whey from tvarog production (AW-T) and sweet whey (SW) subjected to UF at 
50 ◦C.  

Whey pH TS Lactic acid CP NCN NPN TP Cn WP 

AW-T 4.66b ± 0.08 5.53a±0.16 0.58b ± 0.02 0.50c±0.01 0.48c±0.02 0.229a±0.004 0.27c±0.01 0.02a±0.01 0.25c±0.01 
SW 6.66a ± 0.13 5.90a±0.51 0.09c±0.01 0.86a±0.02 0.82a±0.03 0.19b ± 0.02 0.67a±0.01 0.03a±0.02 0.64a±0.02 

a-c Means within a column with different superscripts are different (P < 0.05). 
a TS = total solids; CP = crude protein; calculated as total N × 6.38; NCN = noncasein nitrogen × 6.38; NPN = nonprotein nitrogen × 6.38; TP = true protein, 

calculated as CP–NPN; Cn = casein, calculated as CP–NCN; WP = whey proteins, calculated as TP − Cn. 
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Fig. 1. Changes in permeate flux (a) and total hydraulic resistance (b) during 
UF of acid whey from tvarog production (AW-T) and sweet whey (SW). Solid 
lines represent resistance-in-series model predictions and symbols represent 
experimental data. 
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high TMP; further increases in TMP do not increase the flux (Aimar and 
Field, 1992). Then, in order to minimize or even eliminate flux decline, a 
basic method for the fouling control, regarding judicious choice of the 
permeate flux, has been evolving from critical flux concept proposed 
back in 1995 (Field et al.) to new threshold flux concept introduced in 
2011 (Field and Pearce). The critical flux is the flux below which the 
fouling is fully reversible whereas above the critical value irreversible 
fouling starts to occur. Initially two types of critical flux were proposed: 
strong form, for which the flux is the same as for water, and weak form, 
when the flux is decreased because of the establishment of a layer 
resulting from concentration polarization (Diagne et al., 2013). With 
certain assumptions, critical flux equals two thirds of limiting flux 
(Bacchin, 2004). According to threshold flux concept, it is the value of 
flux at or below which a low and nearly constant rate of fouling occurs 
but above which the rate of fouling increases markedly and the flux 
decrease is not only caused by concentration polarization but also little 
irreversible adsorption of fouling species on the membrane (Luo et al., 
2012; Diagne et al., 2013). 

Limiting and critical flux were calculated based on the data from our 
study (calculations were performed according to Samuelsson et al., 1997 
and Bacchin, 2004, respectively). Determination of the threshold flux 
would require a different experimental set up, such as finding the break 
point in flux vs TMP curve. In this experiment, the UF system was not 
tested in order to find optimal processing parameters because process 
was carried out under the constant TMP recommended by the membrane 
manufacturer. Based on the comparison of flux values obtained during 
whey processing (Table 1) and calculated values of limiting and critical 
fluxes (Table 3), it can be stated that all UF processes were conducted 
under limiting flux conditions (2.62 × 10− 5 m3/m2s), thus formation of 
highly irreversible fouling was prevented. The permeation flux during 
UF of SW was lower than critical flux suggesting that fouling was fully 
reversible. On the other hand, flux vs time curve for SW (Fig. 1a) indi
cated that fouling layer did establish once the process was started and 
flux reached plateau value only after this layer was formed. However, it 
must be noted that the critical flux was compared with an average value 
of processing flux. The initial flux for SW was 2.09 × 10− 5 m3/m2s, so 
higher than critical value (1.75 × 10− 5 m3/m2s), causing irreversible 
fouling layer formation. This layer had formed after 30 min of UF 
resulting in increase in total resistance leading to plateau value of flux of 
approx. 1.57 × 10− 5 m3/m2s (close to average value 1.60 × 10− 5 

m3/m2s) and was constant till the end of processing, confirming 
reversible fouling (i.e. concentration polarization with adsorption 

fouling) occurring after formation of irreversible layer. Whereas flux for 
AW-T was higher than the critical value indicating continuous build-up 
of the fouling layer causing subsequent increase in flow resistance which 
was reflected by the course of total resistance curve as the function of 
time (Fig. 1b). It proves that during UF of acid whey the irreversible 
deposition of material occurs and this deposit can be only removed (at 
best) by cleaning operations. The postrun CWF measured in this 
experiment after cleaning the fouled membrane (data not shown) was 
close to prerun CWF, so the fouling layer was chemically removed. 

3.2. A physicochemical evaluation of membrane fouling 

The data concerning feed and retentate composition is shown in 
Tables 2 and 4 and Fig. 2. Higher protein content in SW resulted from 
significantly (P < 0.05) higher WP content in comparison with AW-T 
(0.64% vs 0.25%). Much lower WP content noted for AW-T could 
result from thermal treatment of milk before Tvarog production (88.2 ±
2 ◦C for 21s). Thermal processing of milk may cause the denaturation of 
milk serum proteins and formation of intermolecular disulfide bonds 
between β-LG and κ-casein (Harland et al., 1952; Zulewska et al., 2018). 
Thus, some part of serum proteins remain in the cheese matrix. Higher 
proportion of β-LG:α-LA noted for SW (2.5:1) than for AW-T (2:1) in this 
study (Fig. 2), suggest that high pasteurization temperature of milk 
before Tvarog production caused changes in the ratio of β-Lg:α-LA in 
resulting whey and induced heat denaturation of whey proteins. More
over, as confirmed by chemical composition analyses (Table 2) and 
SDS-PAGE electrophoresis (Fig. 2b), trace amounts of casein, mainly 
β-casein, was also present in both tested feeds and was retained by UF 
membrane in retentate stream (Table 4). Retention of casein could 
contribute to fouling, as its presence was also noted in stream containing 
external foulants (Fig. 3a). 

The increase in WP concentration during UF was almost equal to CFs 
obtained for both whey types tested (Tables 1, 2 and 4), namely ~1.6x 
for AW-T and ~1.3x for SW. 

As revealed by SDS-PAGE electrophoresis, all major whey proteins 
were present in stream containing surface foulants (Fig. 3a), thus all 
proteins contributed to external fouling i.e. most likely concentration 
polarization layer or the protein layer loosely adsorbed to the membrane 
surface, since foulants extraction was performed at relatively low cross- 
flow velocity. The analysis of SDS-PAGE gels with samples of permeates 
and internal foulants streams (Fig. 4 and Fig. 3b, respectively) revealed 
that some major proteins i.e. α-LA and β-LG were able to cross the 

Table 3 
Means (n=9) and standard deviations of viscosity, density at 50◦C of acid whey from tvarog production (AW-T) and sweet whey (SW) subjected to UF and calculated 
limiting and critical flux values.  

Feed Viscosity (mPa × s) Density (kg/m3) Limiting flux Critical flux (× 10-5 m3/m2s) 

Samuelsson’s modela (× 10-5 m3/m2s) 

AW-T 0.74a ± 0.03 1013a ± 7 2.62 1.75 
SW 0.77a ± 0.70 1018a ± 7 2.62 1.75 

a-c Means within a column with different superscripts are different (P < 0.05). 
a According to the equation: Re × 6.94× 10-10 m/s (Samuelsson et al., 1997).  

Table 4 
Means (n = 6) and standard deviations of pH and compositiona (% by weight) of retentates obtained after UF of acid whey from tvarog production (AW-T) and sweet 
whey (SW).  

Retentate pH TS CP NCN NPN TP Cn WP 

AW-T 4.68b ± 0.09 5.76a±1.28 0.66c±0.01 0.63c±0.02 0.24a±0.02 0.42c±0.02 0.03b ± 0.01 0.39c±0.02 
SW 6.60a ± 0.53 6.27a±0.53 1.11a±0.02 1.07a±0.02 0.19 b ± 0.01 0.92a±0.02 0.05a±0.01 0.87a±0.02 

a-c Means within a column with different superscripts are different (P < 0.05). 
a TS = total solids. CP = crude protein, calculated as total N × 6.38. NCN = noncasein nitrogen × 6.38. NPN = nonprotein nitrogen × 6.38. TP = true protein, 

calculated as CP–NPN. Cn = casein calculated as CP–NCN. WP = whey proteins calculated as TP − Cn. 
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membrane toward the permeate side and slightly fouled the membrane 
pores. 

A comparison of the particle size distribution (PSD) between the feed 
and the UF permeates was conducted. The particle size in tested feeds 
was between approx. 100 and 1000 nm (Fig. 5a). The same range was 
previously confirmed for whey pasteurized at 73 ◦C and related to 
notable amounts of protein aggregates that were responsible for higher 
filtration resistance and deposit formation (Barukčić et al., 2015). The 
intensity-based PSD in UF permeates displayed three distinct peaks 
(Fig. 5b): one in the 0.5–2 nm range, a second one in the 2–15 nm range 
and a third one in the 100–1000 nm range indicating the polydisperse 
nature of UF permeates. According to Heidebrecht and Kulozik (2019) 
first peak may relate only to α-LA, second one to: α-LA, β-LG, lactoper
oxidase or bovine serum albumin, and the last peak covers the range of 
large particles like caseins or aggregates. In our experiment, some 
amount of α-LA and β-LG passed through the membrane and its presence 

may be reflected as a first and a second peak on the intensity-based PSD 
in UF permeates (Fig. 5b). Whereas peak covering the particle size range 
between 100 and 1000 nm should rather be related to high instability of 
proteins and tendency to aggregation, than to casein. The report with 
results of PSD measurements suggested high polydispersity of permeate 
samples with the occurrence of large particles, most probably aggre
gates. Although, the electrophoresis was conducted under reducing 
conditions and the presence of aggregates cannot be confirmed, this 
analysis can provide a qualitative data on casein content, excluding this 
protein from consideration as it was not present in permeate streams 
(Fig. 4). Additionally, PSD based on volume and number of particles 
were also measured for UF permeates (Fig. 5c and d). Both of this 
measurements exhibit single large peak with maximum particle size of 2 
nm, corresponding to size of α-LA (Heidebrecht and Kulozik, 2019). In 
conclusion, the multimodal size distribution in permeate streams shifted 
towards smaller particle sizes in contrast to unimodal (SW) and bimodal 
(AW-T) particle size distribution in feeds (Fig. 5a and b) suggests that 
shear stress during processing caused breakdown of aggregates, 
enhancing smaller particle (α-LA and β-LG) transmission to permeate 
stream and thus its adsorption inside the pores. In case of AW-T, the 
aggregates present in feed, could have been formed at the stage of heat 
processing (at elevated temperature ~88 ◦C/21s) of milk before Tvarog 
production. Whey proteins, including β-LG, α-LA and BSA, are very 

Fig. 2. The relative quantities of proteins (a) and their profile (b) for sweet 
whey (SW) and acid whey from tvarog production (AW-T) subjected to UF. 
Bands identified on the gel are: WP1, WP2 and WP3 = minor whey proteins; 
WP4 = β-LG; WP5 = α-LA. Relative quantities of proteins are expressed as mean 
± standard deviation. 

Fig. 3. The protein profile of foulants streams obtained after UF of sweet whey 
(SW) and acid whey from tvarog production (AW-T): a – external foulants (Fe); 
b – internal foulants (Fi). Bands identified on the gel are: WP1, WP2 and WP3 =
minor whey proteins; WP4 = β-LG; WP5 = α-LA. 
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sensitive to heat treatment. Above 70 ◦C they form aggregates or gels 
(Dybowska, 2011). This phenomenon could have enhanced the forma
tion of fouling layer during UF of AW-T. As previously confirmed 

(Steinhauer et al., 2015), the aggregates of β-Lg were found to accelerate 
membrane fouling during MF and UF due to covalent thiol/disulfide 
reactions. Moreover, both of tested feeds contained considerable amount 
of calcium (>360 mg/L) (Fig. 6a) and as reported by Stuart et al. (1986) 
and Anderson et al. (1997), α-LA has the ability to strongly bind Ca2+

which results in a calcium-mediated salt bridging between α-LA and the 
membrane. In case of β-LG, it was found that gel network formation is 
facilitated in the presence of calcium (Steinhauer et al., 2015). 

The effect of mineral concentration (Ca and P) on the formation of 
fouling layer during UF process was also investigated. The concentration 
of Ca and P in AW-T (1180 mg/L Ca, 612 mg/L P) was significantly 
higher (P < 0.05) than for SW (366 mg/L Ca, 363 mg/L P), and similar 
relation was observed between resulting UF streams: permeates and 
retentates obtained from different feed materials (Fig. 6a). The results of 
mineral content in sweet and acid whey are similar to previously re
ported data (Wong et al., 1978). The measurements of electrical con
ductivity remained almost the same for feeds, UF permeates and 
concentrates (Fig. 7). The membrane was not selective for ashes, which 
contribute most to the electrical conductivity (Baldasso et al., 2011). 
The Ca and P concentration in whey either acid or sweet was signifi
cantly (P < 0.05) correlated with its conductivity, with Person’s coef
ficient at 0.99 and 0.98, respectively. According to Steinhauer et al. 
(2016) the presence of salt ions has a major impact on protein interac
tion forces and at higher ion concentrations the deposition probability is 
higher because of reduced particle repulsions. This may explain why flux 
decline (FD) (Table 1) noted during UF of SW (26%) was significantly 
lower (P < 0.05) than for AW-T (37%). More severe membrane blockage 

Fig. 4. The protein profile of UF permeates obtained after filtration of sweet 
whey (SW) and acid whey from tvarog production (AW-T). Bands identified on 
the gel are: WP1, WP2 and WP3 = minor whey proteins; WP4 = β-LG; WP5 
= α-LA. 

