
A geometric model to predict protein retentions during skim 
milk microfiltration

Hilda Lucy Nyambura a,* , Anja E.M. Janssen a, Albert van der Padt a,b, Remko M. Boom a

a Food Process Engineering Group, Wageningen University & Research, P.O. Box 17, 6700AA, Wageningen, the Netherlands
b FrieslandCampina, Stationsplein 4, 3818 LE, Amersfoort, the Netherlands

A R T I C L E  I N F O

Keywords:
Milk protein microfiltration
Casein micelle
Interfacial tension
Geometric model

A B S T R A C T

Microfiltration membranes can retain dissolved proteins to some degree, as result of interactions with other 
components. This work presents a geometric model to describe the limiting transmembrane pressure, flux, and 
the transmission of dissolved proteins. The effects of temperature and membrane pore size are observed in other 
factors such as viscosity, membrane resistance and rate of mass transfer. The model could predict the experi
mental transmembrane flux values at different temperatures. With a decrease in temperature from 15 ◦C to 5 ◦C, 
the viscosity increased from 1.6 mPa s to 2.2 mPa s while the rate of mass transfer decreased with decreasing 
temperature of the same range from 0.9 × 10− 6 m s− 1 to 2 × 10− 6 m s− 1. With a change in temperature, there 
was insignificant difference between the transmission of whey proteins. The same was observed with different 
pore sizes. This confirmed the hypothesis that the concentration polarization layer that determines the protein 
transmission being a sieving layer at pressures higher than the limiting transmembrane pressure.

1. Introduction

Bovine milk comprises of several proteins, classified into casein and 
whey proteins that have different functional and nutritional properties. 
Caseins are traditionally mostly used to produce cheese while whey 
proteins have many applications e.g. in sports and elderly nutrition [1]; 
[2–5]. Therefore, separating these fractions is crucial for the dairy in
dustry. One of the commonly used methods of separation of different 
components in bovine milk is crossflow microfiltration [6,7]. This is 
possible since caseins tend to be aggregated in micelles larger than 
approximately 100 nm, while whey proteins typically are mostly 
molecularly dissolved [8]; [7,9,10]. An advantage of microfiltration 
process is that products remain in their native form since no chemicals 
are added to the process. There are different types of microfiltration 
membranes used in industry with polymeric membranes gaining popu
larity over the years as compared to ceramic membranes [1]; [5,11–13]. 
Even though ceramic membranes have higher fluxes in comparison to 
polymeric membranes, polymeric membrane modules can have higher 
membrane surface area and be cost effective [14]. Hence, polymeric 
spiral wound membranes are preferred for this reason.

The choice of the membrane pore sizes, the material of the polymeric 

membrane, the module configuration and the operation conditions such 
as temperature all affect the separation efficiency [15,16]. At high 
processing temperatures of 50 ◦C, bovine milk microfiltration can give a 
permeate with a high serum protein content with essentially no caseins. 
Lower filtration temperatures of 10 ◦C and below, produce a permeate 
with whey proteins that are enriched with β-casein [16,17] and bacterial 
growth is curbed [9]. While giving poorer separation lower tempera
tures offer other advantages such as flux stability during extended 
fractionation periods and reduced fouling due to lower release of cal
cium phosphate and reduced denaturation of proteins [12,15]. Other 
studies showed that cheese produced from the retentate having reduced 
β-casein improved the spreadability during melting and was found to be 
less bitter due to slower release of peptides during aging [18]. However, 
lower temperatures also result in a lower transmembrane flux due to 
increase in viscosity, thus increasing processing costs. At the same time, 
whey proteins show some retention during microfiltration of milk, 
which may lead to suboptimal separation if not considered.

