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Abstract

In this study, flux tendencies, rejection of
fat, protein, lactose, total solids and fouling
were investigated for a polymeric flat sheet
membrane and a polymeric hollow fibre
membrane in regard to dairy processing.
This was done under different parameters
such as pressure, feed velocity and fat
content of feed solution. It was concluded
that the degree of hydrophobicity of the
membrane influences the fouling in the
membranes, which influence the flux and
rejection. The properties such as material
and thickness of the membranes also
influence  the  performance during
filtration. The concentrations of fat, protein,
lactose and total solids obtained from was
compared to a qualitative FT-IR method to

observe trends.
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Chapter 1

Problem analysis

1.1 Introduction

Milk is a complicated system with soluble molecules and suspended particles being
in a wide range of sizes. This means to process milk a wide range of application is
needed to fit the poly-dispersed system. [1] In the dairy industry, membrane
separation is widely used throughout the processing of dairy products. It is one of
the largest membrane industries using different types of membrane technology. It
can be divided into four filtration methods: Microfiltration (MF), ultrafiltration (UF),
nanofiltration (NF) and reverse osmosis (RO). The different filtration techniques
vary in pore size range, required pressure for use and what the membrane retains.

(2]

Many types of dairy products are being produced today as well as products from
waste during processing. All dairy products origins from raw milk and mostly from
cows. Production of milk has been increasing over the decades and in 2018,
843,000,000 tons of milk worldwide [3]. From the raw milk on the farms to the milk
in cartons bought in the supermarket, the milk has been through multiple
processing steps. It starts with the milk being collected from the cows and kept in
cooling tanks at the farms at 4°C until it is transported to the dairy. The milk is
cooled to prevent microorganisms to grow which will develop metabolic products
and enzymes that can affect the end product. When arriving at the dairy a number
of tests are performed on the milk to make sure the quality matches the standard.
The most normal test to run is bacteria, fat, somatic cell and protein count. The raw
milk is stored in silo tanks with agitation to prevent the cream from separating by
gravity. [4] The processing steps vary from dairy to dairy depending on what they
produce and what country the dairy is in. Anyhow there is a series of processing
steps that are always performed which will be presented now with some examples
of how the dairy handles their waste during processing. [4] This is illustrated in
Figure 1.
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Figure 1 - The processing steps of milk and other milk products

First, the raw milk is centrifuged, and the milk is separated into cream and milk
whey. Then the milk whey is filtrated with MF to remove the bacteria and the cream
is mixed back in with the milk whey in the fat fractions that can be bought at the
supermarket. The milk is homogenized to make the fat globules smaller and divide
them into the milk instead of the cream separating into a top layer on the milk. The
last step before the milk can be put in bottles or cartons is to pasteurize it to kill
bacteria. It is a quick heat treatment at 72°C for 15 seconds and then the milk is
cooled down to 4°C again. These is the steps that need to be done in order to make
the milk sailable. [5] [2] Milk is also used to produce cheese and the whey from
cheese making has a high lactose and protein content, which can be processed into
different types of whey protein and lactose concentrate with membrane technology
[2]. The different filtrations methods have different purposes in the dairy industry
that fits their properties. An overview of the properties of the filtration techniques
is illustrated in Figure 2. MF is driven by low pressure and retains large non
dissolved molecules. The use of MF to remove bacteria instead of heat is called cold
pasteurization and it is an integrated part of the processing of milk due to it does
not compromise the flavour of milk as a heat treatment would do. MF prevents the
activity of microbial enzymes that would be if milk is heat-treated. It also prevents
protein aggregation and thereby keeps the nutritional properties of milk intact. [6]

UF uses higher pressure than MF and can retain some large non-dissolved
molecules. UF is used for protein standardization for both raw milk and whey,
reduce lactose content in milk and are also used in the cheese making process. NF
is a high-pressure driving process where monovalent ions is the only thing passing



through the membrane and are used as partial demineralization of whey, lactose-
free milk or volume reduction of whey. RO is also a high-pressure driven filtration
that only allows water through the membrane and is used for concentration or
volume reduction of milk and whey. [2]

\ Microfiltration (MF) >0.1 um 1-3 bar
\ Bacteria, fat, caseins

Ultrafiltration (UF) 0.1-2 nm 3-10 bar
\ o Whey proteins, colloids
\ \
\ Nanofiltration (NF) <2nm 10-40 bar
“'n‘ /" Lactose, sugars, divalent salts
Reverse osmosis (RO) Dense > osmotic pressure
Monovalent salts

X Water

Figure 2 - Separation of four membrane processes with respect to what components in milk is
rejected

The pore size of the MF membranes determines what is rejected from the milk when
filtrating. A pore size from 1.4-1.8 um can besides bacteria, remove somatic cells, fat
globules from cheese whey and caseins micelles can be rejected with a 0.1-0.2 um
MF membrane. It should be possible to remove fat globules from the raw milk with
MF instead of using the centrifuged which is what the dairy industry uses now, but
it is not applied in the dairy industry yet. [1] This will be investigated in this project.

Filtration type is not the only important property when it comes to membrane
filtration. Type of membrane play a central role when it comes to the success of the
specific application it is used for. Filtration membranes can be made from organic
or inorganic material where the organic membranes are of polymeric material and
the inorganic membranes are made of a combination of metals. Organic membranes
are available in a wide range of pore sizes and have a high packing density but are
sensitive to temperature, pH, transmembrane pressure (TMP) and chemical
cleaning. Inorganic membranes or ceramic membranes are resistant to temperature
and chemicals. The pore size of ceramic membranes is limited and normally only
used for MF and UF without further processing of the ceramic membranes. [1] [7]

Membranes also have different elements design which influence the performance of
the membrane and some designs are more suitable for some applications more than



others. This is a short introduction to the configurations mostly used in the dairy
industry. Illustrations of the different membrane designs can be seen in Figure 3.
Ceramic membranes mainly have a tubular design where the feed and retentate
streams flow inside the membrane and the permeate is collected on the outer shell.
Organic membranes can also have a tubular design. Ceramic membranes have an
accurate pore size, high chemical and temperature resistance and long membrane
life. The plate-and-frame design is flat membrane sheets (FS) placed between plates
to form channels for the retentate and permeate streams. This design can handle
high viscosity streams and have a high temperature resistance. Spiral-wound
membrane modules are membranes sheet rolled around a central permeate tube
with spacers. The spacers create channels for the feed and retentate streams. This
gives the membrane a high packing density and easy removal of some of the
membranes if broken, but it is hard to clean, control flow and needs a clean feed
since large particles can clog the membrane. This membrane design has a wide
range of application in the dairy industry. Hollow fibre membranes (HF) have the
same design as the tubular membranes but have a smaller diameter. These
membranes are self-supporting when packed into a membrane house, and therefore
reduces capital cost. This gives this type of configuration extremely high packing
density and low retention volume. It also has a relatively low power consumption
compared to other membrane designs, which makes it economical. HF membranes
cannot operate under high pressures and are expensive to replace since the all the
membrane in the module has to be changed. [7] [8]
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Figure 3 - Different membrane designs. Top left: hollow fibre membrane. Bottom left: tubular
membrane. Top right: Plate-and-frame flat sheet membrane. Bottom left: Spiral-wound membrane [7]

9]

The different membrane designs have varied applications in the dairy industry
depending on membrane type, processing parameters, performance and cost-
efficiency. Polymeric spiral-wound membranes are used to produce milk and whey
proteins, lactose-free milk, coconut water, milk and egg whites. Plate and frame
membranes are used to produce products with higher viscosity such as cream
cheese, yoghurt and skyr. Ceramic tubular membranes are used to produce
extended shelf lift milk, Greek yoghurt, milk and coconut water. [2] [8]