Fig. 5. Particle size distribution (diameter) for: a - whey, b-d - UF permeates measured via dynamic light scattering: SW – sweet whey; AW-T - acid whey from 
tvarog production. 
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after UF of acid whey was also confirmed by FWF, which was signifi
cantly lower in case of acidic feed (Table 1) characterized by higher 
concentration of Ca and P. However, the mineral concentrations 
measured in all foulants streams were rather low, below 6 mg/L 
(Fig. 6b), when compared to concentration in feed. Similar findings 
regarding ceramic membranes were obtained by Tan et al. (2014) during 
skim milk microfiltration (MF). This may suggest that the minerals 
might not form a part of the foulant alone, but could catalyze instability 
of the proteins by helping them cross-link. 

Regarding the lower total hydraulic resistance noted for AW-T in 
comparison with SW (Fig. 1b), the pH of feed should also be considered. 
In agreement with our results, Steinhauer et al. (2016) reported, that 
overall fouling resistance for acid whey at pH of 4.6 during cross-flow 
MF (ceramic system) is considerably lower than the overall fouling 
resistance occurring in MF of sweet whey at its natural pH (~6.8) when 
the protein content is comparable for both wheys. The pH influences 
electrostatic interactions between solutes and membrane material. It 
was reported (Sats et al., 2014) that the isoelectric points (pI) of whey 
proteins are as follows: 4.7 for α-LA and BSA, 5.0 for β-LG, 6.5–8.0 for 
immunoglobulins, 9.0 for lactoferrin and 10.0 for lactoperoxidase. This 
means that, with no pH adjustment, all molecules in acid whey are 
positively charged at the pH of 4.6. In addition, other authors reported 
that pI of the ceramic membranes (made of titania) was about 6.2 
(Labbez et al., 2002). Therefore, it could be assumed that the ceramic 
membrane and the solutes in acid whey are positively charged, thus 
there can exist electrostatic repulsions between them, preventing from 
severe fouling. Since the pH of sweet whey is about 6.7, some of its 
solutes could have opposite charges to each other and to the membrane. 
Hence, it can be expected that only low electrostatic repulsions or even 
attraction enhance the deposit layer formation. Regarding our results, 
the phenomenon described above, could be assigned to the first phase of 
flux reduction, when sharper increase in resistance at early stage of UF 
caused by adsorption of solutes was noted for SW than for AW-T. 
However, in subsequent processing time, fouling during UF of SW was 
not changed and in case of AW-T gradual increase in flux decline was 
observed, which means that different mechanism were responsible for 
resistance growth during the second phase of flux decline. 

3.3. Resistance-in-series model 

The basis for the modeling of membrane filtration in the presence of 
fouling is given by Eq. (3). The resistance to permeation might be 
enhanced by osmotic pressure due to concentration polarization while 
the hydraulic resistance may be greater than that of membrane material 
because of material accumulation on the membrane surface or inside the 
pores (Field and Pearce, 2011). 

The prediction of the total hydraulic resistance evolution during UF 
of whey in time is presented in Fig. 1b. The fitting accuracy of the 
resistance-in-series model in terms of R2 and SD is shown in Table 5. 
Values of R2 ranged between 0.979 and 0.994 for AW-T and SW, 
respectively. Standard deviation calculated for three runs was 0.003 and 
0.007 for AW-T and SW, respectively. The resistance-in-series model was 
accurately fitted to the experimental data for each feed tested. 

The average (n = 9) clean membrane resistance (Rm) calculated 
based on water flux was found to be ~1.38×1012 m− 1 which is com
parable with the 50 nm (pore size) clean zirconia membrane resistance 
of 1.20×1012 m− 1 reported by Carić et al. (2000). 

The parameters of resistance-in-series model for our experimental 
conditions are included in Table 5. It was noted that Rads + Rcp increased 
with increasing true protein content in whey (Table 2) and retentate 
streams (Table 4). The Rads + Rcp value noted for AW-T (10.053 × 1012 

m− 1; 0.27% true protein in feed and 0.42% in retentate) was smaller 
than for SW (17.445 × 1012 m− 1; 0.67% true protein in feed and 0.92% 
in retentate). These data are in agreement with literature data. Carić 
et al. (2000) stated that fouling resistance caused by protein adsorption 
increases as protein concentration increases. According to Cheryan 

Fig. 6. Mineral concentration in: a - UF streams; b – the foulants streams ob
tained during filtration of acid whey from tvarog production (AW-T) and sweet 
whey (SW). Error bars represent one standard deviation (n = 9). Fe = external 
foulant; Fi – internal foulants. 

Fig. 7. Electric conductivity of tested whey types and resulting UF permeate 
and retentate streams. AW-T – acid whey from tvarog production; SW – sweet 
whey. Error bars represent one standard deviation (n = 9). 

Table 5 
Values of the fitting parameters for the resistance-in-series model and the 
goodness of fit (R2 

= coefficient of determination, SD = standard deviation) for 
two whey types tested: AW-T = acid whey from tvarog production, SW = sweet 
whey.  

Whey Rads,ss + Rcp,ss 

(× 1012 m− 1) 
b 
(s− 1) 

Rcl,ss (×
1012 m− 1) 

α (× 1013 

m/kg) 
Goodness of fit 

R2 SD 

AW-T 10.053 0.016 7.033 8.852 0.979 0.003 
SW 17.448 0.283 7.132 12.859 0.994 0.007 

Rads + Rcp = the resistances caused by adsorption and concentration polariza
tion; b = rate of growth of the resistances due to adsorption and concentration 
polarization; Rcl = resistance caused by the growth of the cake layer; α = specific 
cake resistance. 
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(1986) and Baldasso et al. (2011) the more concentrated the solution of 
protein the lower the permeate fluxes. It results from the higher osmotic 
pressure and the greater accumulation of solute molecules in the 
polarized layer increasing its thickness and thus its resistance to filtra
tion. In Table 5 it can be observed that the value of parameter b (the rate 
of growth of the resistances due to adsorption and concentration po
larization) for AW-T (~0.016 s− 1) is significantly (P < 0.05) lower than 
for SW (0.283 s− 1). This result is in contrary to other studies (Carrère 
et al., 2001; Corbatón-Báguena et al., 2018) with the conclusion that 
parameter b was independent of the operating conditions. Cro
batón-Báguena et al. (2018) considered resistance-in-series model dur
ing UF of whey model solutions (pH 7) of different protein 
concentrations and obtained b value for 15 kDa monotubular ZrO2–TiO2 
membrane between 0.236 and 0.240 s− 1. Whereas Carrère et al. (2001) 
microfiltered lactic acid fermentation broth (pH 7.5) with a ceramic 
tubular (Al2O3, TiO2) membrane increasing the TMP and obtained b 
value between 0.00026 and 0.00037 s− 1. The rate of increase in resis
tance caused by adsorption and concentration polarization for SW in our 
experiment (pH ~6.7) was close to the one obtained by Cor
batón-Báguena et al. (2018), who performed UF using ceramic system, 
similarly to this research. 

Nevertheless, in our study, parameter b was dependent on feed tested 
and was much lower for acid whey than for sweet whey. This phe
nomenon is probably related to true protein content as its concentration 
for SW was significantly higher (P < 0.05) than for AW-T. Moreover, the 
value of parameter b could be also explained by differences in Ca:protein 
(CP) ratio in feed material. AW-T was characterized by Ca:protein ratio 
of 1:4, resulting in b value of 0.016. Whereas, this ratio in SW was 
significantly different and reached the value of 1:22, resulting in 
significantly higher b value of 0.283. Another factor potentially influ
encing filtration efficacy might be lactic acid, but in this study both 
tested feeds were characterized by significantly different (P < 0.05) 
lactic acid content (Table 2), which makes it difficult to compare. To get 
insight into the effect of different parameters on protein-protein, pro
tein-membrane interactions and thus the value of parameter b in such 
complex systems, further research should be carried out on model 
solutions. 

The Rcl (Table 5) and the determined specific cake resistance coef
ficient α were higher during SW processing (7.132 × 1012 m− 1 and 
12.859 × 1013 m/kg− 1, respectively) than during AW-T processing 
(7.033 × 1012 m− 1 and 8.852 × 1013 m/kg− 1, respectively). It can be 
observed that the values of parameter α increased as the size of the 
molecules in the feed decreased (approx. 245 nm for AW-T and 208 nm 
for SW). This result is in agreement with previous studies (Salinas-Ro
driguez et al., 2015; Corbatón-Báguena et al., 2018). 

The time profiles for the predicted resistances are shown in Fig. 8. 
The fouling related to the adsorption of particles on membrane surface 
and inside the pores as well as concentration polarization occurred in 
first minutes of processing and therefore these are the main mechanisms 
responsible for the sharp decrease in permeate flux at the beginning of 
UF, which is in agreement with recent reports (Juang et al., 2010; Vil
leneuve et al., 2021). Additionally, these mechanisms were predominant 
over the entire processing time regardless the feed tested. However, the 
total hydraulic resistance during UF of sweet and acid whey increased in 
time because of gradual growth of cake layer. Regarding the cake layer 
formation (Rcl) during UF of SW, there was an initial period of rapid 
protein adsorption on the membrane surface followed by a gradual 
growth of resistance until constant value was reached. The obtained 
time profile of cake layer formation for AW-T indicated that cake layer 
was formed slower than in case of SW. At the end of AW-T ultrafiltration, 
resistance reflecting cake formation (Rcl) was almost equal to that 
caused by adsorption and concentration polarization (Rads + Rcp). In 
general, the growth of cake layer was much slower than concentration 
polarization layer formation regardless the feed composition. 

4. Conclusions 

The permeation flux for AW-T was considerably higher (P < 0.05) 
than calculated critical value indicating protein deposition on mem
brane surface. The resistance-in-series model, tested in this work, based 
on cake formation, concentration polarization and adsorption mecha
nisms, fitted the experimental data with high accuracy in terms of the 
regression coefficient and standard deviation. Thus, it can be concluded 
that this model is appropriate to describe the evolution of permeate flux 
during UF of acid and sweet whey obtained after cheese manufacture 
tested at 3 bar and crossflow velocity of 4.1 m s− 1 with 20 nm ceramic 
membranes. The higher the protein content in feed the greater the total 
resistance for both feed tested. In addition, the resistance caused by 
adsorption and concentration polarization was predominant over the 
entire ultrafiltration process for both whey types. All major whey pro
teins were present in stream containing surface foulants, whereas 
β-lactoglobulin and α-lactalbumin did appear to be the major cause of 
pore blocking. In UF of acid whey with ceramic membranes, the fouling 
had both reversible and irreversible components, but it was fully 
removable by chemical cleaning. 
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The performance of microfiltration ceramic membranes was investigated in terms of protein fraction-
ation efficacy and permeate flux when treating skimmed (0.3% fat) buttermilk. Tests were performed
with a 0.1 mm alumina membrane at a transmembrane pressure of 0.2 MPa and a crossflow velocity of
6.3 m s�1. Modelling of the flux was performed using the resistance-in-series model (RIS), combining
fouling resistances due to concentration polarisation, adsorption and cake formation. The RIS model was
appropriate to describe the main fouling mechanisms with high fitting accuracy (R2 > 0.93). The pre-
dominant fouling mechanism was cake layer formation followed by adsorption. The polynomial
correction of the exponential growth of mass deposited on the membrane surface was proposed. The
function with polynomial correction accurately fit experimental data (R2 ¼ 0.99). Moreover, the thermal
processing history of buttermilk resulted in selective transmission of a-LA. However, further studies are
required to enhance the efficiency of buttermilk fractionation.

© 2022 Elsevier Ltd. All rights reserved.

1. Introduction

Buttermilk (BM) is a by-product of butter production. It is an
aqueous phase of the cream released from the butter mass formed
during cream churning. Buttermilk is mainly processed into pow-
der, which has limited functional properties. Although BM powder
can be added to baking goods or various dairy products, its added
value is still minimal, and its full potential remains to be exploited
(Morin, Britten, Jim�enez-Flores, & Pouliot, 2007a). Moreover, since
the share of BM in the global food market is still negligible
(Baruk�ci�c, Jakopovi�c, & Bo�zani�c, 2019), further studies on process-
ing and potential fields of application for BM should be carried out.

In recent years, the demand for serum proteins (SP) has been
increasing in the food sector (Svanborg, Johansen, Abrahamsen, &
Skeie, 2015). The major SPs include b-lactoglobulin (b-LG) and a-
lactalbumin (a-LA) fractions. b-LG has good emulsifying and
foaming properties (Charcosset, 2021). Health benefits have also
been reported for bovine a-LA. For example, a-LA contributes to
infant and adult nutrition (Rocha-Mendoza et al., 2021). In infant
formula, a-LA stimulates the immune system. In adults, a-LA serves

as a source of bioactive peptides with antibacterial and prebiotic
properties (Layman, L€onnerdal, & Fernstrom, 2018). In addition, a-
LA can bind to oleic acid and form complexes that are reported to
have anticancer properties (Rammer et al., 2010).