While most studies in this field have been experimental, several 
models have been created to predict the transmembrane flux to further 
understand the mechanism of skim milk crossflow microfiltration [19,
20]. Bacchin et al. developed a model for mass accumulation from a 
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polarized layer to a fully formed deposit layer during filtration using 
ultrafiltration membranes. They accounted for the properties of the 
suspension using osmotic pressure and compression resistance [21]. 
Additionally, description of the formation of a deposit layer during skim 
milk filtration has been described [22]. However, these approaches used 
dead end filtration and only described the effect this has on flux and 
behavior of membrane deposit in relation to pressure and filtered vol
ume. Gebhardt, using both microfiltration and ultrafiltration mem
branes, investigated the effect that the filtration forces have on the 
casein micelle [23]. When these micelles are deposited on the membrane 
surface, they negatively affect the filtration process, and this is majorly 
due to the change in structure of the micelle. With increased trans
membrane pressure, the shape of the micelles change from spherical to 
an oblate structure [23]. The effect of this change of shape on retention 
of other milk proteins during filtration has not been investigated. Bou
choux et al. used a milk example to provide a general approach for 
predicting the filtration of soft, deformable and permeable colloids [24]. 
They built a filtration model based of osmotic pressure and hydraulic 
permeability. This model can predict flux and concentration of the 
casein micelles in the deposit layer. The findings were that the con
centration of casein micelles increases towards the membrane surface 
and this negatively affect the permeate flux since the compression of 
these micelles reduces the permeability of this layer [24]. These re
searchers have demonstrated that casein micelles are soft and deform
able, and this has a negative effect on the flux. Further, Opong and 
Zydney [25], using a stirred ultrafiltration device evaluated the trans
port of bovine serum albumin through asymmetric polyether sulfone 
ultrafiltration membrane with different molecular weight cutoff Opong 
& Zydney, 1991. With this evaluation, they presented results of a hy
drodynamic model for the hindrance factors for convective and diffusive 
transport of spherical solutes through well-defined pores with the 
effective solute to pore size ratio evaluated from a partitioning model. 
Their model accounted for the ellipsoidal shape of the protein and the 
membrane pore size pores size distribution. The results of the model 
were in agreement with the results of the conducted experiment Opong 
& Zydney, 1991. Boyd and Zydney [26] extended the model presented 
by Opong and Zydney [25] to include solute transport through a 
multilayer membrane with emphasis on physical basis for the complex 
transport properties [26]. For this they used ultrafiltration membranes 
with different molecular weight cut offs (30 and 50 kD) stacked on to 
each other (in series) forming multilayers to evaluate the sieving of 
dextran. They found that the sieving characteristics of these multilayer 
membranes are dependent on the properties and orientation of the 
different layers [26]. These two models were based on dead end filtra
tion and do not include the effect of the change in the pore size of either 
when evaluated individually or when in multilayer format.

To the best of our knowledge, no models are available to predict the 
transmission of dissolved bovine milk proteins during microfiltration of 
milk that considers the behavior of casein micelles during the filtration 
process. During fractionation, casein micelles are retained by the 
membrane since they are bigger in size compared to the pores of the 
membrane. Due to this retention, a concentration polarization layer 
develops and increases with an increase in transmembrane pressure 
[27]. This layer acts as a dynamic membrane on top of the micro
filtration membrane and is responsible for the transmission of the dis
solved proteins [28]; [29]. The transmembrane pressure that is applied 
during filtration deforms the accumulated micelles from spherical shape 
to a different structure and this reduces the permeability of this layer. 
Reduced permeability would result in a decreased transmission of sol
uble proteins.

This work therefore proposes a simple geometric model to predict the 
transmembrane flux and transmission of soluble proteins during 
microfiltration of skim milk. The model will be compared to experi
mental data, with respect to the permeation behavior of casein and whey 
proteins α-lactalbumin, β-lactoglobulin and immunoglobulin M (α-la, 
β-Lg, and IgM, respectively) at different transmembrane pressures, 

temperatures, and pore sizes.

2. Materials and methods

2.1. Experimental design

Polymeric spiral wound microfiltration membranes were used to 
conduct skim milk fractionation. Table 1 summarizes the membrane 
types and manufacturers. A microfiltration membrane with an average 
pore size of 0.1 μm was used to investigate the effect of temperature on 
skim milk fractionation at 5, 10, and 15 ◦C. To evaluate the effect of 
membrane pore size, additional runs at 10 ◦C were done with mem
branes having 0.2 and 0.3 μm nominal pore size. Skim milk was deliv
ered 24 h prior to the experiments and stored at 4 ◦C. All experiments 
were conducted in duplicates; each set of duplicates was done with skim 
milk from a single batch.