1.2 Problem delimitation

In this project, the performance regarding fouling behaviour, flux tendencies and
rejection, of a polymeric hollow fibre membrane and a polymeric flat sheet
membrane will be investigated with microfiltration in regard to dairy processing.
The fouling behaviour, flux tendencies and rejection of the membrane will be
compared to each other and results from the literature. The hollow fibre membrane
was in-house and therefore the flat sheet membrane was chosen based on the
properties of the hollow fibre membrane to match in material and pore size. The flat
sheet membrane module was also in-house, so the hollow fibre membrane was
assembled concerning the velocity for the flat sheet membrane. The filtration
performance of the membrane will be investigated using water and milk with 0.1
and 3.5 % fat, respectively. To characterize the content of fat, protein and lactose in
the permeate stream it will be analysed at FOSS with a MilkoScan-FT3 which is a
Fourier-transform infrared spectroscopy (FT-IR) analysing device fit for dairy
analysis. Since FT-IR is originally a qualitative method made quantitative over the
years, this project will also try to calibrate a standard FT-IR device after fat, protein
and lactose content by comparing the concentration results from permeate samples
and FT-IR analysis performed on the device in-house.

1.2.1 Problem statement

How can the filtration performance of a flat sheet membrane and a hollow fibre
membrane be compared and analysed at different pressures, flow rates and
composition of milk, regarding dairy processing filtration? Can an FT-IR device be
calibrated after the content of fat, protein and lactose?

- Investigate flux tendencies, rejection, fouling and cleaning of the two
membranes using water and milk with 0.1 and 3.5 % fat, different pressures
and flow rates

- Investigate the content of the filtration streams

- Compare the performance of flat sheet membrane with the hollow fibre
membrane

- Calibrate the FT-IR device with obtained concentration of fat, protein,
lactose and total solids from permeate samples



Chapter 2

Theory

2.1 Milk composition

Milk’s composition differs from which type of milk is in question. Humans have
been using milk from cows, goats and sheep as food and it contains nutrition value
to sustain life. [10] Milk consist of ~87 % water, which is also described as milk whey
and 13 % is fat, proteins, lactose and minerals suspended or dissolved in the water.
[4] This is defined as total solids. The composition can vary depending on cow
breed, feeding and stage of lactation. The average composition is listed in Table 1.

Table 1 - Average composition of cow milk [4]

Components Average composition (%)
Water 87.5
Fat 3.9
Proteins 34
Lactose 4.8
Minerals (ash) 0.8

2.1.1 Fat

Milk fat is what in everyday terms is described as cream. The fat exists as globules
or droplets surrounded by a milk fat globule membrane (MFGM) and emulsifies in
an oil in water emulsion. [11] The sizes of the globules range from 0.1 - 20 um, with
an average of around 3.5 pm and there are ~10' globules per mL milk. Triglycerides
(TAG) is the most dominating lipid in milk fat, but it also contains di- and
monoglycerides, fatty acids, sterols, carotenoids and vitamins. It consists of a
glycerol backbone joined to three fatty acids where the fatty acids can be saturated
or unsaturated depending on the bonding between carbon atoms. The structure of
a TAG can be seen in Figure 4 [12].
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Figure 4 - Triglyceride structure [12]

The MFGM consist of phospholipids, lipoproteins, cerebrosides, proteins, nucleic
acids, enzymes, trace elements (metals) and bound water. The slight yellow colour
of cream comes from carotenoids in the fat. [10] A constant exchange of the
components in the MFGM and the surrounding milk changes the composition and
thickness of the MFGM. The composition of a milk fat globule is illustrated in Figure
5. [4]

Triglycerides
Diglycerides
Fatty Acids
Sterols
Carotenoids
Vitamins: A, D, E, K

Phospholipids
Lipoproteins
Glycerides
Cerebrosides
Proteins
Nucleic acids
Enzymes
Metals
Water

Figure 5 - Composition of a milk fat globule [8]
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2.1.2 Proteins

Proteins consist of 20 a-amino acids that are linked in a specific order. The amino
acids have an amino group (NH-2) and a carboxyl group (COOH) bound to the same
carbon. The general structure of alfa amino acids is shown in Figure 6. [4]

Figure 6 - The structure of general amino acid [4]

Casein and milk whey proteins are the major proteins of milk but there are also
proteins present in the MFGM. There are 78.3 % caseins proteins, and 19 % milk
whey proteins present in milk. They can be distinguished from each other by their
different behaviour. Caseins can be precipitated easily while the milk-serum
proteins would still be dissolved. Caseins micelles have an average diameter of 0.4
pm. The MFGM proteins are released from the membrane by mechanical action e.g.,
by churning cream into butter. MFGM proteins have a small count of different
proteins which are gathered and constitute 2.7 % of the total protein count. [10] [4]

Caseins are mostly connected by calcium-phosphate linkages to form colloidal
spherical micellar structure but up to 10 % of the total casein concentration occurs
as monomers. [10] The micelles have an average diameter of about 150 nm but wary
much in size which is smaller than fat globules. The internal structure of the casein
micelle is still under debate and different models have been proposed with the same
main characteristics. [4] asi-casein, as-casein and [-casein are concentrated in the
centre of the micelle due to the high content of sulphuric bridges formed between
asi-casein and as-casein. [3-casein are the most hydrophobic casein where it has a
polar head and an apolar tail like a surfactant. k-casein are on the surface of the
micelle due to its hydrophilic properties. The micelles are kept in suspension by
hydrophobic interactions, electrostatic interactions by the phosphate bridges and
hydrogen bonds. [10] [4] [13] The micelle is dynamic where it keeps exchanging
components with surroundings. [4]
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Milk whey proteins from cows consist mainly of B-lactoglobulin, where a-
lactalbumin is present in milk from all mammals and have a high nutritional value.
Immunoglobulins are antibodies synthesized in response to stimulation by specific
agents. They can act against bacteria and flocculate them. [4]

Proteins in the MFGM protect the fat globule by covering the surface and stabilize
it in the emulsion. The typical types of proteins in the MFGM are phospholipids,
protein and glycoprotein. [4]

Enzymes

Enzymes in cow milk come from bacteria or the udder. Enzymes are types of
proteins that can affect chemical reactions in terms of speed and course of the
reaction. Up to 70 different enzymes have been identified in raw milk, but many of
them do not have access to substrates needed to activate them. Some of the active
enzymes can affect the milk during storage and processing. Pasteurization partly
destroys most of the enzymes, but sometimes a higher temperature for a longer time
is required. [4] [14] The enzymes in question are catalase, plasmin and lipase.
Catalase can determine if the udder the milk has come from is diseased or healthy.
Other bacteria can produce similar enzymes. [4] Plasmin is present in the MFGM
and the caseins micelles and are secreted through the bloodstream and therefore
also gives an indication of the udder’s health state. [10] [13] Lipase splits fats into
glycerol and free fatty acids and for cow milk, the main lipase is lipoprotein lipase
(LPL). The content of LPL is usually low, and it is connected to the casein micelles.
The free fatty acids in milk result in a rancid taste. [4][10]

2.1.3 Lactose

Lactose is the main sugar in milk and is a disaccharide of galactose and glucose. It
is not as sweet as other sugars, 30 timers less than cane sugar. The structure of
lactose is illustrated in Figure 7. [4]
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Figure 7 - Structure of lactose

When the milk goes scour the lactose is fermented into lactic acid. Lactose is mostly
dissolved in the whey during cheese making and lactose can crystallize at 93°C. The
lactose crystals are used in infant formula since human milk contains lactose.
Lactose is the main substrate for starter culture microorganisms during the
production of cheese, yoghurt and other fermented dairy products. [10] [4]

2.1.4 Minerals, vitamins and somatic cells

Milk contains several mineral salts where the main salts are calcium (1200 mg/L),
sodium (500 mg/L), potassium (1500 mg/L) and magnesium (120 mg/L) along with
some trace elements such as iron (400 pg/L), aluminium (500 ng/L), copper (120
pg/L) and zinc (4000 pg/L). The minerals can be dissolved in the milk serum or be
present in casein compounds. [10] [4] Minerals are essential nutrition for human and
animals.