Currently, the main sources of a-LA and b-LG-rich ingredients
used in the dairy industry for the production of protein concen-
trates are cheese whey and skim milk. The SPs derived from skim
milk consist of fewer minerals and have no caseinomacropeptide
compared with traditional whey proteins from cheese whey
(Svanborg et al., 2015). The differences in composition result in
different functional properties of both formulations. As revealed by
Coppola, Molitor, Rankin, and Lucey (2014), skim milk SPs have
superior sensory, foaming and storage properties compared with
whey SP. Since BM's chemical composition and casein/SP ratio is
similar to that of skimmilk (Ali, 2019; Corredig&Dalgleish,1977), it
could serve as a good substrate for SP fractionation, which increases
the value of this by-product. Recently, Svanborg et al. (2015) dis-
cussed the close similarities in physicochemical properties between
SP concentrates produced from BM and skimmed milk. Their study
showed that a protein concentrate from BM was equivalent to that
from skim milk in its solubility, foaming properties and chemical
composition. The protein profiles were comparable, but SP
concentrate from skim milk had a higher content of casein
(Svanborg et al., 2015). Despite the promising properties, so far, the* Corresponding author.
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process-oriented isolation of SP from BM has not been thoroughly
explored. The majority of studies on BM have been focused on the
isolation of MFGM components due to their bioactive properties
(Ali, 2019). However, in the future, a technology for the isolation
and the use of BM SP for consumption could be developed.

To date, microfiltration (MF) has been considered an efficient
technique to fractionate BM into casein and milk fat globule
membrane (MFGM)-rich retentate and SP-rich permeate (Morin,
Britten, et al., 2007a; Svanborg et al., 2015). However, fouling is
one of the major drawbacks in the industrial implementation of
membrane processes. It gradually reduces the permeate flux, in-
creases the hydraulic resistance and changes the selectivity of the
membrane (Tan, Wang, & Moraru, 2014). To design a cost-effective
filtration process, the optimum flux should be selected. The opti-
mum flux means the flux at which an acceptable degree of fouling
is created and which can be easily removed with standard cleaning
procedure (Damar, Cinar, & Gulec, 2020). The basis for developing
solutions to minimise membrane fouling and thus increase product
yields during membrane filtration is to understand the fouling
mechanisms (Tan et al., 2014). According to Katsoufidou, Yiantsios,
and Karabelas (2005) and Luj�an-Facundo, Mendoza-Roca, Cuartas-
Uribe, and �Alvarez-Blanco (2017), the mechanisms of flux reduction
during filtration of protein-based solutions are a result of both
concentration polarisation (accumulation of solute on the mem-
brane surface) and membrane fouling. They can be predicted with
mathematical models. Among the different mathematical models
available in the literature, the resistance-in-series model (RIS) is the
most often used. In recent studies in the field of dairy science,
Corbat�on-B�aguena, �Alvarez-Blanco, and Vincent-Vela (2018) fitted
a RIS model to the experimental data obtained during the ultrafil-
tration of whey model solutions with high accuracy (coefficient of
determination R2 > 0.95). Those authors included two fouling re-
sistances: the resistance due to adsorption and concentration
polarisation and the resistance due to cake layer formation.

As the overall process productivity and chemical composition of
the obtained fractions depends on membrane performance, the
aim of this work was to examine the MF process of BM (using
ceramic graded permeability membranes) in terms of the efficacy
of SP fractionation and fouling mechanisms that affect membrane
performance. The experimental datawere fitted to the RIS model. A
time-based evolution of model parameters was determined, and
the predominance of each fouling resistance as a function of time
was investigated. Moreover, exponential time dependence was
proposed to describe changes in protein mass deposited on the
membrane surface during MF.

2. Materials and methods

2.1. Modelling using resistance-in-series model

The resistance-in-series model (RIS) is particularly applicable
for the analysis of flux decline in MF or UF of protein-based solu-
tions (Corbat�on-B�aguena et al., 2018). The RIS model applied in this
study considers the following fouling mechanisms: adsorption,
concentration polarisation and cake formation. In this regard, the
permeate flux of the cross-flow MF process (Jp) is described by Eq.
(1) (Juang, Chen, & Chen, 2008a):

Jp¼ TMP
m � �

Rm þ Rads þ Rcp þ Rcl
� (1)

where TMP is the transmembrane pressure, m is the viscosity of the
feed, Rm is the hydraulic resistance of the membrane itself, Rads is
the resistance due to the adsorption of solute on the membrane
surface, and also on the pore walls, Rcp is the resistance due to

concentration polarisation, and Rcl is the resistance of the cake
layer.

The Rm is determined during the clean water flux (CWF) mea-
surements. According to Eq. (1), when the clean water is used as
feed, Rads, Rcp and Rcl are negligible. Eq. (2) shows the calculation of
the membrane resistance:

Rm ¼ TMP
m � CWF

(2)

According to previous research conducted by Carrere, Blaszkow,
and de Balmann (2001) and Juang, Chen, and Chen (2008b), the
experimental variations of Rads and Rcp follow an exponential trend
that makes these resistances grow at a rate constant b up to a
steady-state (ss) values of Rads,ss and Rcp,ss. Moreover, both mech-
anisms are simultaneously determined during crossflow filtration
experiments and expressed as a one fixed value of Rads,ss þ Rcp,ss
(Eq. (3)):

Rads þRcp ¼
�
Rads;ss þRcp;ss

� � ½1� expð�b� tÞ� (3)

where Rads,ss is the resistance due to solute adsorption at the
steady-state and Rcp,ss is the resistance due to concentration
polarisation at the steady-state, t is the filtration time. The sum of
Rads,ss þ Rcp,ss and the value of b are determined by fitting experi-
mental data and model equations (Corbat�on-B�aguena et al., 2018;
Juang et al., 2008a).

The resistance caused by the formation of the cake layer (Rcl) is
defined by Eq. (4):

Rcl ¼
�
mdep

Am

�
� a (4)

where mdep is the protein mass deposited on the membrane sur-
face, Am is the membrane area and a is the specific cake resistance.
The value of a is determined by fitting experimental data and the
model equation (Corbat�on-B�aguena et al., 2018).

Once the permeate flux and protein rejection are known, the
changes in protein concentration in the retentate at each time in-
terval can be calculated from Eq. (5) (Juang et al., 2008b):

C¼
C0

h
V0 � ð1� bÞAm

ðt
0
Jpdt

�

V0 � Am

ðt
0
Jpdt

(5)

where C is the protein concentration in the retentate stream, V0 is
the initial volume of the feed, and b is the rejection of protein
calculated at a steady-state in flux (in this study: the last measured
flux value) from Eq. (6):

b¼ 1�
�
Cp
C0

�
(6)

where Cp and C0 are the concentration of protein in permeate at the
steady-state and in the feed, respectively.

Under certain assumptions, the mass deposited on the mem-
brane surface (mdep) can be determined by means of mass equation
balance (Eq. (7)) (Juang et al., 2008b):

dmdep

dt
¼ Am �C �

�
Jp � Jp;f

�
(7)

where Jp,f is the average permeate flux at the end of the test.
Based on the study of Carbonell-Alcaina et al. (2016), who suc-

cessfully expressed Rcl as an exponential function of time and
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considering the fact that Rcl depends on protein mass deposited on
the membrane surface, in this work, a general equation that ac-
counts for the protein mass deposition on the membrane surface as
a function of time was newly proposed and represented in Eq. (8):

mdep ¼mdep;ss½1� expð� c� tÞ� (8)

wheremdep,ss is themass deposited on themembrane surface in the
steady-state and c is the rate of protein mass deposit development.
The mdep,ss and c can be determined by fitting the mdep values
calculated based on Eq. (7) and experimental data to the proposed
model.

Substituting Eq. (3), Eq. (4) and Eq. (8) in Eq. (1), the general
equation for the RIS model can be obtained (Eq. (9)):

2.2. Pre-treatment of buttermilk

Three batches of BM (~200 kg each) were supplied by the Dairy
Cooperative SM Mlekovita (Poland) and delivered to the Dairy
Research and Development Centre (DRDC) located at the University
of Warmia and Mazury in Olsztyn. Upon arrival at the DRDC pilot-
scale processing plant, the BM was skimmed by a cream separator
(model LWG20 centrifuge, Spomasz, Gniezno, Poland) to ~0.3% fat
at 45 �C to minimise the differences in the residual fat in the three
investigated batches. The average (n ¼ 6) total solid content of the
BM after skimming was 8.61 ± 0.22%, and the pH was 6.68 ± 0.10.
Next, the BM was subjected to pasteurisation with a heat plate
exchanger (model P20-HB; Alfa Laval, Lund, Sweden) at 72 �C for
15 s. After pasteurisation, the MF feed was cooled to 50 �C (pro-
cessing temperature) and kept at this temperature for a maximum
of 30 min before fractionation.

2.3. Microfiltration of buttermilk and membrane cleaning

A pilot-scale graded permeability (GP) MF system (Fig. 1)
equipped with Membralox ceramic membranes (model
EP1940GL0.1mAGP1020, Alumina, Pall Corp., East Hills, NY, USA)
was used to microfilter BM. The membranes (pore diameter of
0.1 mm; total surface area of 0.72 m2) in a tubular single stainless
steel module, consisted of three ceramic tubes (0.24 m2 each), with
19 channels each with a 4 mm channel diameter. They were 1.02 m
long and were mounted vertically in the system. The GP MF unit
was equipped with a feed pump (type LKH-10-155-FSS-DIN
3.0 kW) and a retentate recirculation pump (type LKH-10-155-FSS-
DIN 4.0 kW), both from Alfa Laval (Kansas City, MO, USA).

Immediately before the processing, a short cleaning procedure
of the MF unit was applied. The storage solution was flushed out of
the systemwith 23 �C reverse-osmosis (RO) water until the pH was
neutral. The MF system was heated with RO water to 75 �C, and
then Divos 120CL VM9 (Diversey, Fort Mill, SC, USA) liquid alkaline
membrane cleaner (1.0e1.5%, v/v) was added to the water. The
alkaline solution was recirculated for 30 min at a permeate flow of
approximately 1000 L h�1, the retentate flow was approximately
5000 L h�1, and all pumps were on. Following the cleaning, the

membrane systemwas slowly cooled (<10 �C permin) to 25 �Cwith
the tubular heat exchanger assembled within the unit. The alkaline
cleaning solution was flushed out from the unit with RO water
(25 �C) until neutral pH was restored. The prerun clean water flux
(CWF) was then determined. The prerun CWF was calculated based
on theweight of permeate collected in 90 s and the total membrane
surface area. The following conditions were applied during the
prerun CWF measurement: temperature of 25 �C, the retentate
pressure inlet (Rpi) 0.32 MPa, the retentate pressure outlet (Rpo)
0.20 MPa and the permeate outlet valve fully opened, resulting in a
retentate flow of approximately 7000 L h�1 and a permeate flow of
approximately 750 L h�1. Both pumps were on. According to
Zulewska, Kowalik, and Dec (2018), the alkaline cleaning applied
prior to the processing is very important to restore the flux. The
water flux measured after acidic storage is much lower compared

with the values for the measurement done after alkaline cleaning.
The measured CWF was used to calculate the Rm value according to
Eq. (2) in Section 2.

The pre-treated BM (approximately 160 kg) was microfiltered at
50 �C with a GP MF system described above. The BM was placed in
the feed tank with all valves closed except the retentate valve. The
BM was recirculated for 5 min, and the permeate valve was then
fully opened. Next, the position of the retentate outlet valve was
slowly adjusted to balance the flows of retentate and permeate to
achieve a 3-fold concentration. At a concentration factor (CF) of 3,
the average permeate removal rate was 16.9 L h�1. The constant
transmembrane pressure (TMP) was kept at 0.20 ± 0.01 MPa.
Typical Rpi and Ppo were 0.25 MPa and 0.15 MPa, respectively, and
the permeate valvewas fully opened (resulting in Ppo of 0MPa). The
crossflow velocity was about 6.3 m s�1. The weight of the collected
permeate was monitored every 30 min to determine the changes of
flux in time. Flux (L m�2 h�1) was calculated based on permeate

Fig. 1. Simplified scheme of MF system used in the study: M, manometer, VR, retentate
outlet valve, VP, permeate outlet valve.

Jp¼ TMP

m �
h
Rm þ �

Rads;ss þ Rcp;ss
�� ½1� expð�b � tÞ� þ

�
mdep;ss½1�expð�c � tÞ�

Am

�
� a

i (9)
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weight collected during 30 min and the total filtration area ac-
cording to Eq. (10):

Jp¼M � 1000
Am � t � r

(10)

where M is the permeate weight (kg), Am is the membrane surface
area (m2), t is time (h), and r is the permeate density at the oper-
ating temperature (kg m�3).