2.2. Skim milk

Pasteurized skim milk was purchased from Jumbo supermarket with 
its original source from a FrieslandCampina factory in Rotterdam, The 
Netherlands. The pasteurization process is done in the factory at 72 ◦C 
for 20 s before being packaged and distributed to supermarkets.

2.3. Membrane installation

Microfiltration was performed using a pilot scale membrane filtra
tion unit as described by Ref. [30,31] with the schematic diagram as 
shown in Fig. 1. The membrane unit was equipped with a plate heat 
exchanger for temperature control between 5 and 15 ◦C at intervals of 
5 ◦C. Several microfiltration membranes as shown in Table 1 were used. 
The operation transmembrane pressures varied between 0.2 and 3 bar. 
All experiments were conducted at a crossflow velocity of 0.16 m/s in 
recirculation mode. An equilibration time of 45 min was allowed at each 
of the specific temperatures and transmembrane pressure to ensure 
stable conditions during recirculation mode.

2.4. Cleaning procedure

After flushing out the skim milk with water, an enzymatic cleaning 
was conducted using a solution of Divos 90 at 1 % (v/v) and Divos 80–2 
at 0.35 % (v/v) respectively. This solution was recirculated for 40 min at 
a temperature of 50 ◦C. Rinsing was done using tap water to a neutral pH 
at a temperature not higher than the cleaning temperature. Acidic 
cleaning followed using Divos 2 at 0.5 % (v/v) for 20 min at a temper
ature of 50 ◦C. This was followed by rinsing using tap water until neutral 
pH is achieved. The last step was alkaline cleaning using Divos 116 at 
0.8 % (v/v) for 25 min at 50 ◦C. After rinsing out the alkaline cleaning 

Table 1 
Geometric and hydrodynamic properties of membranes used for skim milk 
fractionation as provided by the membrane manufacturer. Water permeability 
was measured using the pilot scale membrane filtration unit. Overall, there was 
1–10 % loss in permeability after membrane cleaning.

Characteristics

Membrane Producer Suez GE Synder 
Filtration

Synder 
Filtration

Type number 1812 JX 1812 V0.2 1812 V0.1
Polymer PVDF PVDF PVDF
Pore Size (μm) 0.3 0.2 0.1
Membrane Diameter (m) 0.046 0.046 0.046
Membrane Length (m) 0.3 0.3 0.3
Active Area (m2) 0.38 0.334 0.334
Spacer thickness (m) 8.128 ×

10− 4
7.874 × 10− 4 7.874 × 10− 4

Water Permeability 
(lm− 2h− 1bar− 1) at 10 ◦C

105 ± 8 94 ± 4 85 ± 11
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compound, a clean water flux experiment is conducted using deminer
alized water to assess the effectiveness of cleaning. The clean water 
fluxes for each membrane are as shown in Table 1. All Divos cleaning 
agents were purchased from Diversey, The Netherlands.

2.5. Casein, serum protein and viscosity analyses

The analysis of casein and serum protein was done using High Per
formance Size Exclusion Chromatography (HPSEC), using two columns 
in series namely TSK G400SWxl 7.8 × 300 mm, 8 μm and TSK 
53000SWxl 7.8 × 300 mm, 5 μm by Tosoh Bioscience. The mobile phase 
applied consisted of 0.01 % Trifluoroacetic acid (TFA) in 69.9 % High 
Performance Liquid Chromatography (HPLC) grade water and 30.0 % 
Acetonitrile (ACN). The flow rate was 1.5 ml/min, the column temper
ature was kept at 30 ◦C and detection was done at a UV wavelength of 
215 nm. For the analysis of whey proteins, the casein was precipitated 
by adding 2 M hydrochloric acid and centrifugating at 7600 g for 10 
min. The supernatant was then analyzed using the abovementioned 
columns, eluents, and operation conditions. HPSEC calibration was done 
using casein and serum protein standards to aid in calculation of the 
actual concentration of casein and serum protein (see Appendix figure 
A.4 and A.5).