Milk also contains several vitamins and are existential for a normal life process.
Some vitamins in milk are soluble in fat (A and D) and others in water (B’s and C).
Lack of vitamins for humans can among others course night blindness, indigestion
and scurvy. [4] Milk also contains somatic cells which is a mix of milk-producing
cells and immune cells from the cow. The content of somatic cells in the milk
indicates the health of the mammary and the quality of the milk. If the content of
somatic cells in milk is low the udder it came from is healthy. [4] [15]

2.1.5 Bacteria

Bacteria are unicellular organisms found in almost all environments and have a
variety of functions. It classifies under the term microorganisms where bacteria
range in size from 0.5-5 pm. Some bacteria cause diseases and spoil food, others are
useful to manufacture food and other valuable compounds. Bacteria needs nutrition
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to grow such as proteins, fat and carbohydrates. These organic compounds are
broken down by the bacteria to help growth, which leads to spoilage of food. The
most efficient way for bacteria to develop is within a certain temperature limit. [4]

Bacteria are also found in milk, however, when produced by the cow it is almost
sterile but is infected with bacteria before it left the udder, because bacteria enter the
udder through the teat canal. These bacteria are usually flushed out at the start of
the milking process. The main source of bacterial contamination is from bad hygiene
at the farm. The cleanliness of the milking machine and the cow’s udder have a large
impact on the bacteria content in the milk. The temperature of the milk when stored
at the farm is important since milk is highly nutritious and therefore gives s great
growth factor for the bacteria under the right temperatures. Milk is being processed
today to minimize the bacteria content and thereby give long shelf life because the
milk does not spoil as fast when processed. Some bacteria in raw milk can cause
food poisoning which is why it is not recommended to drink raw milk. [4]

2.2 Microfiltration

A membrane can be defined as a semipermeable barrier that allows passage for one
or more components in a solution from one medium to another and limits the
passage of other components. [16] [17] For microfiltration the driving force of the
separation process is pressure across the membrane. [7] [16] In this project two
different membrane types are used. The hollow fibre membrane is a microporous,
symmetric membranes. If a membrane is symmetric, it has the same structure
throughout the material. The flat sheet membrane used can be defined as a
microporous, composite membrane that has two layers of different polymers with
different thickness, pore size and porosity [18]. The active layer of the membrane is
thin and dense and supported by a ticker more porous layer. The active layer
provides high selectivity, and the support layer should not influence the filtration
other than supporting the active layer. [7] [16] The separation mechanism is based
on the size of the pores of the membrane and the size of the components filtered.
[16] For MF membranes the pore size ranges from 0.1-10 pm where components
smaller than pore size pass through the membrane and components larger than the
pore size are retained. With a quite large pore size compared to other filtration types,
the operation pressure for the separation is low and ranges from 0.1-3 bar. [7] [16]

Management of the flow direction on the membrane surface is important for the
permeate flux and fouling. To manage the flow two filtration techniques, crossflow
filtration and dead-end filtration have been developed. In crossflow filtration, the
feed is pumped at a velocity parallel to the membrane surface and reduces the
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formation of a cake layer on the membrane surface. In dead-end filtration, the feed
is pumped straight at the membrane surface. The two filtration types are illustrated
in Figure 8. [19]

Dead end Cross flow
feedwater
\®)
©
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Figure 8 - Dead-end filtration and crossflow filtration techniques [20]

The transport mechanism for porous MF membranes can be described with the pore
flow model which is based on the pressure gradient driven convective flow of the
components through the membrane pores. This can be explained by Darcy’s law
which is given in equation 1
dp
Fi = kCi E (1)

Where dp/dx is the pressure gradient, ci the concentration of the component and k
is the intrinsic permeability coefficient of the membrane. The simple diffusion

process is slow compared to the pressure-driven convective flows across the
membrane. [16] [21]

When a pressure gradient is applied, convective flow takes place and can affect the
driving force meaning each component is transported through the membrane at a
rate that is proportional to its mole fraction and the pressure gradient. This is called
viscous flow and it is not by itself very efficient in terms of selectivity in a porous
membrane. Viscous flow is present if there is a pressure drop on both sides of the
membrane. [16]

Crossflow velocity is affecting the hydrodynamic conditions in the membrane cell
and is defined as the is the linear velocity of the flow tangential to the membrane
surface. This affects the concentration polarization and the fouling rate. [22]
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The rate of mass transfer during the separation is defined as membrane flux and for
MF membranes given as

F=a-AP 2)

Where F is the membrane flux, o the permeability constant and AP the
transmembrane pressure. [16] The membrane flux depends on the structure of the
membrane such as pore size and porosity. Therefore, the Hagen-Poiseuille and
Kozeny-Carman equations can be applied to determent the membrane flux. They
take into account the different ways membrane pores are structured. [16] [19] For
MF membranes it is important to have a narrow pore size distribution and high
porosity to get effective membrane flux. [16] The membrane flux is proportional to
the membrane permeability and driving force. The flux is inversely proportional to
the membrane thickness, which means the lesser the membrane thickness, the
higher the membrane flux will be and vice versa. For MF the type of transport across
the membrane is passive transport which is the type of transport that is totally under
the influence of the driving force. [16]

As mentioned before the driving force is pressure across the membrane also defined
as the TMP. It is the pressure difference between the feed side and the permeate side
and is given by when filtering in crossflow mode:

P +P
TMP = Fz R _p ©)

Where Pris the pressure and the feed inlet, Pr is the pressure of the retentate outlet
and Pr is the pressure on the permeate outlet. TMP for most membrane filtration
systems is between 0.2 and 1 bar. [1] [19]

Performance of the membrane can be measured by measuring the permeate flux (J)
of the membrane. It can be defined as the permeate volume through the membrane
per unit area and is given by

J== @)

Where Q is the permeate volume (L) and A is the membrane area (m?). [16] The
permeate flux is measured over a period of time, which makes the unit L (h m?)* in
this project and indicated as LMH.

Important parameters of the membrane are selectivity and permeability. Selectivity
is the ratio of the permeability of two solutes. High selectivity is desired since it
results in a better separation of the two solutes. Permeability is a measure of how
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much solution is passing through the membrane per time, surface area and pressure.
Usually, a membrane with high selectivity has low water permeability and vice
versa. This is called the permeability/selectivity trade-off, which means a
compromise is needed between the two factors. [16] [23] The permeability is
calculated as the flux divided by the corresponding pressure in this project.

Selectivity of the membrane can be measured by rejection (R), which determents
which solute is detained by the membrane and is described as

Cp
R=|1-—)-100% )
Cr

Where C; is the concentration in the permeate (mg/L) and Ct is the concentration in
the feed (mg/L). [16]

Some retention rating is based on molecular weight cut-off value (MWCO), which
is the lowest molecular weight at which 90 % of the solutes are retained by the
membrane [19].