The retentate and permeate removal flow rates were adjusted
every 30 min to keep a CF of 3. Firstly, the retentate and permeate
were collected continuously in separate stainless steel tanks (feed
and bleed mode) and cooled to 3 �C. After approximately 2.5 h of
filtration, the retentate stream was recycled into the feed vat to
obtain higher yields of permeate and a final CF of 3. Before the
recirculation started, approximately 28 kg of retentate was
collected. At the end of the MF run, all retentate and all permeate
from the processing run were mixed, and each was sampled. The
average total time of BM processing was about 6 h. The MF
experiment was replicated three times.

Immediately after processing, 25 �C RO water was flushed
through the systemwith all pumps on. The retentate and permeate
removal rates were set at approximately 5000 L and 1000 L,
respectively. The MF systemwas flushed until no BM was visible in
the flush water on the retentate side. When the water flush was
complete, the fouled membrane water flux (FWF) was determined
using the same settings as for prerun CWF. Typically, the fouled
membrane flux was about 13 ± 1% of the initial clean membrane
water flux (50± 4 versus 389 ± 11 Lm�2 h�1). Next, theMF unit was
heated with RO water to 70 �C. The alkaline solution of Divos 120CL
VM9 was added to hot RO water in the feed tank (1.0e1.5%, v/v),
and the procedure was performed under the same parameters as
prior to the MF of BM. After cleaning, the membrane was flushed
with 25 �C RO water until neutral pH was reached and the post-run
CWF was determined according to the protocol applied in prerun
CWFmeasurement. The post-run CWFwas close to the prerun CWF
(381 ± 13 L m�2 h�1). After determination of the post-run CWF, the
MF flow systemwas heated to 65 �C, and an acidic solution (Pascal
VA5, conc. 1.0%, v/v, Diversey, Fort Mill, SC, USA) was recirculated
through the membrane at 65 �C for 30 min. After that, the MF
systemwas cooled to 40 �C and then flushed with RO water (25 �C)
until neutral pH was reached.

2.4. Collection of foulants

To gain insight into the state of membrane fouling, RO water
rinsing steps were performed immediately after the MF run to
collect foulant streams according to themodifiedmethod described
by Tan et al. (2014).

Foulants attached to the membrane surface (external foulants,
Fe) and foulants located inside the pores (internal foulants, Fi) were
collected during the water flushing stage of the cleaning procedure
performed after the MF run. First, the filtration unit was flushed
with RO water (four rinsing steps, each of 60 L for 3 min each) at
25 �C to wash out the BM residue from the system. The MF system
was flushed until no BM was visible in the flush water on the
retentate side. Then, additional two rinsing steps were carried out
to collect Fe and Fi, respectively. First, an RO water rinse (approxi-
mately 60 L) was conducted with the permeate valve fully closed
and the retentate valve fully opened. The RO water rinse was per-
formed for 5 min at 25 �C. The rinse water collected in this manner
contained external foulants (Fe) attached to the membrane surface.
The samples were collected directly from the retentate outlet after
5 min of circulation. Next, the system was drained to wash out
the residual rinsing solution, and another RO water flushing

(approximately 60 L, 25 �C) was conducted with the permeate valve
fully opened, and the retentate valve fully closed to collect the in-
ternal foulants (Fi) attached to the pore walls. The samples were
collected directly from the permeate outlet after 5 min of circula-
tion. Both Fe and Fi were collected under the same parameters
(temperature of 25 �C, crossflow velocity of 10.3m s�1) as described
in the cleaning procedure in section 2.3. After the foulant collection,
the cleaning procedure was continued.

2.5. Fouling coefficient (Fc)

To represent the extent of fouling of the membrane, Fc was
calculated according to Rao (2002) with Eq. (11):

Fc ¼ 1 e (FWF / prerun CWF) (11)

where FWF is fouled water flux, and prerun CWF is the flux of pure
water. The Fc varies between 0 (not fouled membrane) and 1
(completely fouled membrane).

2.6. Physicochemical analyses

The BM and final MF products (retentate and permeate) were
subjected to physicochemical analysis. The pH was measured using
a pH meter (CP-401, Elmetron, Zabrze, Poland) equipped with an
electrode IJ-44C IONODE (Elmetron). Total solids (TS) were ana-
lysed according to AOAC International method 990.20; 33.2.4
(AOAC, 2007). Total nitrogen (TN), noncasein nitrogen (NCN), and
nonprotein nitrogen (NPN) were examined using the Kjeldahl
method (AOAC International method 991.20; 33.2.11; AOAC, 2007),
the Kjeldahl method (AOAC International method 998.05; 33.2.64;
AOAC, 2007) with modifications according to Wojciechowski and
Barbano (2015), and the Kjeldahl method (AOAC International
method 991.21; 33.2.12; AOAC, 2007), respectively. Determination
of fat was performed based on the Rose-Gottlieb method (IDF,
1987a). The amount of lactose was estimated using Milko-Scan™
FT2 (Foss, Hillerød, Denmark). The analysis of ash was performed
using the muffle furnace technique at 530 �C (PN-A-86364:1996).
Total calcium content was determined using atomic absorption
spectrometry (AAS) according to the method of IDF (2007) at the
wavelength of 422.7 nm. Total phosphorus content was evaluated
by a colorimetric analysis ( _Zegarska, 2000), and the absorbancewas
measured using a Carry 60 UVeVis (Agilent) spectrophotometer at
the wavelength of 610 nm. The viscosity was determined using a
rotational rheometer (RheolabQC, Anton Paar, Graz, Austria) at a
shear rate of 100 s�1 and a temperature of 50 �C. The density was
measured with an automatic handheld density meter (Densito,
Mettler Toledo, Greifensee, Switzerland) with an accuracy of
±0.001 g cm�3.

2.7. SDS-PAGE electrophoresis

To identify the proteins present in MF streams and proteins
attached to the membrane surface and pore walls contributing to
external and internal fouling, respectively, an SDS-PAGE electro-
phoresis on 12% polyacrylamide gel (Biorad Laboratories, Warsaw,
Poland) was used. The fresh samples of BM, MF retentate and MF
permeate were diluted with a sample buffer (pH 6.8, 10 mM

TriseHCl, 1.0% SDS, 20% glycerol, 0.02% bromophenol blue tracking
dye, and 50 mM dithiothreitol), then immersed in boiling water for
3 min and kept frozen (�26 �C) in plastic vials (Eppendorf micro-
tubes, 3810X; Merc, Darmstadt, Germany) until analysis. Due to the
small TS content (data not shown), samples of Fe and Fi (20 g each)
were first frozen at �26 �C, lyophilised for 72 h at 0.18 bar (Freeze
dryer Alpha 1e2 LD, Christ, Germany), then diluted with 100 mL of
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sample buffer, immersed in boiling water for 3 min and kept frozen
(�26 �C). Before the analysis, all samples were thawed at room
temperature, and the wells were then loaded with 22.4 mg protein
per loading for BM, retentate and permeate, and with 10 mL of Fe
and Fi sample per loading. In addition, 4 mL of an SDS-PAGE mo-
lecular mass standard (Dual Xtra Standard, Bio-Rad) was applied to
one well. Running, staining and destaining procedures were per-
formed according to Verdi, Barbano, Dellavalle, and Senyk (1987).
The destained gels were scanned using a Lumi Bis Bioimaging
Systems DNR scanner (Jerusalem, Israel) and analysed using
TotalLab 1D v 11.3 (Newcastle, UK).

2.8. Statistical analysis and model fitting procedure

All physicochemical analyses were carried out in triplicate. The
statistical analysis was performed using the Statistica software
(version 13.1, 1984e2016, StatSoft, Inc., Tulsa, OK, USA). The sta-
tistical evaluation of the data was conducted using a one way
ANOVA (P < 0.05) followed by Tukey's post hoc test. The mathe-
matical model explained in Section 2was fitted to the experimental
data using Microsoft Excel's add-in Solver and LabPlot software
(LabPlot Team, 2022). The non-linear least-squares minimisation
was performed to minimise the difference between the experi-
mental and predicted data. The fitting accuracy was evaluated us-
ing the regression coefficient (R2) and the standard deviation (SD).

3. Results and discussion

3.1. Microfiltration flux e experimental and model

The MF process of BM was conducted until reaching CF of
3.21 ± 0.05. The average permeation flux noted was 23.4 L m�2 h�1.
The evolution of permeate flux with time obtained during the MF
experiments is shown in Fig. 2. The flux decline during the first
minutes of operation was more rapid than in later stages of the
process, as was expected and reported previously (Hansen et al.,
2018; Zulewska et al., 2018). According to Juang, Lin, and Peng
(2010) and Carbonell-Alcaina et al. (2016), the initial permeate
flux decline with time is due to the pore-blocking phenomena,
which is usually followed by the formation of a cake layer.

The recirculation of retentate, which started after 2.5 h of pro-
cessing, caused no sudden or substantial changes in the rate of flux
decline with time. There was no significant difference (P > 0.05) in
the rate of flux decline noted between two subsequent measure-
ments (the last measurement before recirculation was started and
the first measurement after recirculation was started, data not

shown). Following recirculation, the permeation flux decreased
gradually under the constant rate from the third hour of MF until
the end of processing. This was reflected in nonsignificant (P> 0.05)
changes between the rate of flux decline noted from the third hour
until the end of the MF process.

The percentage of flux decline obtained at the end of the MF
process was 71 ± 5%, and the calculated Fc was 0.88 ± 0.01, indi-
cating severe fouling of the ceramic membrane used. Comparison
with other flux decline or Fc values reported in the literature is
difficult due to different processing conditions. Nevertheless,
similar to the current study, Rombaut, Dejonckheere, and
Dewettinck (2006) observed Fc values of 0.98 during the MF
(50 �C, TMP ¼ 0.1 MPa) of butter serum (9.78% of TS) on cellulose
acetate membranes with a pore diameter of 0.15 mm. The authors
suggested that the higher the dry matter content, the more pro-
nounced the fouling was. In the current experiment, the TS of BM
(8.61%, Table 1) was slightly lower than that reported by Rombaut
et al. (2006), and it resulted in a slightly lower Fc. Additionally,
the authors reported that more intense pore blocking by casein
micelles is most likely the cause of the high fouling rate. Moreover,
according to Rao (2002), a higher Fc may indicate the presence of a
deposit layer strongly adhering to the membrane surface, which
could not be easily removed by rinsing. As revealed by SDS-PAGE
electrophoresis of the foulants (Fig. 3) conducted in the current
study, casein was the major protein responsible for both pore
blocking and cake layer formation. However, apart from casein, the
cake layer was also composed of high molecular mass SP (i.e., lac-
toferrin). According to Morin et al. (2007a), casein accumulates at
the surface of the membrane, creating a porous layer that limits
permeation. Therefore, it appears that during theMF process of BM,
the flux is mainly controlled by the adsorption of casein to the pore
walls and the formation of a cake layer composed of casein and high
molecular mass SP. Additionally, based on similar prerun and post-
run CWF values, it can be stated that water flux was restored after
the cleaning procedure, indicating a reversible form of fouling
existing in the study.

To gain some insight into the fouling mechanism controlling the
flux over the MF process of BM, the RIS model (which accounts for
the time evolution of the fouling resistances) was fitted to experi-
mental data obtained in the current study. As described in Section 2
(Eq. (1)), the total hydraulic resistance is the sum of the original

Fig. 2. Time evolution of the permeate flux and transmembrane pressure (TMP) noted
during MF of buttermilk. Solid line represents standard resistance-in-series model
predictions, dotted line represents corrected model predictions and symbols represent
experimental data: flux; TMP. Error bars represent one standard deviation. Some
error bars are too small to be visible in the figure.