The viscosity of skim milk and samples collected during filtration 
were measured using an Anton Paar Rheometer MCR502 with a double 
gap geometry at the temperatures of 5 ◦C, 10 ◦C and 15 ◦C.

2.6. Calculations

The transmembrane pressure (Δptm) was defined using Equation 
(2.1). 

Transmembrane pressure=
[
Pf + Pr

2

]

− Pp (2.1) 

Where Pf, Pr, and Pp are the measured/set point pressures in the feed, 
retentate and permeate side of the membrane.

The transmission of a protein (T) was calculated using concentra
tions in the permeate (Cp) and retentate (Cr)as shown in Equation (2.2). 

T(%)=
Cp

Cr
× 100 (2.2) 

The transmembrane flux (u) was calculated from the permeate flow 

rate (V̇permeate) and the membrane area as shown in Equation (2.3). 

u=
V̇permeate

Membrane Area
(2.3) 

The mass flux of a protein, another measure of filtration performance 
of the membranes, was calculated by multiplication of the volumetric 
transmembrane flux and the concentration of each protein in the 
permeate as shown in Equation (2.4). 

Mass Flux= u × Cp (2.4) 

3. Modelling framework

The model is based on several observations during filtration of skim 
milk. During filtration of skim milk, casein micelles are retained by the 
membrane to a larger extent as compared to the serum proteins. In order 
to explain the effect that these micelles have on filtration, a geometric 
model is developed.

3.1. Model assumptions

3.1.1. Development of the concentration polarization layer
In the development of this model, several assumptions are made. The 

first set of assumptions are based on the development of the concen
tration polarization layer that consists of mainly casein micelles. It is 
assumed that filtration results in retaining and concentrating casein 
micelles near the membrane surface, and this is termed as concentration 
polarization. The second assumption is that an increase in trans
membrane pressure results in the increase of casein micelles on the 
membrane surface. The third assumption is that at a given critical 
transmembrane pressure, the first layer of micelles on the membrane 
surface reaches the concentration of the hexagonal close packing 
referred to as the developed concentration polarization layer. The fourth 
assumption is that further increase in transmembrane pressure above the 
critical transmembrane pressure results in compression of the casein 
micelles in the developed concentration polarization layer. However, 
the compressed casein micelles on the very first layer next to the 
membrane surface maintain the hexagonal close packing.

Fig. 1. Schematic drawing of the pilot scale membrane filtration unit used for the milk fractionation.
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3.1.2. Casein micelle layer structure and distribution over the membrane 
surface

Since microfiltration of skim milk is a pressure driven process, 
transmembrane pressure is increased to obtain permeate. It is assumed 
that when the applied transmembrane pressure reaches a critical value, 
the developed casein micelle layer appears and covers the entire mem
brane surface. Upon further increase of this pressure above the critical 
value, it is assumed that the casein micelle layer that covers the entire 
membrane surface is compressed uniformly along the membrane sur
face. Lastly this compressed layer is assumed to remain stagnant after it 
is formed [32].

3.1.3. Transmission of proteins
Since the goal of microfiltration of skim milk is to obtain the two 

distinct fractions of proteins (micellar casein and serum protein) sepa
rately, evaluation of transmission of serum protein is essential. To 
evaluate this transmission, several assumptions are made in order to 
develop this geometric model. It is assumed that both the membrane 
pores and the pores in between the casein micelles referred to as inter
stitial pores can retain serum proteins and reduce their transmission into 
the obtained permeate. In description of transmission of serum proteins, 
only size exclusion based on the protein size and the pore size will be 
taken into account. The sizes of serum proteins are as follows: β-lg has a 
diameter of 3.5–4.2 nm, α-lg has a diameter of 1–2.5 nm and IgM has a 
diameter of 25–37 nm and are assumed to be hard spheres [33–35]. 
Casein micelles at a pH of 6.7 are assumed to be monodispersed, soft and 
deformable spheres which are much larger in size with an average 
diameter of 250 nm [36]; [37,38]. All other possible interactions not 
related to size exclusion will be neglected. In our approach, we assume 
that approach by Ferry is sufficient in description of resulting serum 
protein transmission from size exclusion. We can understand this by 
considering that for a molecule of a known size in a pore with a known 
radius, simple geometric exclusion from the membrane pore would lead 
to an a given transmission or exclusion factor [39] (equation (3.1)). 