Using membranes in the industry have some advantages and some drawbacks
where their largest advantages are that membrane filtration does not necessarily use
heat during the filtration and therefore saves a huge amount of energy. Other
advantages are flexibility because the membrane plant design is simple, and the
process can easily be combined with other processes which can increase the
efficiency of the overall process. [7] [16] Membrane processing have some
drawbacks where fouling is the biggest. Fouling affects the selectivity, permeability
and performance of the membrane. Fouling occurs in different states and is a
blockade of pores either on the membrane surface or in the pores of the membrane.
This happens over time as the membrane is used but some degree of fouling is
reversible by cleaning of membrane, where other is irreversible. The most common
type of fouling is concentration polarization which occurs when filtering along the
membrane retained feed solids accumulate at the surface of the membrane making
the concentration of solutes higher in the surface than on in the bulk. This will make
solutes adsorb on the surface of the membrane and create a Stern-layer and diffusion
of solutes from the Stern-layer to the bulk on the retentate side will happen, due to
the higher concentration in the Stern-layer. [7] [16] [21]. This is illustrated in Figure
9.
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Figure 9 - Schematic of concentration polarization with cake layer formed [7]

The degree of fouling depends on the feed composition and type of membrane and
filtration technique, but there are four main fouling mechanisms besides
concentration polarization. These are illustrated in Figure 10: adsorption, pore
blocking, cake layer formation and depth fouling. [24]

Adsorption Cake layer formation

Pore blocking Depht fouling

Figure 10 - Four main types of fouling: adsorption, cake layer formation, pore blocking and depth
fouling [24]
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Pore blocking and cake formation are typically considered short-term reversible
fouling that can cause a decrease in flux over time. This type of fouling can be
reversed with a cleaning procedure. Pore blocking and depth fouling can over time
cause irreversible fouling which cannot be removed by cleaning and causes the
membrane to be replaced. [24] These main drawbacks will cause low membrane life
and thereby needs to be replaced regularly. Polymeric membranes have the lowest
life span where ceramic membranes have a longer life span due to that it is more
resistance against harsh chemicals. [16] [25] Membranes needs to be cleaned after a
filtration cycle. It will remove some of the fouling on the surface of the membrane
and restore some of its performance. Cleaning happens when backwashing the
filtration system with water typically. Chemicals can also be added to the
backwashing cycle to remove even more fouling from the membrane. This will
expand the membranes life even though fouling material can be adsorbed into the
membrane pores and clog them over time [19].

2.2.1 Membrane material properties

Membranes are made of a certain material with the thought to make the membranes
as strong and resistant as possible to prolong their life as much as possible. The
membranes used in this project are both made of polypropylene (PP). Properties of
the membranes can be found in Table 2 and Table 3. Both membranes have a pore
size of 0.2 um, which means it should be possible to filtrate fat, bacteria and proteins
with both membranes [1]. PP is one of the most used polymers for MF membrane
fabrication due to its high chemical resistance, good thermal stability and low cost.
The PP polymer can be seen in Figure 11.
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Figure 11 - Structure of PP and PVDF

PP is hydrophobic and therefore can be modified to be more hydrophilic, so it is
more suitable for aqueous solutions [26]. The hollow fibre membrane is originally
made for other purposes than microfiltration such as membrane distillation and gas
filtration but can be activated to make the membrane hydrophilic [27]. The flat sheet
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membrane is made with a mix of PP and PVDF where PP acts as a support layer for
the PVDF which is the active layer of the membrane and the part during the
filtration [7] [28] [29]. The PVDF polymer can be seen in Figure 11. The PVDF
polymer can be modified by the manufacturer to be more hydrophilic.

The degree of hydrophobicity of the membranes is a relevant factor in regard to
filtering organic solutions as milk, where fouling can be increased if the membrane
is hydrophobic by interactions between components in the milk and the surface of
the membrane. This is defined as membrane-foulant interaction where a foulant
particle, which mostly is protein regarding milk composition, travels through the
layer of concentration polarization to the membrane surface where non-covalent
interaction such as hydrophobic interaction occurs. This interaction happens due to
the hydrophobic core in the protein interacts with the surface of the hydrophobic
membrane to exclude water molecules from forming hydrogen bonds with each
other near the surface. [30] [31] This interaction is relatively weak as an individual
but collective it is a huge driving force for adsorption to hydrophobic interactions
[31]. When the membrane surface is covered with proteins that have adsorb and
blocked the pores in the membrane the layer of fouling on the surface increases by
foulant-foulant interactions. The proteins make a hydrophobic interaction with each
other and form aggregates that further develop the layer of fouling, which can end
up making a gel layer when a critical concentration is reached [30]. This influences
the flux by decreasing it but increases the rejection.
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Chapter 3

Materials and methods

3.1 Membrane characteristic

The flat sheet membrane is an MPF2 from Alfa Laval 20x20 cm sheets. The
properties are listed in Table 2. The sheet is cut to fit into the flat sheet test cell. The
porosity of the FS membrane is determent by the method in section 3.5.3. The

crossflow velocity is calculated from the feed flow rates obtained in section 3.4.2.

Table 2 - Flat sheet membrane characteristics [28]

Support material
Coat material
Pore size (um)
pH range (reference temperature 25°C)
Typical operating pressure (bar)
Temperature (°C)
Porosity (%)

Calculated membrane areal (m?)

pr
PVDF

0.2
1-11

1-3
5-60
42.5

0.00557
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The hollow fibre membrane module contains 19 PP membranes (Hollow fibre
membranes (3M, Accurel pp s6/2) cut to 19 cm. The properties are listed in Table 3.

Table 3 - Hollow fibre membrane characteristics [27]

Material Polypropylene

Wall thickness (mm) 0.45
Inner diameter (mm) 1.8
Outer diameter (mm) 2.7
Length of fibres (cm) 19
Shell diameter (cm) 2.1
No. of fibres 19
Porosity (%) 73
Average pore size (um) 0.2
Implosion pressure (bar) 4

Calculated membrane areal (m?) 0.02041

3.2 Milk composition

For the experiments, commercial skimmed milk was used to be as gentle to the
membranes as possible and to prevent fouling. The content of the skimmed and
whole milk used can be seen in Table 4 and Table 5. It is taken into account that the
content of carbohydrate more or less corresponds to the content of lactose. [32] The
total solids content of the milk but is assumed on the bases of these sources. [33] [4]
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Table 4 - Skimmed milk composition

Fat (%)
Lactose (%)
Protein (%)

Riboflavin (B2) (mg)
Calcium (mg)
Phosphor (mg)
Total solids (%)

Table 5 - Whole milk composition

Fat (%)
Lactose (%)
Protein (%)

Riboflavin (B2) (mg)
Calcium (mg)
Phosphor (mg)
Total solids (%)

3.3 System setup

0.1
4.7
3.5
0.17
124
97
13

3.5
4.6
34
0.17
119
94
13

The MF system consists of a feed stream controlled by a magnet drive gear pump
(Fluid-o-Tech, Model MG309XDOPEO00000), Italy). Figure 13 shows the schematic
setup of the system with the HF membrane module connected to the system. The
flow is measured with a flow meter (Blue-White, F-450, USA) and the permeate
collector is placed on a weight (KERN & SOHN), Serial no.: WD170057684,
Germany) to measure the permeate as it increases. The membrane types are switch
between hollow fibre and flat sheet membranes. The FS membrane is placed in a cell
(SPINTEC Filtration, static cell, model STC) with crossflow conditions. To make the
exchanging the membrane most optimal the membranes have different feed outlet
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points on the system before entering the membrane. The difference can be seen in
Figure 12.