Table 1
Chemical composition and pH of buttermilk and products of microfiltration (MF)
process: MF retentate and MF permeate.a

Milk component Buttermilk MF retentate MF permeate

Mean SD Mean SD Mean SD

TS (%) 8.61 0.22 14.47 0.90 5.25 0.07
TN (%) 2.80 0.10 7.43 0.70 0.25 0.03
NCN (%) 0.31 0.01 0.40 0.07 0.22 0.01
NPN (%) 0.16 0.02 0.17 0.02 0.16 0.01
TP (%) 2.64 0.11 7.26 0.69 0.09 0.02
Casein (%) 2.49 0.11 7.03 0.73 0.03* 0.03
SP (%) 0.15 0.02 0.23 0.08 0.06 0.02
Lactose (%) 4.74 0.05 4.35 0.02 4.77 0.12
Fat (%) 0.27 0.02 1.29 0.41 0.04 0.01
Ash (%) 0.66 0.01 1.00 0.05 0.46 0.01
Ca (mg L�1) 843 379 2442 669 323 81
P (mg 1000 g�1) 666 47 1013 318 450 230
pH 6.68 0.10 6.51 0.18 6.46 0.03

a Abbreviations are: NCN, noncasein nitrogen; NPN, nonprotein nitrogen; TN,
total nitrogen; TP, total protein [(TN �NPN) � 6.38]; casein, (TN � NCN) � 6.38; SP,
TP e casein. Values are expressed as means (n ¼ 6) and their standard deviation
(SD); an asterisk indicates that the result obtained should not be taken under
consideration due to the large standard deviation. Additionally the results of SDS-
PAGE electrophoresis confirmed that casein was not present in MF permeate.
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membrane resistance (Rm), the adsorption and concentration
polarisation resistance (Rads þ Rcp), and the cake layer resistance
(Rcl). While Rm is characteristic of the membrane and remains

constant during the experiment, Rads þ Rcp and Rcl may vary with
time (Carbonell-Alcaina et al., 2016; Corbat�on-B�aguena et al., 2018).
As the Rcl is the function of protein mass deposited on the mem-
brane surface (mdep), a general equation that accounts for the
changes in deposit mass as a function of time was newly proposed
based on the results obtained in this work (Eq. (12)):

mdepðtÞ¼mdep;ss ½1� expð� c� tÞ� (12)

where mdep;ss is a steady-state deposited mass, and c is a time con-
stant which describes the speed of the cake formation. Eq. (12) is the
functional form of the solid line presented in Fig. 4 and refers to a
standard model. The solid line was fitted to the average values of
experimental data using LabPlot software. The fitted parameters for
the standard model with their uncertainties are collected in Table 2.
According to Eq. (12), the predicted mdep,ss for the steady-state, cor-
responding to the last flux measurement performed during BM
processing, equals 0.750 kg. This value is very close to the protein
mass loss calculated based on the mass balance after MF of BM
(Table 3). However, the mass loss refers to the proteins that were
‘trapped’within thewhole system, not only themembrane.Whereas
mdep is the mass of proteins deposited on/in the membrane. The
average density of proteins is approximated to 1.47 ± 0.05 kg dm�3

(Quillin & Matthews, 2000). Therefore, if all channels of the mem-
brane are filled with pure proteins theoretical maximum of protein
mass deposition is 1.07 ± 0.04 kg, significantly more than mdep
estimated in our experiment. Of course one should not expect that
the membrane is filled only with proteins, as significant amount of
watermolecules should still be present.We can estimate the volume
of water which should be present in the membrane. Simple
physical considerations lead to Vw;s ¼ 0:22±0:04 dm3 and
Vw;c ¼ 0:19±0:03 dm3 for mdep;s ¼ 0:75±0:06 kg (standard model)
andmdep;c ¼ 0:80±0:04 kg (correctedmodel), respectively. Based on
this result we can postulate that roughly 2/3 of the total volume of
membrane is filled with proteins and 1/3 with water. These results
show that mass of deposited protein obtained from the proposed
model is perfectly possible, althoughproteins in themembranemust
be very densely packed and most of bulk water must be removed.

It should be noted that the investigated process is affected by
the change of processing conditions from feed and bleed process to
recirculation mode, which generates a visible disturbance of
exponential growth of the deposited mass in the approximate time
interval 1e4 h. Therefore, the authors propose an analytical poly-
nomial correction of the fitted function which models this effect.
Thus, another function of the following form was fitted to the
experimental data:

mdepðtÞ¼mdep;ss½1� gðtÞ� expð�c� tÞ� (13)

where gðtÞ ¼ d� t2 þ e� t þ f is the polynomial correction of the
exponential growth. The results of fitting are collected in the last
column of Table 2. The quality of the fit of the corrected function
(dotted line) is significantly better than that of the standard one
(see solid line in Fig. 4). The deposited mass only slightly increased
(within the estimated error) compared with that obtained from the
standard model. The time constant c increased more than twice,
although it should be noted that the time-dependence of this
process does not depend only on this parameter in the corrected
model but also on d, e and f parameters. Further research is needed
to gain insight into the definition and interpretation of additional
parameters.

The modelled (standard and corrected) permeation fluxes are
plotted in Fig. 2. The values of model parameters and fitting accu-
racy are shown in Table 4. The RIS model accurately fit the exper-
imental data with R2 > 0.93 and SD < 0.04. The values of

Fig. 4. Fitted analytical curves of standard (solid line) and corrected (dotted line)
models of mass deposited on the membrane surface.

Table 2
The parameters fitted to experimental data within standard and corrected model.

Parameter Standard model Corrected model

mdep,ss (kg) 0.75 ± 0.06 0.80 ± 0.04
c (s�1) 1.2 ± 0.2 � 10�4 2.6 ± 0.3 � 10�4

d (s�2) e 4.8 ± 1.4 � 10�8

e (s�1) e �5.3 ± 3.0 � 10�5

f e 1.00 ± 0.03
R2 0.93 0.99

Fig. 3. Sodium dodecyl sulphate-PAGE patterns of external (Fe) and internal (Fi) fou-
lants located on the membrane surface and inside the pores, respectively, collected
after microfiltration of buttermilk. Subscripts indicate replicates. Lane STD was loaded
with 4 mL of molecular mass standard. Numbers to the right of lane STD indicate
molecular masses (kDa). Identification of proteins is provided on the left side of the
figure: LT, lactotransferrin; ST, serotransferrin; b-LG, b-lactoglobulin; a-LA, a-
lactalbumin.

J. Tarapata, M. Maciejczyk and J. Zulewska International Dairy Journal 134 (2022) 105445

6



Rads,ss þ Rcp,ss and Rcl,ss shown in Table 4 correspond to the steady-
state filtration. Since the Rcl,ss obtained in this test was greater than
Rads,ss þ Rcp,ss (3 � 1013 versus 8 � 1012 m�1), the cake formation
mechanism dominated at the steady-state for the operating pa-
rameters applied. In Fig. 5, the evolution of different resistances
with time is shown. It can be observed that at the beginning of the
MF process, the dominant resistance is due to adsorption (either on
the surface or on the pore walls of the membrane) and concen-
tration polarisation. At the start of the test, a rapid increase in
adsorption and concentration polarisation resistance (Rads þ Rcp)
takes place. In Figs. 5 and 6, it can be observed that the maximum
value of the resistance due to adsorption and concentration
polarisationwas achieved at very low time scales, while the growth
of the cake resistance was slower. Adsorption of proteins onto the
membrane surface at the early stages of filtration has also been
reported by Tong, Barbano, and Rudan (1988), who examined the
mechanism of membrane fouling by only submersing membranes
in milk. However, as the MF time advances, the initial pattern for
both permeate flux and hydraulic resistance slows down due to the
gradual growth of the cake layer (Fig. 5). The change in the domi-
nant fouling mechanism from adsorption and concentration
polarisation to the cake layer formation was noted in this experi-
ment after less than 1 h of the MF process.

To the best of the authors’ knowledge, there are a limited
number of studies that consider the RIS model and account for the
time evolution of the fouling resistances during membrane filtra-
tion of liquid dairy products. Recently, Corbat�on-B�aguena et al.
(2018) reported on the fitting accuracy of the RIS model to the
permeation resistance noted during UF of whey model solutions.
Based on that research, some similarities between the UF of whey
model solutions performed with 15 kDa ceramic membrane and
the MF process performed in the current study can be identified.
During the UF of WPC solution (44.4 g L�1), the resistance due to
cake formation increased over the entire ultrafiltration time, being
predominant at the end of the filtration process. Moreover, the
parameter Rcl,ss (characterising the resistance due to the cake layer
at the steady-state in the UF process of WPC solutions) was similar
to that obtained during the filtration of BM in the current study
(~3 � 1013 m�1). However, the structure of this layer would differ
significantly due to the different protein compositions of tested
feeds. This was reflected in different a values calculated in both
studies. It was previously observed that this parameter increases as

Table 3
The protein mass (kg) balance after microfiltration (MF) of 159 kg of buttermilk (BM).a

Buttermilk (159 kg) MF retentate (46 kg) MF permeate (109 kg) Loss of protein mass (kg)

Mean SD Mean SD Mean SD Mean SD

4.19 0.18 3.36 0.32 0.12 0.03 0.71 0.24

a Values are expressed as means and their SD (n ¼ 3).

Table 4
Values of the fitting parameters for the resistance-in-series model and the goodness of fit.a

Model Rads,ss þ Rcp,ss
( � 1012 m�1)

b
(s�1)

Rcl,ss
( � 1013 m�1)

a

( � 1013 mkg�1)
mdep,ss

(kg)
c
( � 10�4 s�1)

Goodness of fit

R2 SD

Standard 8.029 0.238 3.005 3.118 0.75 1.2 0.951a 0.015
Corrected 8.029 0.238 3.184 3.118 0.80 2.6 0.934a 0.037

a Abbreviations are: Rads,ss þ Rcp,ss, the resistances caused by adsorption and concentration polarisation at the steady state; b, rate of growth of the resistances due to
adsorption and concentration polarization; Rcl,ss, resistance caused by the growth of the cake layer at the steady state; a, specific cake resistance;mdep,ss, mass deposited on the
membrane surface at the steady state; c, the rate of protein mass deposit growth; R2, coefficient of determination, SD, standard deviation. Means within a column with
different superscripts are significantly different (P < 0.05).

Fig. 5. Time evolution of the fouling resistances during MF of buttermilk calculated
with RIS model. Rads þ Rcp ¼ the resistances due to adsorption and concentration
polarisation, Rcl,standard ¼ resistance due to the growth of the cake layer calculated
according to standard model, Rcl,corrected ¼ resistance due to the growth of the cake
layer calculated according to corrected model Rm ¼ clean membrane resistance.

Fig. 6. Initial predicted evolution of the resistance due to adsorption and concentra-
tion polarisation (Rads þ Rcp) during MF of buttermilk. The Rads þ Rcp increased during
first seconds of MF process and then reached constant value unchanged until the end
of processing.
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the size of the molecules in the feed solution decreases (Salinas-
Rodriguez, Amy, Schippers, & Kennedy, 2015). This pattern can be
clearly distinguished when comparing the values of a obtained by
Corbat�on-B�aguena et al. (2018) (28.39 � 1013 m kg�1) and a from
this study (3.118 � 1013 m kg�1, Table 4). Filtration of the feed
containing whey proteins characterised by a particle size of
1e40 nm resulted in higher specific cake resistance than that
calculated after MF of BM containing casein micelles with a particle
size of 70e1000 nm.

3.2. Composition of MF fractions

The average composition of MF fractions from BM is shown in
Table 1. More than a 3-fold concentration of BM resulted in an
almost 1.7-fold concentration of TS and an almost 3-fold increase in
casein content. Rejection rates (R) were also calculated and are
shown in Table 5. The 0.1 mm ceramic membrane rejected nearly
100% of casein present in the feed. Fat was also well retained by the
membrane, as the rejection coefficient was about 91.9% (Table 5).
Quite high R values were observed for ash (~55.6%), which is also
reflected in retention calculated for Ca (87.7%). A comparable
rejection of lipids and ash (89% and 59%, respectively) was reported
by Morin et al. (2007a), who microfiltered BM on a 0.5 mm ceramic
membrane. However, in the abovementioned research, the high R
factors were obtained after a 4-fold concentration of BM followed
by diafiltration. Additionally, a 0.5 mmmembrane enabled (to some
extent) the separation of MFGM proteins (retained in retentate)
from SP and casein, which were transmitted through the mem-
brane to the permeate stream. In conclusion, the establishment of
the concentration polarisation layer at the very beginning of theMF
process and subsequent formation of a cake layer composed of
casein micelles could have influenced the selectivity of the 0.1 mm
membrane used in the current study, resulting in improved rejec-
tion of other milk components. Such a change in membrane
selectivity resulted in the different and still potentially beneficial
composition of obtained MF streams.

The protein profile was evaluated by SDS-PAGE electrophoresis,
and the results are shown in Fig. 7. Caseins and MFGM proteins
were mostly retained by the membrane. However, the ratio of b-LG
to a-LA in feed (71:29), retentate (81:19) and permeate (40:60),
indicates evidence of the selective transmission of a-LA to
permeate stream. This could result from a high pasteurisation
temperature in the butter production process. Thermal processing
of milk proteins may cause the denaturation of serum proteins and
the formation of intermolecular disulfide bonds between b-LG and
k-casein (Harland, Coulter, & Jenness, 1952; Zulewska et al., 2018).
Thus, some part of b-LG remained in the retentate stream.

Densitometry analysis of the gel revealed the almost unchanged
ratio of MFGM proteins to caseins when comparing BM with ob-
tained retentate (13:87 versus 15:85). The relative protein content
in permeate was as follows: 17% of MFGM proteins, 33% of b-LG and
50% of a-LA. Since observation of MFGM particles by electronic
microscopy in previous studies (Morin et al., 2007b) demonstrated
high variability in particle size, ranging from 0.1 to 3e4 mm, it can
be expected that smaller MFGM particles will pass through the

membrane (Morin, Jim�enez-Flores, & Pouliot, 2007b). Although
some MFGM proteins were observed in the permeate samples, it
has to be considered that SDS-PAGE wells were loaded with an
equal amount of protein, so even if small amounts of MFGM pro-
teins are found in the permeate, they would represent a relatively
small percentage due to the low total protein content in permeate.