Φ=

(

1 −
rs

rp

)2

(3.1) 

In our case the exclusion factor for a pore of 0.2 μm would be 0.67 to 
0.96, leading to a moderate intrinsic retention by the membrane alone 
(equation (3.1)). The transmission of serum proteins can therefore be 
described as (equation (3.2)): 

Cp

Cm
=Tr (3.2) 

Equation (3.2) holds true that the membrane is responsible for 
sieving when the applied transmembrane pressure is below the critical 
transmembrane pressure. Based on this, it is therefore assumed that 
below the critical transmembrane pressure, the size of the interstitial 
pores in the less developed concentration polarization layer is too large 
to effect any retention of serum proteins. Hence only equation (3.2) is 
applicable in the description of serum protein transmission. As earlier 
stated, the transmembrane pressure is increased to have a positive effect 
on permeate. Therefore, when the transmembrane pressure is increased 
above the critical point, it is assumed that the resulting compressed 
casein micelle layer begins to impact the transmission of serum protein. 
Additionally, it is only the very first layer of this compressed casein 
micelle layer which is next to the membrane that impacts the serum 
protein transmission. The last assumption is that the total transmission 
of serum protein across fully developed concentration polarization layer 
and the membrane is the product of transmission across this layer and 
the transmission across the membrane. This assumption is applicable 
when the transmembrane pressure is above the critical transmembrane 
pressure.

3.2. Model development

With the stated assumptions, a geometric model is developed for the 
decrease in transmission at larger fluxes. During filtration process, both 
the developed concentration polarization layer and the membrane offer 
resistance to the transmission of proteins. At the beginning of this 
filtration process with positive but minimal application of pressure, only 
membrane resistance is significant. This is because the concentration 
polarization layer has not fully developed and the interstitial pores in 
between the casein micelles are relatively large (Fig. 2) to offer any 
retention. Calculation of the size of the interstitial pores can be done 
taking into account only three spheres in contact [40]. 

A=AT − AC = r2
(

̅̅̅
3

√
−

1
2

π
)

≈ 0.161 r2 (3.3) 

These pores have a triangular shape. We do not know what influence 
the shape of the pores has on the transmission of any molecule, and 
therefore we convert the cross-sectional area into an equivalent hy
draulic diameter using equation (3.4): 

dh =
4A
P

(3.4) 

Where P is equal to πr for a triangle made up of three parts of a sixth of a 
circle (see Fig. 2a). This leads to 

dh =

4r2
(

̅̅̅
3

√
− 1

2 π
)

πr
= r

(
4
π

̅̅̅
3

√
− 2

)

≈ 0.205 r=0.103 dcas (3.5) 

For an estimated dcas of 250 nm, with transmembrane pressure below 
critical transmembrane pressure, the typical interstitial pore size would 
be 25 nm. This is too large to induce any retention of dissolved milk 
proteins and implies that the smaller proteins such as β-lg, α-lg and IgM 
can have significant transmission through this layer.

As soon as there is increase in pressure, the soft casein micelles 
deform and compress onto each other [41]; [5], resulting in smaller 
interstitial pores, like a draining foam (see Fig. 2b). Geometric consid
erations then show us that the resulting pore area can be described using 
equation (3.6). 