Figure 12 - Microfiltration set-up with hollow fibre membrane attached on the left, and flat sheet
membrane attached on the right. The membranes are circled out to indicate the different feed outlet.
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Figure 13 - Schematic diagram of the setup

3.4 Filtration experiments

Experiments were performed with water and milk with 0.1 % and 3.5 % fat as filtrate
respectively.

3.4.1 Activating membranes

The FS membrane was cleaned before use as instructed by Alfa Laval. The system
was flushed with water for 10 min then flushed with water at 45°C for 10 min. 1 M
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NaOH was added until the pH reached 9.5 and circulated in the system for 30 min.
Then the system was flushed with water until pH 7 was reached. [28]

HF membrane was activated before use to make it hydrophilic. This was done by
flushing the system with a solution of 50 % v/v isopropanol (100%, VWR, Germany)
for 30 minutes. Then the system was flushed with water for 30 min [34]

Both membranes cannot dry out after activation and cleaning, so the flat sheet
membranes were kept in a beaker filled with demi water and the hollow fibre
membranes were filled with demi water on the inner shell, kept closed with parafilm
and topped with demi water every 3-5 days depending on the water level in the
membrane.

3.4.2 Flow rate analysis

To test the flow rate of the pump 4 L water was put in the feed tank, and the time it
took for the water to run through the system without a membrane attached was
determent. The test was performed with varied RPM (600, 1200, 1260, 1350, 1800,
1920, 2160, 2400, 3000, 3600 RPM)

3.4.3 Water filtration

Both membranes were tested with water as filtrate. This was done with 2 L water in
the feed tank and tested at 3000 RPM with varied pressures (0.7 bar and 1.4 bar).
The permeate collected was measured by weight every five minutes for one hour.

3.4.4 Milk filtration

Filtrations were performed with 2 L milk at 5°C in the feed tank and tested at 3000
RPM with varied pressures (0.7, 1.4, 2.1, 2.8, 3.1 bar). The permeate collected was
measured by weight every five minutes for two hours to measure the flux. After
filtration 75 mL permeate was collected for further analysis. The samples were
preserved with 8 mg bronopol (98 %, Aldrich, China)

A filtration experiment with varied pressure (0.7 and 1 bar) was also performed on
both membranes with 2 L skimmed milk (0.1 % fat) at 5°C and the test was
performed at 3000 RPM. The permeate collected was measured by weight every ten
minutes then the pressure was increased after each permeate measurement.

Filtrations for both membranes was also performed with different RPM (1260 and
3600) at 2.1 bar.
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To test the limits of the membranes a filtration with whole milk (3.5 % fat) was
performed at 3000 RPM at 2.1 bar.

Filtrations for 10 hours was performed to investigate fouling on the membrane at
1.4 bars at 3000 RPM. The permeate was measured every 5 minutes for the first 100
minutes and every 30 minutes for the rest of the filtration.

3.4.5 Cleaning procedure

The system was flushed with demi water 4-5 timers for 10 min each time. 2 L of 0.1
v/v % NaOH was flushed through the system for 20 min and after the system was
flushed with demi water for a further 10 min. The water flux was measured to
ensure the efficiency of the cleaning procedure. [35]

3.5 Explorative analysis

3.5.1 Chemical composition of permeate samples

The content of fat, protein, lactose and solids for 20 samples was determined at FOSS
(Hillered, Denmark). These analyses were performed with a MilkoScan-FT3 (2020).

3.5.2 Qualitative FT-IR analysis

A TENSOR II FT-IR spectrometer (Burker Optics) controlled by the OPUS software
and equipped with platin diamond attenuated total reflectance (ATR) was used to
analyse milk and permeate samples. The instrument was purged with nitrogen. The
instrument settings use for all analyses are listed in Table 6 [36]. The region of
interest for protein absorption is at 1546.8 cm, the region for lactose absorption is
at 1039.6 cm and the region for fat absorption is at 2873.6 cm [36].

Table 6 - Instrumental conditions

Resolution (cm™) 8
Number of scans 50
Beam splitter KBr
Interval of scanned data (cm™) 4000-600
Result spectrum ATR
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The background spectrum was scanned at the beginning of the measurement by
filling the ATR cell with Millipore Q-purified water and using the same
instrumental conditions for the measurement of the samples. The same procedure
was used for scanning blank spectra. After each scan, the ATR cell was clean in
several steps. First, the milk was wiped with a paper tissue. The plate was cleaned
with 5 % w/v detergent and wiped with a paper tissue and cleaned with demi water.
Thereafter the cell was coated with 10 % v/v EtOH and left to air dry before the cell
was cleaned with demi water and wiped with a paper tissue. [36]

3.5.3 Porosity measurement of the flat sheet membrane

The porosity of the flat sheet membrane was measured by the gravimetric method
which is based on measuring the weight of the liquid entrapped in the membrane
pores.

The active layer of the flat sheet membrane was peeled from the support layer,
weighed and soaked in kerosene oil (99 %, Aldrich, China) for 24 hours. The
membrane was wiped with a paper tissue and weighed. The overall porosity was
calculated according to the following formula:

(wl—w2)
Dy
(wl —w2) + w2
D, D

-100 %

Em (%) =

p

Where w1 is the weight of the wet membrane and w2 is the weight of the dry
membrane. Dk is the density of kerosene oil (0.82 g/cm?®). Dy is the density of the
polymer (PVDF 1.78 g/cm?). Three measurements were carried out and the average
was calculated. [37] [38]

3.5.4 Hydrophobicity analysis

A Thetra Lite optical tensiometer (Biolin Scientific) controlled by OneAttension
software was used to measure the contact angle of water in the flat sheet and the
hollow fibre membrane. The instrument was calibrated with a ball where the surface
and the ball need to be in the image. The camera was adjusted to optimal contrast
between the ball and the background, and a calibration session was performed. The
pipette was filled with demi water, and the membrane placed on the surface, so it
was visual in the camera image. Instrumental settings are listed in Table 7.
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Table 7 - Instrumental conditions

Analysis mode
Start saving when
Light phase
Liquid

Drop out size (ul)

Contact angle (Young-Laplace)
Stroke is at bottom
Air
Water 20°C
5000

The experiment was started and when the drop was formed at the tip of the pipette
it was stroked on the membrane surface and the recording started. Then the
recording was analysed by the software and the contact angle was calculated. [39]
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Chapter 4
Results and discussion

4.1 Flux and permeability tendencies of the microfiltration
membranes

To test the performance of the two membranes, the pure water flux was measured
at different pressures for 60 minutes. Figure 14 illustrates tendencies for each
membrane. For the FS membrane, the flux is relatively stable over 60 minutes and
follows the tendency that an increase of pressure increases the flux [40]. The HF
membrane shows a different tendency, where the pure water flux decreases over
time and higher pressure decreases the flux. The flux stabilises after 35 minutes at
0.7. bar and has a 59 % decrease in flux from the start of the filtration to it stabilises
over time. The HF membrane was newly activated to make it hydrophilic instead of
hydrophobic, so the fibres may still have a degree of hydrophobicity which can
cause adsorption of foulant on the membrane surface (concentration polarization)
and decrease the hydrophilicity over time and thereby the flux [41] [42] [43]. The
degree of hydrophobicity was tested for both membranes by measuring the contact
angle of the membrane surface and for HF membrane 6 = 47,6° and FS 6 = 29,3°.
With the highest contact angle, the HF membrane is more hydrophobic than the FS
membrane and thereby more exposed to further decrease in hydrophilicity over
time. Regarding the increase in pressure decreases the flux the figure shows, that at
higher pressure the flux is more stable from the start of the filtration with a 30 %
decrease in flux before stabilising, which can indicate the degree of hydrophobicity
has stabilised after activating the membrane. The small decrease in flux at a higher
pressure for the HF membrane can be due to an increase in concentration
polarization when increasing pressure [41]. At 1.4 bar the HF membrane has the
lowest flux compared to the FS membrane which can be due to both the degree of
hydrophobicity of the material, a small temperature difference in the water used
and thickness of the membranes. It has not been possible to measure the thickness
of the FS membrane but a visible change in thickness can be observed, where the
fibres are thickest. If the thickness of the membrane increases the flux decreases,
which is the general trend where the thinnest membrane (FS) has the highest flux
compared to the thicker membrane (HF) [43].
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Figure 14 - Flux as function of time at different pressures using water as feed a) FS membrane b) HF
membrane