Overall, the parameters applied during the MF process of BM
examined in this research resulted in the production of two frac-
tions with different compositions, thus probably different proper-
ties and distinct potential applications. As mentioned in Section 1,
the separation of BM into MFGM and casein-rich retentate and SP-
rich permeate may increase the value of BM. Moreover, the
permeate containing a-LA could be especially interesting due to the
contribution of this protein to infant and adult nutrition (Rocha-
Mendoza et al., 2021). However, the low yield of serum proteins
in the permeate stream (only 27% of the SP in the feed actually
partitioned to the permeate; Table 1) challenges the feasibility of
the process, which results from the composition and thermal pro-
cessing history of BM. Nevertheless, further studies are underway
to investigate the possibilities of process modifications and the
application of permeate from buttermilk MF.

4. Conclusions

In summary, this study demonstrates that the resistance-in-
series model accounting for the time evolution of the fouling re-
sistances during microfiltration of buttermilk accurately fit the
experimental data in terms of high R2 and low SD. The resistance
due to adsorption and concentration polarisationwas predominant
during the first minutes of operation as it sharply increased with
time. However, the resistance due to the cake formation increased
over the entiremicrofiltration time, being predominant at the latter
stages of the filtration process. It was observed that the cake layer
was mainly composed of casein and high molecular weight serum
proteins. Apart from cake layer formation, casein was also involved
in the pore-blocking mechanism. The results showed that applied
processing parameters enabled selective partitioning of a-lactal-
bumin, resulting in transmission of this protein to the permeate
stream. Nevertheless, further studies on optimised fractionation
conditions enhancing the efficiency of the MF process should be
performed.

Table 5
Rejection percentage after microfiltration of buttermilk.a

TS Fat Casein SP Ash Ca

63.5 ± 2.3 91.9 ± 2.5 99.6 ± 0.4 68.2 18.3 55.6 ± 0.4 87.7 ± 0.6

a Rejection percentage¼ [1� (CP/CR)]� 100 where CP and CR are concentration of
the component in the permeate and retentate, respectively; casein ¼ (TN e

NCN) � 6.38; SP, serum proteins (total protein e casein). Values are expressed as
means and their SD (n ¼ 3).

Fig. 7. Sodium dodecyl sulphate-PAGE patterns of buttermilk (BM), MF retentate (RMF)
and MF permeate (PMF). Subscripts indicate replicates. Lane STD was loaded with 4 mL
of molecular mass standard. Numbers to the right of lane STD indicate molecular
masses (kDa). Identification of proteins is provided on the left side of the figure: FAS,
fatty acid synthase; XDH, xanthine dehydrogenase; LT, lactotransferrin; ST, sero-
transferrin; LP, lactoperoxidase; BTN, butyrophilin; PLIN2, perilipin 2; DBIND, vitamin
D-binding protein; Glycodep, glycosylation-dependent protein 1; b-LG, b-lactoglob-
ulin; a-LA, a-lactalbumin.
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Abstract: This study aimed at evaluating the methane potential of two ultrafiltration (UFP) and
two diafiltration (DFP) permeates generated during milk protein concentration. The permeates
were characterized by a different chemical oxygen demand (COD) ranging from 7610 mg O2/L to
57,020 mg O2/L. The CH4 production efficiency was recorded for 20 days and ranged from 149
to 181 NL/kg CODadded. Moreover, the possibilities of the use of UFP/DFP to produce electricity
and heat with a combined heat and power (CHP) unit was analyzed to underline the impact of the
implementation of anaerobic digestion on the electric and thermal energy requirements of a dairy
plant. It was concluded that the application of anaerobic digestion to UFP and DFP treatments
generates the energy required to cover all the large-scale dairy plant energy demands and produce
extra income. The amount of permeates generated annually in the analyzed dairy plant will enable
the production of approx. 22,699 MWh of electricity and 85,516 GJ of heat. This would require a
biogas plant with a 3 MW yield. Additionally, the lactose production from UFP/DFP was considered
as an alternative or parallel solution for its management. The study confirmed that the biogas and
lactose production from UFP/DFP enables plant owners to adjust a plant’s management towards one
of these two solutions.

Keywords: UF permeate; lactose; dairy wastes; anaerobic digestion; biogas

1. Introduction

The significant growth of the global population in the last decades has resulted in the
development of the industrialization of the food production and processing sectors. The
dairy industry is a part of the food sector that fulfills the demand for products such as
milk, cheese, milk powder, etc. [1]. The consumption of dairy products has experienced a
significant rise in many countries, resulting in the establishment of large-scale production
factories [2].

While serving the global demand for milk-based products, the dairy industry generates
a significant amount of pollution due to its use of water and its emission of effluents into
the environment. In Europe, nearly 29 million tons of dairy products end up as waste each
year. Within this waste, there are processing effluents as well as spoiled and mishandled
products [1,3].

The cheese sector produces high quantities of whey and milk permeate that represent
a major disposal problem [4]. Ultrafiltration (UF) and diafiltration (DF) permeates are
the effluents generated during the concentration of milk or whey proteins (Figure 1). The
diafiltration process is a variation of a membrane process, in which fresh solvent is added to
the retentate produced during the first stage of the filtration process to replenish the filtered
volume; consequently, the small molecules such as salts are washed away from the retained
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macromolecules. The purpose of applying a DF stage is to obtain a retentate of a higher
purity [5–9]. The effluents generated during milk and whey processing are characterized
by an extreme chemical oxygen demand (COD) up to approximately 70,000 mg O2/L [10].
Based on a simple mass balance, it is estimated that for 100 kg of raw milk between 80 to
87.5 kg of UF permeate is produced, while only 12.5–20 kg is transformed into the final
product—milk protein concentrate (MPC) in liquid form [11]. The concentration of whey or
milk serum (the permeate obtained after the microfiltration of skim milk, with a chemical
composition similar to whey) generates even higher amounts of UF/DF permeate due to
the higher volume reduction factor achieved during protein concentration. The UF/DF
permeate contains primarily water, lactose, minerals, and a small number of nitrogen-
containing compounds. Most of the nitrogen content of the UF/DF permeate from milk
consists of nonprotein nitrogen compounds normally found in milk [12]. Generally, the
UF permeates generated in the dairy industry are considered a potential source of lactose
production in large-scale dairy plants (Figure 1). The primary feed material for lactose
production is the UF permeate of sweet/cheese whey generated during the production
of whey protein concentrates (WPC) and whey protein isolates (WPI). About 4.2 million
tons of whey protein powders were produced worldwide in 2018 [13]. A less valuable
source of feed for lactose isolation is the production of MPC and milk protein isolates (MPI).
Their annual production reached approximately 190 thousand tons globally in 2017 [14].
The industrial-scale producers prefer lactose sources that demand the least amount of
processing and create minimal waste [15]. Thus, the management of UF permeates from
MPC and MPI production is still a challenge for the dairy industry.
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Anaerobic digestion (AD) can be employed as the first biological treatment process
necessary for the partial stabilization of food-processing wastes (such as dairy wastewater)
prior to their utilization or disposal, as well as for the production of biogas [16–18]. In
addition to reducing the pollutive potential of these wastes, the biogas produced from AD
could be used for space and water heating in food-processing plants. AD has been used as
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a means for dairy waste neutralization [19,20]. The AD of dairy wastewater (mainly cheese
whey) has been widely studied using single- and two-stage systems [21–23]. However,
several authors [24–29] reported a low biogas productivity and methane yield associated
with the low pH of the fermented whey or its high COD. Differently constructed reactors
have been used to enhance the treatment of dairy wastewater [4]. Nevertheless, the vast
majority of published research is focused on the management of whey, whose components
can be successfully recovered in a dairy factory, whereas little is known about exploiting
the potential of UF permeates containing a relatively high concentration of lactose.

The biochemical methane potential (BMP) test is often applied to assess the anaer-
obic biodegradability of a tested substrate, whereby its specific methane yield may be
evaluated [30]. BMP tests can indicate the potential for biogas production from various
substrates [31].

Due to the microbial role in the AD process, kinetic methods are commonly used to
simulate anaerobic biodegradation. Hydrolysis is often assumed to be the rate-limiting step
in AD, and the researchers often model batch BMP data using a first-order kinetic model.
A first order kinetic model has been successfully applied to AD using different kinds of
reactors [32,33].

Moreover, AD was recently recognized as an environmentally friendly technology
for producing renewable energy as biogas [34,35]. Therefore, biogas production allows
for the increase in the share of renewable sources in the national energy scheme, which
is the EU’s goal as set out in the renewable energy directive (RED II) [36]. Due to the
still-growing energy demand in European countries, it is predicted that there will be a
rapid development of biogas plants [37]. These installations enable the production of
biogas (under controlled conditions), which is a mixture of methane (45–74%), carbon
dioxide (25–54%), and trace amounts of other components, i.e., hydrogen sulfide, ammonia,
hydrogen, nitrogen, and oxygen, in a concentration up to 1–2% of the total biogas volume.
The methane content in the produced gas is mainly affected by the components found in
the fermentation substrate [37].

Additionally, the production of biogas in agricultural areas may provide extra income
from agricultural activities, which creates an opportunity to develop the local economy in
rural areas and promote circular economic principles in local communities [35,38–40]. An
on-site biogas plant can be a significant source of additional income for a plant specialized
in dairy production [20]. Moreover, local farmers may benefit from either selling the wastes
generated from agricultural production as a co-substrate used in a biogas plant or from
receiving high-quality organic fertilizer left over from biogas production [41]. New biogas
plants will also offer job opportunities.

The aim of this study is to analyze the possibilities of using the waste from dairy
processing to produce electricity and heat from the biomethane generated in the process
of anaerobic digestion. The analysis is based on the effluents produced by a large-scale
dairy factory. BMP tests were performed using four different substrates, namely, UF and
DF permeates obtained after the filtration of milk and milk serum. Their energy potentials
were calculated and a simplified financial analysis concerning the profits generated via
energy vs. lactose sale was conducted.

The key novelty of this study is the assessment of the possibility of valorizing the
permeates generated during DF by using them in biogas production and comparing their
effects with typical UF. Attempts were made to estimate the relationship between the degree
of lactose recovery and the amount of biogas obtained. A case study was proposed for a
dairy plant using membrane techniques.

2. Materials and Methods
2.1. Materials

The ultrafiltration permeates (UFP—wastes from dairy processing) used in research
experiments were obtained from Dairy Research and Development Center located at
University of Warmia and Mazury in Olsztyn. These permeates were produced from
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ultrafiltration (UF) and diafiltration (DF) processes of two different dairy products (100 L of
milk and 170 L of milk serum, Figure 2). The UF and DF processes were carried out using
UF module (Koch Membrane Systems, Wilmington, MA, USA) fitted with 3838-HFK-131
membrane (spiral wound element; semipermeable polyethersulfone layer on a polyester
backing material) with a membrane area of 6.7 m2, molecular weight cut-off value of
10,000 Da, and a feed spacer model N 31 mil (used in accordance with manufacturer’s
specifications). The unit was operated under a constant transmembrane pressure of 4 bar
at 50 ◦C for either UF or DF processes. Milk was ultra-filtrated to achieve a concentration
factor of approximately 4.6×. The UF retentate was diluted with reverse osmosis water
at 50 ◦C to bring the weight back to the original total weight of the starting feed for
DF. Then, the diluted UF retentate was diafiltrated to achieve a concentration factor of
6.6×. Diafiltration was continued until the protein content of the retentate, measured by
MilkoScan™ FT2 (Foss, Hillerød, Denmark), was 13.5%. Milk serum was UF to achieve
a concentration factor of approximately 5.5×. The UF retentate was diluted with reverse
osmosis water at 50 ◦C to bring the weight back to the original total weight of the starting
feed for DF. Then, the diluted UF retentate was diafiltrated to achieve a concentration factor
of 8.5×. Diafiltration was continued until the protein content of the retentate, measured
by MilkoScan™ FT2 (Foss, Hillerød, Denmark), was 2.2% of protein in the retentate. The
permeates were sampled in a representative manner, and then stored at 4 ◦C.
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The fermentative inoculum (anaerobic sludge—the source of methanogenic bacteria)
came from a bioreactor operating under mesophilic conditions at 36 ± 1 ◦C. The parameters
of the sludge are reported in Table 1.

Table 1. The parameters of anaerobic sludge used as inoculum.

Trait Anaerobic Sludge

TS [%] 6.8 ± 0.2
VS [% TS] 73.5 ± 0.9

Ash [% TS] 26.5 ± 0.9
C [% TS] 41.1 ± 0.8
N [% TS] 3.7 ± 0.0
C/N ratio 11.2 ± 0.2

TS—total solids; VS—volatile solids; C—carbon; N—nitrogen; C/N—carbon to nitrogen; ±standard deviation.