A=

(
̅̅̅
3

√
−

1
4

π
)

r2
d (3.6) 

Therefore, rd is smaller than the radius of the micelles, due to the 
compression. The pressure that causes the compression and the resulting 
rd are related by the Laplace pressure, which in this case is Δp = γ/rd (the 
relevant pores are tubelike pores between three micelles, so there is only 
one curvature). Th is Δp is created by the pressure gradient over the 
layer of casein micelles on the membrane; γ is the measure of energy that 
is required to deform a casein micelle such that its surface area increases 
[42]. This gives then for the cross-sectional pore area: 

A=

(
̅̅̅
3

√
−

1
4

π
)

r2
d =

(
̅̅̅
3

√
−

1
4

π
)(

γ
Δp

)2

(3.7) 

We can now derive the equivalent rh of such a pore by using equation 
(3.8). 

rh =
2A
P

=

(

2
̅̅̅
3

√
− 1

2 π
)

r2
d

πrd
=

(
2

̅̅̅
3

√

π −
1
2

)

rd =

(
2

̅̅̅
3

√

π −
1
2

)(
γ

Δp

)

≈ 0.603
γ

Δp
(3.8) 

As we can see, an increase in pressure over the layer of micelles Δp 
will mean more deformation and a subsequent reduction in the inter
stitial pore size rh. At some moment, these pores will have a size similar 
to the hydrodynamic radius of the permeating proteins. Size exclusion 
will then occur. The simplest model describing size exclusion is Ferry’s 
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equation [43]; [39,44,45]: 

Cm

Cb
=

(

1 −
rs

rh

)2

(3.9) 

As mentioned before the membrane pores give rise to some size 
exclusion. We can measure this exclusion during filtration when the 
transmembrane pressure is below critical transmembrane pressure using 
equation (3.2) (situation at which the fully developed concentration 
polarization layer is not yet fully developed or present on the mem
brane). When the increase in transmembrane pressure reaches and 
surpasses critical transmembrane pressure, the concentration polariza
tion layer becomes fully developed and compressed. At this juncture, we 
then have two layers in series that both give rise to size exclusion. The 

first is the membrane, as discussed; the second compressed micellar 
layer.

If we combine the effect of both the fully developed compressed 
concentration polarization layer (the very first layer next to the mem
brane) and the membrane, we get the total transmission (T): 

T=
Cm

Cb
×

Cp

Cm
=Tm×Tr =

(

1 −
rs

rh

)2

Tr =

(

1 −
rsΔp

0.603 γ

)2

Tr (3.10) 

T = Cp/Cb which is equal one minus the overall retention (T = 1 − R).
This is illustrated in Fig. 3a.
After establishing the relevant equations necessary to estimate 

transmission of serum protein, we further proceeded to develop equa

Fig. 2. (a)Depiction of a micellar layer without any compression. The interstitial pore size between the spheres is determined by the micellar size. The insert shows 
the geometry of the interstitial pore and the relevance of the micellar radius. (b): Depiction of a micellar layer that is compressed by the pressure gradient resulting 
from the flow rate of solvent through the membrane. The micelles are now compressed and compacted and assume a hexagonal shape. The geometry of the interstitial 
pores is determined by the radius of curvature of the micellar walls of the pores.

Fig. 3. (a) The total transmission and retention (R = 1 − T) is determined by two layers in sequence, the layer of compressed micelles just on top of the membrane, 
and the membrane pores. The total transmission is the product of both. (b) The figure above shows the transmembrane flux (blue) results obtained by the model and 
the equation used. The equation (red) uses the limiting transmembrane pressure and flux values obtained using equation (3.14) to further estimate and describe all 
the flux regimes as observed during experiments (red curve line). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.)
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tions required for modelling the filtration kinetics versus the trans
membrane pressure. A fully developed concentration polarization layer 
is only present when the volume fraction of the casein micelles on the 
membrane surface exceeds the εrcp. Before this, the casein dispersion is 
still fluid and will be swept away from the membrane due to crossflow. 
Therefore, up to a certain critical transmembrane flux, the size of the not 
fully developed concentration polarization layer will be minimal with 
large interstitial pores hence not effecting any retention of the dissolved 
proteins. Since ε in the concentration polarization layer is exceedingly 
high, the resulting hydraulic resistance in this not fully developed con
centration polarization layer is negligible. Therefore, we can calculate 
the transmembrane flux with equation (3.11). 

u=
Δptm

ηRm
(3.11) 

The transmembrane flux calculated by equation (3.11) indicates the 
region where a linear relationship between flux and transmembrane 
pressure exists. Above this region, limiting transmembrane flux region 
exists and can be calculated using equation (3.13) [46]; [47]. 