To investigate the influence of pressure on the flux for both membranes, a filtration
with increased pressure over time was performed using skimmed milk. In other
studies done on milk with ultra and microfiltration the flux is between 10 and 20
LMH depending on the pressure, which is also the case for both membranes in this
project, as illustrated in [40] [44]. A decrease in flux is observed from Figure 14 to
when filtering milk instead of water. For the FS membrane there is a 90 % difference
and for the HF membrane 93 % difference in flux when filtering milk instead of
water at 1.4 bars. This indicates that the components in milk increase resistance to
permeation by deposition on the surface of the membrane as either concentration
polarization, fouling or both. The FS membrane has the highest and most stable flux
compared to the HF membrane. There is a small increase in the flux, from 18 LMH
at no applied pressure to 22 LMH at 1.7 bar, when increasing pressure over time,
but also a small drop in flux a 1 bar pressure.

As observed, the flux for HF is lower than for the FS membrane. From the average
flux, there is 49 % difference between the flux. The same conditions for the thickness
and material for the membranes apply to the difference in flux between the
membranes. When filtering milk the degree of hydrophobicity also makes protein
adsorb an aggregate on the surface causing fouling to build in and, on the
membrane, which is also a reason for a lower flux for the HF membrane [45]. Figure
15 shows that the HF membrane is more sensitive to change in pressure than the FS
membrane.
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Figure 15 - Flux as a function of pressure for HF and FS membrane using skimmed milk
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Figure 16 - a) Average flux as a function of pressure for HF and FS membrane using skimmed milk
with added standard deviations b) Flux as a function of time for HF and FS membrane using skimmed
milk at operating pressure 0.7 and 3.1 bar

To further test pressure influence on flux when filtering milk, both membranes were
exposed to filtration at pressures between 1-3 bars. The HF membrane was cleaned
after each filtration, and the FS membrane was at some filtrations used twice with
cleaning between them and then exchanged for a new to avoid a drastic increase in

fouling of the membrane. These filtrations are illustrated in Figure 16.
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The figure a) shows the same overall tendency as , where the FS membrane has the
highest flux compared to the HF membrane. As the operating pressure increases the
standard deviation increases indicating an increase in concentration polarization
and fouling at higher pressures. The flux does not increase as the pressure increases
which can indicate that the retained solutes at the membrane surface reach a gel
concentration which has a negative influence on the flux. [41] The flux for all the
filtrations is not above the flux for 0.7 bar. The membrane was not changed but
washed between filtrations at 0.7 and 1.4 bars and the drop in flux shows that the
cleaning was not efficient for the FS membrane. For the rest of the filtrations, the
membrane was changed for each filtration. The standard deviation is largest at 3.1
bar, which can be due to specifications of the FS membrane where the maximum
recommended operating pressure is 3 bars, which can be seen in Table 2. This can
influence the pores in the membrane by stretching so the pore size decreases, which
will make the flux decrease. The HF membranes maximum recommended operating
pressure is 4 bars, so the max operation pressure in this report should not influence
the flux. The flux increases 0.3 LMH from 0.7 to 1.4 bar, which is the only increase
in flux under different operating pressures. As the pressure increases the standard
deviation increases as well, which indicates that fouling it building over the time of
filtration. The decrease in flux at higher pressure can be due to gel formation on the
membrane surface. It also indicates that the cleaning procedure is not efficient
enough and does not remove all of the gel layer between filtrations and thereby
increases the gel layer the more pressure is applied. [41]

When viewing the flux over time for the lowest and highest operating pressure there
is a 9.7 % decrease in flux 0.7 to 3.1 bar for the HF membrane and a 10 % decrease in
flux from 0.7 to 3.1 bar. It is also observed there is a decrease in flux over time for
the five filtrations seen in Figure 16 b) which indicates an increase in concentration
polarization or fouling during the filtrations and the cleaning of the HF membrane
is not efficient enough.

The flowrates influence on the flux was tested by filtering skimmed milk at three
different flow rates (RPM settings) at 1.4 bar for each membrane. The results are
illustrated in Figure 17.
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Figure 17 - Average flux as a function of velocity at 1.4 bar for HF and FS membrane using skimmed
milk with added standard deviations

The FS membrane follows the expected trend where when the flow rate increases,
the flux increases as well [45]. For the HF membrane, the flux at 0.28 m/s does not
follow the trend and has a lower flux than then filtrating at 0.21 m/s. It can indicate
a very thick gel layer has been built on the surface of the membrane after many
filtrations, which limits the passage through the membrane [46]. This figure shows
that the flow rate has an influence on the flux in both membranes.

The flux was also examined for concentrations of fat in milk which is illustrated in
Figure 18.
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Figure 18 - Flux as a function of time at 1.4 bar for HF and FS membrane using skimmed (0.1 % fat)
and whole milk (3.5 % fat)

For both membranes, a decrease in flux is observed when filtering with whole milk,
with a significant decrease in flux at 44 % for the HF membrane and a small decrease
at 6 % for the FS membrane. This indicates that the Hf membrane is more sensitive
fat content than the FS membrane, which can be due to the higher degree of
hydrophobicity of the HF membrane which makes the lipids aggerate under ionic
calcium binding as Merin et. al. claims [43]. The aggregating should help provide
clear permeate, which is the case for this membrane. [30] [43]

The main difference observed when filtering with milk was the appearance of the
permeate from the two membranes. Pictures of the permeate from filtrations in
shown on Figure 16 can be seen in Figure 19.
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1.4 bar, 0.21 m/s, skimmed milk 21 bar, 0.21 m/s, skimmed milk

2.8 bar, 0.21 m/s, skimmed milk 3.1 bar, 0.21 m/s, skimmed milk

1.4 bar, 0.28 m/s, skimmed milk 1.4 bar, 0.21 m/s, whole milk

Figure 19 - Pictures of permeate filtered with HF and FS membrane at different pressures, velocity and
feed composition. Left: HF membrane. Right FS membrane

As mentioned before permeability and selectivity is a trade-off between each other
where permeability is how fast molecules move through the membrane, and
selectivity is the separation of molecules in the feed solution. If the permeability
increases the selectivity decreases and vice versa. This is believed to be the case for
the FS membrane when observing the appearance of the permeate. As the pressure
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increases, more molecules are pushed through the membrane, which increases the
permeability and thereby decreases the selectivity, which results in the permeate
gets more and more cloudy. [16] [23] It also seems that the increase of feed velocity
has an effect on the permeability/selectivity since the permeate at 0.28 m/s is cloudier
than 0.12 m/s and 2.1 m/s, which has a lower flow rate. The HF membrane makes
clear permeate throughout all of the filtrations which indicates a higher selectivity
for the HF membrane than the FS membrane.