2.2. Analysis of Physicochemical Parameters

The pH of the substrates was measured using a pH meter (CP-401, Elmetron, Zabrze,
Poland) equipped with an electrode IJ-44C IONODE (Elmetron). The permeate samples
were analyzed to obtain content of total solids (TS) and volatile solids (VS) using a gravi-
metric method. The samples were dried at 105 ◦C [42]. The total nitrogen (TN) content
was determined using Kjeldahl method (AOAC International, Gaithersburg, MD, USA,
2007; method 991.20; 33.2.11). The total calcium content was analyzed using atomic absorp-
tion spectrometry. The measurements were carried out in accordance with ISO 8070-2007
IDF 119:2007(E) (ISO/IDF, 2007) using Thermo Scientific iCE 3000 Series AA Spectrom-
eter (Thermo Fisher Scientific, Franklin, MA, USA) and at the wavelength of 422.7 nm.
The amount of lactose was estimated using Milko-Scan™ FT2 (Foss, Hillerød, Denmark).
The analysis of ash was performed using the muffle furnace technique at 530 ◦C (PN-A-
86364:1996). The chemical oxygen demand (COD) of the samples was determined with the
aid of cuvette test LCK 914 (HACH LANGE GmbH, Berlin, Germany). The composition
and percentage of individual components of the biogas outflow (CH4, CO2) were analyzed
using a gas chromatograph (GC, 7890A Agilent, Santa Clara, CA, USA) equipped with
a thermoconductometric detector (TCD). Biogas was collected from the bioreactors with
a 10 mL gas-tight syringe. The carrier gases used were argon (Ar) and helium (He) at
a volume flow of 0.9 NL/h. The injection and detector port temperatures were 150 and
250 ◦C, respectively.

2.3. Biogas Efficiency Research

The methane yield of tested substrates was determined using a volumetric gas pro-
duction method, namely, the Automated Methane Potential Test System II (AMPTS II,
BPC Instruments AB, Lund, Sweden). The fermentation measurements were performed at
37 ± 1 ◦C. The measurement system recorded changes in partial pressure coupled with
reactors. Each AMPTS reactor (glass vessel of 500 mL total volume) was equipped with
an individual automated stirrer (100 rpm for 30 s every 10 min). There were 15 AMPTS
bottles: [four substrates and one control] × triplicate replication, where the substrates
were UFP-M, DFP-M, UFP-MS, and DFP-MS, and control was inoculum only. Tests were
performed by filling the reactors with approximately 200 g of the anaerobic sludge and
then the fermentation substrates were added. The initial organic load rate (OLR) was
approximately 5 g COD/L. Anaerobic conditions in the reactors were achieved by flushing
pure nitrogen through the mixture of sludge and substrate. Using the bioprocess control
software, a gas production report was recorded every day. This program generates results
of the volume of gas already normalized (standard atmospheric pressure 101.3 kPa, at 0 ◦C,
and with zero moisture content). The measurement was carried out until the available
organic compounds were fully decomposed. Subsequent measurements of the amount
of biogas were automatically compared with each other, and when ten consecutive gas
volume measurements did not differ by more than 1%, the measurement was completed.
The endogenous biogas generated by anaerobic sludge was excluded from the calculations
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of biomethane production in the tests. Biomethane yields were calculated as a biomethane
volume produced over a period of 20 days and expressed as NL per kilogram of added
COD (CODadded).

2.4. Kinetic Analysis

Nonlinear regression was used to obtain the rate constants of methane production from
plots of volume of methane per mass of CODadded versus time. According to the approach
reported by Llabres-Luengo and Mata-Alvarez [43], the first order linear regression is
defined as:

Y(t) = −Ymax(e−kt − 1) (1)

where Y—methane yield (NL CH4/kg CODadded), Ymax—maximal methane yield (NL
CH4/kg CODadded), k—kinetic constant (1/day), and t—time (day). The methane produc-
tion rate was calculated as the product of the k and the maximal volume of methane per
mass of CODadded obtained from the first order kinetics.

To evaluate the model results, Statistica software (version 13.1, 1984–2016, StatSoft,
Inc., Tulsa, OK, USA) was used for calculations of the determination coefficient R2.

2.5. Energetic Calculations

The calculations of the energy potential of substrates (UFP-M, DFP-M, UFP-MS, and
DFP-MS) were based on the conducted fermentation tests and methodology described by
Cieślik et al. [44] and Kozłowski et al. [20]. The amount of electricity and heat produced
from combined heat and power (CHP) unit were determined using Equations (2) and (3):

EE = VCH4 × ReCH4 × ηe (2)

where EE—amount of produced energy [MWh/kg CODadded], VCH4—volume of produced
methane [m3/kg CODadded], ReCH4—energy efficiency ratio of methane [0.00917 MWh/m3],
and ηe—electrical efficiency of CHP. For the purpose of these calculations, the efficiency of
43% was assumed for the unit offered by PAKTOMA (Łódź, Poland), a Polish manufacturer
of modern co-generation units for biogas plants).

Heat produced in CHP unit was determined from Equation (3):

EH = VCH4 × ReCH4 × ηt (3)

where EH—amount of produced heat [MWh/kg CODadded], VCH4—volume of produced
methane [m3/kg CODadded], ReCH4—energy efficiency ratio of methane [0.00917 MWh/m3],
and ηt—heat efficiency of CHP. For the purpose of these calculations, the efficiency of 45%
was assumed for the unit offered by PAKTOMA, a Polish manufacturer of modern co-
generation units for biogas plants).

2.6. Case Study

This paper describes potential heat and electric power produced from biogas generated
by anaerobic digestion of liquid by-products obtained from protein concentration in a large-
scale dairy plant. The data regarding daily milk and whey throughput along with the usage
of electric energy come from the reports published by the company and the community
council. Waste yield was calculated from raw milk and whey throughput and processing
using membrane technology.

The assumption is that the dairy plant process daily about 1200 t of raw milk, which is
solely dedicated for the production of milk concentrates. The whole milk is first supplied
to the separator and consequently discharged as two flows, skim milk and cream, of which
the cream normally represents about 10% of the total throughput [45]. The total amount
of liquid discharged as skim milk will then be 1080 t. In a typical UF process, pasteurized
skim milk is concentrated to a final volume of one-fifth to one-eighth of the volume of the
original skim milk to produce milk protein concentrate (MPC) that has 65 to 75% content
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of protein relative to total solids. For the production of MPC with higher protein content,
ultrafiltration is used in conjunction with the DF process [46]. Considering the amount
of skim milk processed in the analyzed dairy plant, the filtration process characterized
by volume concentration factor of 5 will generate about 864 t of permeate at each stage
of filtration.

Another side stream processed by the factory is whey (800 t/day). Composition of
whey is similar to that of milk serum, which is why its processing is easily comparable
with processing of milk serum. In a typical UF process, pasteurized whey is concentrated
to a final volume of between one-sixth to one-ninth of the volume of the original whey
(based on the research performed previously) to produce serum protein concentrate (SPC60
or WPC60) that contains 60% content of protein. For the production of SPC with higher
protein content, UF is used in conjunction with the DF process. Considering the amount
of whey processed in analyzed dairy plant, the filtration process characterized by volume
concentration factor of 8.5 will generate about 706 t of permeate at each stage of filtration.

The daily demand for electric power in this particular dairy plant equals 11 MWh.
This covers the demand of all processing departments. Apart from manufacturing milk
and whey concentrates, the factory also produces cheese, yogurts, and buttermilk.

2.7. Statistical Analysis

The statistical analysis was performed using the Statistica software (version 13.1,
1984–2016, StatSoft, Inc., Tulsa, OK, USA). Statistical evaluation of data was conducted
using one-way ANOVA (p < 0.05) followed by Tukey’s post hoc test.

3. Results and Discussion
3.1. Analysis of Methane Production

To calculate the energetic potential of the substrates, it is essential to assess their
physical and chemical properties. The basic parameters—such as the TS content, VS
content, COD, and pH—characterizing the substrates used for the fermentation process
performed in this study are presented in Table 2.

Table 2. The physicochemical parameters of the fermentation substrates.

Parameter
Substrate

UFP-M DFP-M UFP-MS DFP-MS

TS [%] 5.60 a ± 0.06 1.81 c ± 0.05 3.8 b ± 0.02 0.86 d ± 0.09
VS [%] 5.13 a ± 0.06 1.65 a,b ± 0.08 3.46 b ± 0.07 0.79 a,b ± 0.03

Ash [%] 0.45 a ± 0.01 0.15 c ± 0.01 0.332 b ± 0.004 0.07 d ± 0.01
Ca [mg/L] 185.5 a ± 9.6 34.8 c ± 2.0 54.4 b ± 2.1 3.6 d ± 0.1

TN [%] 0.18 a ± 0.03 0.06 c ± 0.01 0.097 b ± 0.003 0.021 d ± 0.002
Lactose [%] 4.97 a ± 0.02 1.59 c ± 0.18 3.37 b ± 0.02 0.76 d ± 0.01

pH 6.55 b ± 0.18 6.84 c ± 0.10 6.84 c ± 0.04 7.03 a ± 0.06
COD [mg O2/L] 57,020 a ± 510 19,150 c ± 1500 38,600 b ± 780 7610 d ± 430

TS—total solids; Ca—calcium; TN—total nitrogen calculated as total N × 6.38; COD—chemical oxygen demand;
UFP-M = milk ultrafiltration permeate; DFP-M = milk diafiltration permeate; UFP-MS = milk serum ultrafiltration
permeate; DFP-MS = milk serum diafiltration permeate; Data are expressed as mean (n = 6) ± standard deviation;
a–d Means within a row with different superscripts are different (p < 0.05).

The results concerning the TS content indicated the significant (p < 0.05) difference
between the four tested materials. The permeates obtained in the DF stage, during either the
milk or milk serum UF process, contained mostly water (over 98%) and a very low number
of solids (Table 2). An about three to four times greater volume of DF permeate— for
DFP-M and DFP-MS, respectively—is required to obtain the same organic load as in the
permeates obtained after first stage of processing for the UF/concentration (UFP-M and
UFP-MS, respectively).

The respective streams obtained either during UF (UFP-M vs. UFP-MS) or DF (DFP-
M vs. DFP-MS) were characterized by a higher TS content when milk was subjected to
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filtration in comparison with milk serum. That is why, from a biogas plant exploitation
point of view, the effluents generated during the filtration of the milk (UFP-M and DFP-M)
used as substrates may result in a much higher profitability when compared to the streams
obtained after milk serum processing (UFP-MS and DFP-MS, respectively).

The concentrations of organic matter expressed as the COD in the permeates after
the UF process were 38,600 and 57,020 mg O2/L for UFP-MS and UFP-M, respectively.
Whereas the COD values of the permeates obtained in the DF process were equal to
7610 and 19,150 mg O2/L for DFP-MS and DFP-M, respectively (Table 2). The permeates
generated after the UF process in the dairy industry contribute a high COD as they are rich
in lactose [12]. Lactose contributes around 90% of the COD. High COD values indicate that
the dairy wastes produced are strong and fluctuating types [10]. In general, the COD value
of the dairy effluents depends on the protein, fat, and carbohydrate content, which was
confirmed by the Person’s correlation coefficient (r > 0.97, p < 0.05) obtained in the current
study (Table 3). The waste load equivalents of these constituents are 1 kg of fat, which
contributes 3 kg of COD; 1 kg of protein, which contributes 1.36 kg of COD; and 1 kg of
lactose, which contributes 1.13 kg of COD [10,47].

Table 3. The Pearson’s correlation coefficients for the analyzed traits.

Trait COD VS Ash Ca TN Lactose pH TS CH4 Production

COD 1.00
VS 0.11 1.00

Ash 1.00 * 0.05 1.00
Ca 0.93 * 0.30 0.90 * 1.00
TN 0.97 * 0.23 0.95 * 0.98 * 1.00

Lactose 1.00 * 0.10 1.00 * 0.93 * 0.97 * 1.00
pH −0.87 * −0.34 −0.84 * −0.94 * −0.94 * −0.87 * 1.00
TS 1.00 * 0.11 1.00 * 0.93 * 0.97 * 1.00 * −0.87 * 1.00

CH4 production −0.08 0.06 −0.06 −0.17 −0.15 −0.07 0.32 −0.07 1.00

* significant values (p < 0.05).

The biochemical methane potential value obtained in the current experiment is ex-
pressed by the volume of methane produced per kilogram of added organic matter, which
is expressed in COD, as the permeate is a liquid. The methane potential of the UF/DF
permeates, noted at the end of the experiments, ranged from 149 to 181 NL CH4 per kg of
added COD (Table 4). There were no significant (p > 0.05) differences detected between the
methane yields generated from the four tested dairy waste samples at the end of the experi-
ment (20 days). Moreover, the methane content in the biogas did not differ significantly
between the four tested samples and reached about 69% (Table 5).

Table 4. Methane yield, methane production rate, and reaction rate constant (k) obtained in con-
ducted experiments.

Variant Methane Yield
[NL/kg CODadded]

Methane
Production Rate
[NL/kg COD/d]

k
[1/d] R2

UFP-M 150 a ± 32 52 0.37 a 0.91
DFP-M 149 a ± 13 51 0.37 a 0.87

UFP-MS 181 a ± 3 46 0.28 a 0.91
DFP-MS 169 a ± 28 48 0.29 a 0.99

K—the rate constant of methane production; UFP-M = milk ultrafiltration permeate; DFP-M = milk diafiltration
permeate; UFP-MS = milk serum ultrafiltration permeate; DFP-MS = milk serum diafiltration permeate; Data are
expressed as mean (n = 3) ± standard deviation; a—Means within a column sharing the same superscript are not
significantly different from each other (p > 0.05).
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Table 5. Methane (CH4) and carbon dioxide (CO2) content in produced biogas.