ϕm

ϕb
= exp

(
ul

kcp

)

(3.12) 

ul = kcp ln
(

1 − ϵrcp

ϕb

)

(3.13) 

As soon as ϕm = 1 − ϵrcp = 0.64, the casein micelles on the mem
brane surface form a fully developed concentration polarization layer 
resulting in added resistance [48]. This implies that from this moment 
the steady-state transmembrane flux is determined by the (hydrody
namic) diffusion of casein micelles from the surface of the membrane to 
the bulk and the local size of the interstitial pores. Substituting ϕm = 1−
ϵrcp = 0.64 in equation (3.12) results in equation (3.13).

Equation (3.14) predicts the limiting transmembrane flux regime 
using guess values of convective mass transfer coefficient (Table 2). The 
lines calculated with equations (3.11) and (3.13) cross each other at the 
limiting transmembrane pressure (Δptm (l)). At pressures below Δptm (l)

equation (3.11) is valid, while above Δptm (l) the transmembrane flux is 
equal to the limiting transmembrane flux (equation (3.13)). To further 
describe all flux regions as seen during experiments, equation (3.14) is 
used, which utilizes the values of limiting flux and transmembrane 
pressures from equation (3.13) [19,49]. 

u= ul

[

1 − exp
(

−
Δptm

Δptm (l)

)]

(3.14) 

To use equations (3.10), (3.11) and (3.13), and 3.14, several 

parameters are needed. Most parameters are obtained through experi
ments or from literature, while the kcp of the micelles to the bulk, and the 
apparent γ of the micelles depend on the conditions and are found by 
comparing the model results with experimental results over a range of 
values in EXCEL.

There are two parameters that determine the retention of the soluble 
proteins which are interfacial tension, casein micelle size, and the 
random packing interstitial void fraction. However, the effect of a 
different value of εrcp is not very large, and its effects can be absorbed in 
the adjustment of the interfacial tension, so we end up with only one 
adjustable parameter.

4. Results and discussion

4.1. Mode of pressure adjustment on flux and milk protein separation

To determine the irreversibility of deposits of casein on flux and 
transmission of proteins during filtration, an experiment was done by 
stepwise increasing followed by stepwise decreasing of the trans
membrane pressure. The transmembrane pressure was adjusted in both 
stepwise increasing and stepwise decreasing sequences using five spe
cific transmembrane pressure points: 0.3, 0.6, 1, 2, and 3 bar. Fig. 4 (left) 
shows that there was only an insignificant difference in flux between 
stepwise increase and stepwise decrease in transmembrane pressure. 
The transmembrane flux is dependent on the transmembrane pressure 
before reaching the limiting flux after which the transmembrane flux is 
only dependent on the hydrodynamic back-diffusion of the accumu
lating components, hence the constant flux regime. The estimated 
limiting transmembrane pressure is around 0.5 bar, while the obtained 
flux at 1 bar was 8.3 and 7.8 L m− 2 h− 1 during stepwise increase and 
decrease in transmembrane pressure, respectively. The difference 
observed was less than 10 %, after staying for a significant operation 
time deep in the constant flux regime (at up to 3 bars). The difference is 
observed after 45 min of stabilization, which allowed the relaxation of 
the concentration polarization layer that is formed during stepwise in
crease in transmembrane pressure. This demonstrates that the deposited 
micellar layer that is compressed onto the membrane due to the increase 
in transmembrane pressure is reversible at these temperatures.

The effect of the deposited casein micelles on the transmission of 
proteins is shown in Fig. 4 (right). Firstly, we can observe that the 
transmission of all proteins is reduced by the increase in transmembrane 
pressure. The caseins are mostly retained, with only 6 % being retained 
at low pressures, reducing to around 1 % at higher pressures. This in
dicates that the casein micelles are indeed retained, and that they 
remain stable, even at higher pressures, i.e., there is no significant sol
ubilization of casein monomers at higher pressures. The whey proteins 

Table 2 
Modelling parameters both known and fitted parameters for flux and retention. Known parameters include casein micelle fraction, average casein micelle size, hy
drodynamic sizes of β-lg, α-la, IgM and the random packing interstitial void ratio.