To support the theory about the permeability/selectivity trade-off the permeability
has been calculated at the different operation pressure for both membranes and are
illustrated on Figure 20.
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Figure 20 - Average permeability as a function of pressure for HF and FS membrane using milk with
standard deviations added

This is the opposite of what was expected. The permeability decreases when the
pressure is increased even if it is observed that the selectivity decreases as well. This
indicates that fouling on the membrane increases and forms a boundary layer of
gelatinous material at higher operating pressure. The permeability decreases if there
is fouling present at the membrane surface [46] [47]. This is the case for both
membranes, but the FS membrane seems to be most affected with a decrease in
permeability from 28 LMBH to 12 LMBH where the HF membrane has a smaller
decrease from 16 LMBH to 8 LMBH. The fouling of the membrane will be discussed
further in the next paragraph.
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4.2 Fouling in the membranes

What has been observed so far in terms of fouling is that fouling is occurring at both
membranes since the permeability is decreasing for each new filtration performed
as seen in Figure 20, and the flux decreases over time. For the FS membrane fouling
must happen immediately as the filtration starts since the flux is mostly stable
throughout the filtration time as seen in Figure 16. This type of fouling seems to be
influenced by the increase of pressure since the permeability decreases more at
higher pressure. The FS membrane is also changed frequently so the fouling is not
building up over time if some of the fouling is irreversible. Long-time filtrations for
both membranes were performed to investigate the fouling of the membranes and
are illustrated in Figure 21.
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Figure 21 - Flux as a function of time for HS and FS membrane using skimmed milk

The figure shows different tendencies for the membranes. The FS membrane has a
small increase in flux, from 16 LMH to 18 LMH over the first 100 minutes and
afterwards, the flux decreases over time, which indicates more fouling is built
during filtration. The increase in flux can be due to an increase in the temperature
of the milk during the initial states of the filtration, which can increase the flux. It
could also be the system reaching steady-state conditions. The FS membrane seems
to have the largest decrease in flux over the long period of time from 17 LMH to 11
LMH compared to the HF membrane. The HF membrane has the largest decrease
in flux during the first 100 minutes from 12 LMH to 6 LMH, due to fat and protein
adsorption on the membrane surface.

38

700



The flux stabilises after 200 minutes and stays around 4 LMH. Taken into account
the HF membrane also has a degree of fouling at the beginning of the filtration as
shown in Figure 20, the flux has a significant decrease in the first 100 minutes of
filtration. Fouling occurs for both membranes at the start of the filtration and over
time where the HF membrane has most fouling at the beginning of the filtration
where the FS creates fouling over time. The HF membrane was used to make some
reference tests with water and skimmed milk before the filtrations at different
pressures were performed. These are illustrated in Figure 22.
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Figure 22 - a) Flux as a function of time at 0.7 bar with HF membrane before and after multiple filtrations
and using water as feed b) Flux a function of time at 0.7 bar with HF membrane before and after multiple
filtrations using skimmed milk as feed

This indicates that even with cleaning between filtration the HF membrane became
fouled over time and that some of the fouling is irreversible. The average pure water
flux of the HF membrane has decreased by 78 % after being used for multiple milk
filtrations. The pure water flux does not follow the same trend which can indicate
that it has reached a stable degree of hydrophobicity.

For milk as feed solution, the flux has decreased by 19.8 % after multiple filtrations
but follow the same trend as before the many filtrations. This indicates that a more
efficient cleaning procedure needs to take into account or changing the membrane
frequently. It could also be a possibility to pre-treat the milk and separate the fat
from the milk serum which would make the feed more suitable for these types of
membranes.
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4.3 Composition of permeate

Permeate streams from the filtrations with different pressure, flow rate, and fat
percentage for both membranes were analysed for the content of fat, protein, lactose
and total solids. The composition and rejection of the permeate streams are
illustrated in Figure 23. The sample at 2.8 bar for the FS membrane was spoiled and
therefore not analysed.
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The composition of the feed can be seen in Table 4. In general, the different
components do not follow the same trend when filtrating under different pressures
due to the different size of the components and their influence on the membranes.

The HF membrane has the highest rejection for fat filtration under different
pressures at 3.1 bar with a rejection of 96.7 %. There seems to be a small increase in
rejection at 2.1 and 3.1 bars but a small decrease in rejection at 1.4 bar. The trend
seems to be somewhat stable, with a small difference and small rejection increases
as the pressure increases. This can be due to the degree of fouling building in the
HF membrane over time. An increase in the gel layer will decrease the flux and
increase the rejection [48]. The FS membrane has the highest rejection of fat at 1.4
bars on 84 %, which is 12.7 % lower rejection than the highest rejection from the HF
membrane. The rejection at 3.1 bars is 8 %, which is very low rejection in general.
The reason for this can be that the recommended maximum operating pressure is 3
bars and can affect the shape and size of the membrane pores, which affects the
selectivity of the membrane. The permeate gets cloudier at higher pressures for the
FS membrane as seen in Figure 19. The decrease in selectivity should also decrease
the rejection.

Regarding protein rejection, the HF membrane has an increasing rejection with
higher operating pressure. At 2.1 and 2.8 bars the rejection is the same at 93.3 %,
which indicates the pressure increase does not have an effect in that pressure range
for this system. At 3.1 bars the rejection is 94.4 %, which indicates the HF membrane
filtrates fat better than protein. The FS membrane has the highest rejection of
proteins at 1.4 bars at 92 %. This is 2.4 % lower compared to the HF membrane. This
filtration is the exception for this trend since the rejection decreases as the pressure
increases. The reason for the sudden increase in rejection is due to that the
membrane has not been exchanged for this filtration but just cleaned, so fouling has
built on the surface of the membrane and increasing the rejection. The decrease in
selectivity at increased pressure should also decrease the rejection. The FS
membrane filtrates protein better than it filtrates fat, which can be due to some of
the protein content is adsorbed to the membrane.

The content of total solids in the permeate for each membrane is quite high since
some of the components that are included in this group is smaller than MF
membranes can filter. For the HF membrane, the rejection is decreasing at 1.4 bars
but increases as more pressure is applied to the system. The highest rejection is at
52.2 % at 3.1 bars for the HF membrane. This again follows the trend with an increase
in the fouling layer increases the rejection.
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The FS membrane has an increase in rejection as more pressure is applied until 2.1
bars which indicate that fouling is building on the surface as more pressure is
applied. The rejection decreases at 3.1 bars, which can be due to the pressure alter
the size and shape of the pores and influence the selectivity and rejection of the
membrane.

In the feed, the content of lactose is 4.7 % and as seen on the grey figure some
concentrations are higher, the rejection is in the negative. This can be due to
difference in the communicably bought milk and insecurities in the analysis
technique. Lactose was taken into account since some are using MF to reduce the
lactose content in some types of dairy products [2]. The lactose molecules are too
small to be filtered with this type of filtration using this pore size, so the results are
inconclusive and will not be included in the paragraph.

The feed velocity influence on the composition of the permeate was tested and are
illustrated in Figure 24.
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skimmed milk
Some of the same trends are observed when using different feed velocities as
different pressure for the analysed components.

The HF membrane has a 10 % higher rejection compared to the FS membrane when
filtering fat and the rejection increases with feed velocity for the HF membrane and
decreases at the highest feed velocity for the FS membrane.

For protein rejection, the trend for both membranes is that at 0.21 m/s the rejection
is highest. For the HF membrane, the difference in rejection is very small 1.1 % from
the highest to the lowest rejection, and for the FS membrane, the difference is larger
with a 4 % difference from the highest to the lowest rejection. The reason for the
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high rejection at 0.21 m/s could again be due to fouling because the FS membrane
was cleaned and not exchanged between two filtrations.