Variant CH4 [%] CO2 [%]

UFP-M 69.39 a 30.61 a

DFP-M 69.23 a 30.77 a

UFP-MS 68.82 a 31.18 a

DFP-MS 69.29 a 30.71 a

a—Means within a column sharing the same superscript are not significantly different from each other (p > 0.05).

The efficiency of biomethane production from dairy waste varies across publications
and depends on the applied parameters. For instance, in the research performed by
Fernández et al. [48], a yield of 314 L CH4/kg CODadded was demonstrated during single-
stage anaerobic digestion of whey under thermophilic conditions, with an OLR up to
1.5 kg O2/m3day. In another study, described by Kisielewska et al. [49], who evaluated
the digestion of a solution of dried ultra-filtrated whey permeate in a mesophilic system
(UASB methanogenic reactor; 35 ◦C) at OLR rates from 4.6 to 6.9 kg COD/m3, the obtained
methane yield reached about 120 L CH4/kg CODadded.

The fermentation charts for all the tested substrates are presented in Figure 3. The
amount of generated methane increased during the first 10 days of measurements in all
the cases of the tested substrates. After this time, the methane yield remained at a constant
level. This indicated a fast hydrolysis process and a good adaptation of the anaerobic
sludge to the substrate.
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Figure 3. Comparison between measured data (points) and data calculated with the first order
regression (red line) for specific methane production from ultrafiltration permeates in the 20-day test:
UFP-M = milk ultrafiltration permeate; DFP-M = milk diafiltration permeate; UFP-MS = milk serum
ultrafiltration permeate; DFP-MS = milk serum diafiltration permeate. The gas from the inoculum
has been subtracted and the data have been expressed as volume of CH4 per kg of CODadded.

In the current experiment, the registration of the volume of produced CH4 was carried
out until the available organic compounds were fully decomposed. The methane potential
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test was terminated when the difference between the subsequent ten reads was equal to
or less than 1%. In all cases of the tested permeates, the measurement did not last less
than 20 days. For comparison, the time of decomposition obtained in the study performed
by Kozłowski et al. [20] (with batch culture technology, and mesophilic conditions of
39 ◦C ± 1 ◦C), who used whey as a fermentation substrate, was seven days shorter than
that noted in the current experiment (13 days vs. 20 days). The decomposition time is a
crucial parameter to consider at the planning stage for future biogas plants. It enables the
estimation of the size of the reactor.

3.2. Kinetic Analysis

The comparison between the measured data and the data calculated with the first
order regression is presented in Figure 3. The coefficients for the tested model are presented
in Table 4. The results from the first order regression accurately fitted the measured data.
The determination coefficient for the four tested waste types is between 0.87 and 0.99.
Regarding the kinetic constant, the first order regression yielded values ranging from
0.29 to 0.37/day. However, the difference between the mean values for the four tested
permeates was nonsignificant (p > 0.05). The kinetic constant obtained in this experiment
is comparable with the kinetic constants reported in the literature for dairy liquid wastes
such as cheese whey [33] (with a hydrolysis constant k between 0.36–0.55/day; a COD of
substrates between 50,000–78,000 mg/L; an inoculum/substrate ratio of 6; and a temp. of
35 ◦C). Mainardis et al. [33] obtained a good correlation (R2 > 0.97) between the predicted
and measured methane potential values using a first-order kinetic model.

Moreover, the CH4 flux analysis conducted in the current study revealed one peak
on the first day of digestion (35–81 NL CH4/kg CODadded/day), followed by a less in-
tense successive peak (<6 NL CH4/kg CODadded/day) on the fourth day. According to
Mainardis et al. [33], this outcome can be ascribed to the different molecules present in the
substrate, which are consecutively degraded. A significant fraction of the permeates was
easily biodegradable by the used biomass.

3.3. Energy Analysis

The results of the simplified economic and energy calculations are presented in Table 6.
The maximum generated electric power was estimated at 10,632 MWh/a for UFP-M and a
minimum of 1374 MWh/a for DFP-MS. In general, the higher the COD of the substrates,
the higher the electric power produced and thus the higher profitability of the biogas plant.
In the work by Kozłowski et al. [20], energy data from a dairy factory, producing 400 t of
whey per day (two times lower than in the case of the dairy plant analyzed in this study),
were reported: they claimed a biomethane yield of 3,508,487 m3 per annum, which is a
significantly greater amount than the summarized methane yield noted for UFP-MS and
DFP-MS in this study (2,167,430 m3/a). It is also important to highlight that in the research
conducted by Kozłowski et al. [20], whey was used as a fermentation substrate, and its
amount was almost half of that of UFP-MS. Whey contains more TS than UF/DF permeate,
which is why the amount of biogas generated is expected to be higher than that from milk
serum permeates. Therefore, in the future research, the co-digestion of UF/DF permeates
in combination with other wastes should also be considered. The results presented by
Comino et al. [50] indicate that the co-digestion of a high volume of whey (up to 65%
in volume) and cattle slurry is possible without the use of chemicals for pH correction,
but also that this kind of mix has a similar energetic potential for anaerobic digestion as
energy crops such as maize. Anaerobic co-digestion can overcome most of the limitations
of anaerobic mono-digestion by producing more CH4 due to the synergy of the substrates
and the supplementation of the missing nutrients by the co-substrates [51,52].

As calculated, the dairy plant can generate approximately 23,000 MWh of electricity
and about 85,500 GJ of heat on an annual basis while using all the generated permeates
considered in this study. The total electric energy output value corresponds to approxi-
mately 2.8 MW of the gross nominal capacity, which not only covers the annual demand of
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the whole factory (0.5 MW, calculated based on the daily demand of 11 MWh/d) but also
enables the sale of remaining energy. In the case of an electric power calculation expressed
in MW, the working time of the CHP during the whole year of exploitation was assumed
to be equal to 8100 h/a. It should be mentioned that the feasible working time in a typical
biogas plant is between 7200 and 8100 h/a [35]. This is much lower than the 8760 h/a
value corresponding to the entire year’s 24/7 operating time. This is related to many
exploitation issues and breaks in biogas generation due to, i.e., mixing system failures and
other mechanical damages.

Based on the data reported by Kozłowski et al. [20], it is assumed that a 3 MW biogas
plant is capable of generating 24,000 MWh of electric power, which means that in the
analyzed case there is still an approx. 4% power reserve for a potential increase in waste
processing. The reserve may be used for an anaerobic digestion of wastes obtained by
other dairy plants of the same owner, which are much smaller and do not have appropriate
equipment for the further utilization of the obtained permeate. However, the transportation
cost should then be considered. In the analyzed case, the manufacturer has an advantage
in that they do not have to acquire a substrate for biogas production, because they can use
their own effluents.

Apart from serving as potential substrates for anaerobic digestion, the UF permeates
may also be considered a profitable source material for lactose production. This is especially
relevant in the case of large-scale dairy factories possessing appropriate equipment since
the manufacture of lactose powder requires additional investment and operation costs
for equipment dedicated to the further processing of the permeate [53]. A large amount
of crystalline lactose is produced globally. The major source for lactose production is the
UF permeate of sweet whey. However, any other sources rich in lactose such as the UF
permeates of milk may be used [15]. Therefore, the potential income of the dairy factory
from the sale of lactose powder is also presented in Table 6. The degree of lactose production
was estimated based on an annual generation of UF/DF permeates calculated in the case
study analyzed in the current research. It should be noted that the operating costs were
not included in Table 6. According to the analysis conducted by Silva et al. [54], for the
manufacture of 1 kg of lactose, an approximately EUR 0.20 expenditure is required.

Table 6. Simplified possible electricity and heat production from dairy waste in comparison to
lactose production.

Parameter Unit UFP-M DFP-M UFP-MS DFP-MS

Daily consumption of raw milk t/d 1200 - - -
Daily consumption of milk

serum/whey t/d - - 800 -

Biomethane production
Daily generated permeate t/d 864 864 706 706

Annually generated permeate t/a 315,360 315,360 257,690 257,690
Dairy OLR (COD) kg O2/L 0.057 0.019 0.039 0.008

Total yearly OLR (COD) kg O2/a 17,975,520 5,991,840 10,049,910 2,061,520
Methane efficiency Nm3/kg COD 0.150 0.149 0.181 0.169

Methane production m3/a 2,696,328 892,784 1,819,033 348,397
Annual electric energy MWh/a 10,632 3520 7173 1374
Daily electric energy MWh/d 29.1 9.6 19.7 3.8

Heat GJ/a 40,055 13,263 27,022 5176
Electric power MW 1.3 0.4 0.9 0.2

Electric power price 1 EUR/MWh 96.50
Heat price 2 EUR/GJ 8.77

Electric power value EUR/a 1,025,988 339,680 692,195 132,591
Heat value EUR/a 351,282 116,317 236,983 45,390

Total electric power value EUR/a 2,190,454
Total heat value EUR/a 749,972
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Table 6. Cont.

Parameter Unit UFP-M DFP-M UFP-MS DFP-MS

Lactose powder production (edible; non-pharmaceutical range)
Yearly production 3 t/a 10,971 3532 6083 1387

Lactose powder price 4 EUR/t 899
Lactose powder value EUR/a 9,862,929 3,175,268 5,468,617 1,246,913

Total lactose value EUR/a 19,753,727

UFP-M = milk ultrafiltration permeate; DFP-M = milk diafiltration permeate; UFP-MS = milk serum ultrafil-
tration permeate; DFP-MS = milk serum diafiltration permeate; UF = ultrafiltration; OLR—organic load rate;
COD—chemical oxygen demand; 1—price estimated according to Energy Regulatory Office [55]; 2—the price of
heat produced from Poland’s most popular energy carrier, i.e., hard coal, was used; 3—amount of powder esti-
mated based on production yield of 70% [53]; 4—price estimated based on the report published by CLAL.it [56].

Thus, the total lactose value from Table 6 should be reduced by the cost of production,
resulting in an approximately EUR 15.4 MM profit generated from lactose sale. In purely
financial terms, food-grade lactose production exceeds the profitability of biogas production
in the on-site biogas plant. However, other aspects such as the renewable energy demand
and the geopolitical situation should also be considered by the plant owners. It is worth
noting that one of the current objectives of the Bioeconomy Strategy for the EU is a reduction
in energy dependence on non-renewable and unsustainable sources [57].

In summary, considering that the UF/DF permeates obtained during milk serum
production are not primary sources of lactose [15] and considering the promising results
of biomethane potential analysis conducted in this study, as well as the global growing
demand for renewable energy, these effluents should be used as substrates in anaerobic
digestion rather than lactose production. Additionally, the biomethane generated solely
from UF/DF permeates of milk serum in a biogas plant can still provide an energy supply
in an amount exceeding the needs of a large-scale dairy factory (1.1 MW vs. 0.5 MW) and
simultaneously enabling the generation of additional profits from the sale of energy excess.
Such a situation (the surplus of UF/DF permeates) enables plant owners to adjust UF/DF
permeate management towards one of two analyzed solutions: lactose versus biogas
production. Additionally, the rationale for the plant owner to opt for a less profitable form
of gas production may stem from the fact that the development of a biogas plant requires
fewer investment costs than a technological line dedicated to lactose production [20,54]. It
is estimated that the return on investment in the construction of a 1 MW biogas plant is
3 years [58].

4. Conclusions

The methane generation potential of four UF/DF permeates with different lactose
concentrations (0.76–4.97%) was tested. A higher lactose content contributed to a higher
COD of the tested effluents. The methane yield obtained in this study (~0.16 Nm3/kg
CODadded) was comparable with that of the previously reported data on anaerobic digestion
of UF whey permeates. This indicated the potential of using UF/DF permeates as substrates
for anaerobic digestion, which may be another efficient means for its utilization. The
economic analysis of the simulated electric and heat energy production with the CHP
unit showed that the implementation of anaerobic digestion at the dairy plant level could
provide a level of electricity and heat exceeding the amount necessary for the functioning of
a large-scale factory. This could contribute to the improvement of a plant’s energy balance
and to a reduction in transport and management costs. When selling the energy, the
profits should also be considered. Moreover, the estimated profit from lactose production,
considered as alternative permeate-processing method, showed that it is an even more
profitable approach. However, different aspects such as the geopolitical situation and
energy market prices should also be considered while making decisions regarding the
management of UF/DF permeates. It is very likely that the energy prices will rise in the
near future due to the limited availability of fossil fuels. The proven efficiency of biogas
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and lactose production through ultrafiltration permeates enables plant owners to adjust
their management towards one of these two solutions.
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35. Pochwatka, P.; Kowalczyk-Juśko, A.; Sołowiej, P.; Wawrzyniak, A.; Dach, J. Biogas Plant Exploitation in a Middle-Sized Dairy
Farm in Poland: Energetic and Economic Aspects. Energies 2020, 13, 6058. [CrossRef]

36. RED, I. Renewable Energy—Recast to 2030 (RED II) EU Science Hub. 2013. Available online: https://Ec.Europa.Eu/Jrc/En/Jec/
Renewable-Energy-Recast-2030-Red-Ii (accessed on 10 October 2020).
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