The content of total solids in the permeate follow the opposite trend for the HF
membrane when filtering proteins, where the rejection has a small decrease at 3.8 %
with at 0.21 m/s. The trend for the FS membrane is identical for the filtering proteins
with an increase at 0.21 m/s.

Between changing the pressure and the flow rate, increased pressure has the most
positive effect on rejection when filtrating fat and protein molecules but for total
solids, an increase in flow rate has the most positive effect on the rejection.

The composition in the permeate was also examined for concentrations of fat in milk
which is illustrated in Figure 25.
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Figure 25 - Concentration and rejection of permeate from filtrations under different flow rates, at 1.4 bar for

HF and MF membrane for fat (purple), protein (blue) and total solids (yellow), using skimmed milk (0.1 %
fat) and whole milk (3.5 % fat)
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The composition of whole milk can be seen in Table 5. The HF membrane has the
same rejection when filtering fat molecules from whole milk as for skimmed milk.
This can be due to the size difference of MFGM. When there is more fat present in a
milk type, the size distribution of the fat can be more varied. The MFGM vary in
size from 0.1-20 um [4], which indicates that a larger amount of the MFGM has a
smaller size and therefore pass through the membrane when filtering whole milk.
Why the rejection is the same can be due to protein adsorption from the MEGM on
the surface of the membrane, which will increase the rejection of fat. The FS
membrane rejection decreases when filtering fat molecules in whole milk, which
follow the theory about the size distribution of MFGM just stated. The decrease in
rejection when filtering whole milk is also the trend for protein rejection, which
matched the statement from filtration of fat since an amount of the protein content
in milk is in the MFGM [4].

There is an increase in rejection when filtering total solids in whole milk with the
HF membrane and a small decrease for the FS membrane. Since the exact number
of total solids in milk is not given it is assumed to be 13 % from the literature it can
be a larger amount in whole milk which will give a higher rejection if the membrane
can retain the components as it seems the HF membrane can [33] [4].

4.3.1 Qualitative FT-IR analysis of composition of permeate

FT-IR is normally a qualitative analysis method to investigate the composition of
components. This method has been made quantitative by some companies to e.g.,
analyse the composition of dairy products. The permeate samples were analysed at
the universities FT-IR machine to compare with the analyses performed at FOSS A/S
and investigate if it was possible to calibrate the in-house FT-IR for future analysis
of milk. This method can be used to determent if there are fat, protein and lactose
present in dairy products. The first step was to test milk with known content to see
if there was any difference between the curves in the spectra.

This was done with skimmed and whole milk which is illustrated in Figure 26. The
spectra look as expected from the literature [36].
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Figure 26 - Typical spectra of water (blank), skimmed and whole milk obtained by ATR-
spectroscopy

In the regions of interest is there a clear difference in the curves at the region where
fat is located. It is not a large difference in adsorption compared to the 3.4 %
difference of fat in the milk. These spectres will be used as reference samples for
further analysis. As seen in section 4.3 the concentrations of the different
components are close to each other regarding all three components. It is expected
not to be able to define FT-IR spectres from each other since the difference in fat
needs to be quite large to stand out. Lactose will not be taken into account since it is
assumed that lactose is not filtered, and the concentrations are inconclusive. Some
curves will be picked out and further described and compared to each other and the
reference cells. These are illustrated in Figure 27 with their corresponding
concentration for fat and protein in Table 8. A full-scale FT-IR spectre of Figure 27
can be seen in the appendix.
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Table 8 - Concentrations of fat and protein in permeate and retentate for five different filtrations

Sample 1 2 3 4 5
Crat 0.009 0.1 0.016 0.15 0.092
Cprotein 0.27 4.5 0.28 2.92 0.55
Water Skimmed milk Whole milk 1 2 3 4 5

500

Wavenumber (cm-1)

Figure 27 - FT-IR spectra for five samples of both permeate and retentate for filtrations

The content of fat and protein of skimmed milk can be seen in Table 4. The five
samples are all samples from filtration using skim milk as feed. The spectrum for
whole milk is illustrated to see if some of the samples have a higher peak, which is
not the case. Sample 1 has the lowest content of fat, sample 2 has the same
concentration of fat as skimmed milk and sample 5 has almost the same fat content
as skimmed milk. Overall, it is observed that samples with significantly lower fat
content have a lower peak compared to the peak for skimmed milk. Samples with
higher concentrations of fat have a peak closer to the reference for skimmed milk.
No trend is observed to distinguish the exact concentrations from each other since
sample 2 with the same concentration for skimmed milk has a higher peak and
sample 4 with a higher concentration of fat than skimmed milk has a lower peak.
The peaks in the protein region follow the concentrations in the samples, where
sample 2 and 4 have the highest concentration of protein and sample 1, 3 and 5 have
the lowest concentration. Sample 2 has a higher concentration of proteins than
skimmed milk, and also the highest peak in the spectra. Sample 4 has a small
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decrease in concentration than skimmed milk and the peak is a bit lower than the
peak for skimmed milk. The trend continuous for samples with low concentration
where sample 5 has the highest concentration in that region and sample 1 and 3 has
the same concentration and their peaks overlap. This makes the FT-IR method
capable of determent protein concentrations in a close range, but not fat
concentrations other than an overall tendency.
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Chapter 5
Conclusion

A flat sheet membrane and a hollow fibre membrane was used to filtrate milk with
0.1 and 3.5 % fat as feed solutions. Fluxes of approximately 10-12 LMH for the HF
membrane and 17-20 LMH for the FS membrane were achieved with feed solutions
of skimmed milk and a pressure range from 0.7-3.1 bars. Rejections of 91-97 % for
fat, 90-94 % for protein and 49-53 % for total solids were achieved for the HF
membrane and 8-84 % for fat, 84-92 % for protein and 44-52 % for total solids. The
thickness of the membrane influences the flux. An increase in pressure influences
the fouling building in the membrane which affects the flux negatively and the
rejection positively. The degree of hydrophobicity of the membranes has an
influence on the fouling in regard to protein adsorption at a higher degree of
hydrophobicity. The cleaning procedure was not optimal and could be improved,
however, it did remove some degree of fouling. Increasing feed velocity increases
flux and lowers the rejection for the FS membrane where no link was observed
between the flux and rejection for the HF membrane. Changing the fat composition
of the feed solution affected both membranes with lower flux and lower rejection.
This can be due to a change in the size distribution of the MFGM at higher
concentrations of fat in milk.

Some general trends were observed when comparing the qualitative FT-IR method
with the quantitative method. The intensity of the peaks for protein content follows
the concentration of protein with higher content of protein more intense peak. The
peak intensity for fat did not match the concentration of fat in the samples.
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Chapter 6
Perspectives

The cleaning procedure of the membrane would be the main improvement in this
project. The cleaning time could be increased, and some enzymatic cleaning agents
can be added to remove the biofilm and still be gentle on the polymeric membranes.
Fouling of both membranes was observed, however, it would be relevant to the
formation of fouling in regard to the degree of hydrophobicity of the membranes
but also in regard to pre-treating the milk to remove some of the components to see
if the degree of fouling decreased. The content of fat, protein, lactose and total solids
was investigated in this project, but it could also be interesting to investigate the
content of bacteria in milk, which is what MF usually do in regard to filtration milk.
It could be done with raw milk, so the milk is not processed before filtration. The
membranes used for this project differ in some of their properties such as thickness,
material and porosity. It could be relevant to have membranes with very similar
properties but different membrane designs, and that could be hydrophilic to
decrease the degree of fouling on the membranes.
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Chapter 8
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