Parameters for the flux Parameters for the retention

Known 
parameter

Feed volume fraction of casein micellesa ϕb = 0.1 Size of the casein micelles b Db = 250 nm
Skim milk permeate viscosity η (5◦C) = 2.2 mPa • s Protein hydro-dynamic diameter 

c

β-lg = 3.5 nm
η (10◦C) = 1.8 mPa.s α-la = 1.8 nm
η(15◦C) = 1.6 mPa • s IgM = 36 nm

Membrane resistance 0.1 μm (Rm) = 4× 1012 m− 1 Pressure Δp = range (0 − 3) bar
0.2 μm (Rm) = 8× 1012 m− 1

0.3 μm (Rm) = 2× 1012 m− 1

Random packing interstitial void fractiond ϵrcp = 0.36 Tr factor Transmission at 0 bar for all dissolved 
protein

Fitted parameter Mass transfer coefficient for casein 
micelles*

kcp = (0.9 − 2) × 10− 6m
s

Interfacial tension* γ = (1 − 10)
mN
m

*denotes the fitted parameters and a,b,c,d denotes the references.
a [32]; [50].
b [36]; [37,38]
c [33,35,51]
d [52].
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α-la and β-lg show some retention at low pressures with 50–70 % 
transmission but are much more strongly retained at higher pressures: at 
3 bar TMP. Their transmissions have been reduced to only 10–15 %.

Secondly, we observe full reversibility of the same proteins with 
stepwise decrease in transmembrane pressure. The casein transmission 
was 6 % at 0.3 bar during the ascending cycle which was reduced to 4 % 
during the descending cycle. For the whey proteins, after the pressure 
cycle, the β-lg transmission was reduced from 56 % to 47 %, and the α-la 
transmission reduced from 68 % to 64 % at the same conditions afore 
stated for casein. The small reductions in transmission can be attributed 
to some irreversible adsorption and fouling during compression in the 

filtration process [53]. In essence, the measurements show that the 
process of serum protein retention is largely reversible. This demon
strates that for further experiments, following a stepwise increase in 
transmembrane pressure is an adequate strategy. Similar results were 
obtained by Hartinger et al. [28] who conducted skim milk fractionation 
experiments using PVDF spiral wound membranes at 10 and 50 ◦C.

4.2. Effect of temperature on transmembrane flux and milk proteins 
separation

The effect of temperature was investigated at 5 ◦C, 10 ◦C, and 15 ◦C, 

Fig. 4. (Left) The transmembrane flux in stepwise increase (red solid symbols) followed by stepwise decrease (blue open symbols) in TMP experiments using SYNDER 
Filtration spiral wound microfiltration membrane with pore size of 0.1 μm at a temperature of 10 ◦C. Graph (right) shows the transmission of casein (black), β-lg 
(red),α-la (blue)and IgM (green) during stepwise increase (solid symbols) and stepwise decrease of transmembrane pressure (open symbols). The curves shown for 
both graphs are fitted trend lines to the experimental data. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.)

Fig. 5. (a) Results of transmembrane flux as obtained from the geometric model (… ….) and measured transmembrane flux (●) using SYNDER Filtration spiral 
wound microfiltration membranes with pore size of 0.1 μm at temperatures of 5 ◦C, 10 ◦C and 15 ◦C. (b) shows the transmission of casein using the same membrane at 
the same temperature conditions.
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using PVDF spiral wound membranes with a nominal pore size of 0.1 
μm. The transmembrane flux at these different temperatures is shown in 
Fig. 5a. The limiting flux and transmembrane pressure were obtained 
using equations.The limiting transmembrane flux was found to be 5.5 L 
m− 2 h− 1, 7.3 L m− 2 h− 1 and 8.3 L m− 2 h− 1 at 5 ◦C, 10 ◦C, 15 ◦C 
respectively with the corresponding limiting transmembrane pressures 
being 0.15 bar for all temperatures investigated. An increasing trend in 
transmembrane flux with an increase in temperature was observed even 
at these lower temperatures. The decrease in transmembrane flux at 5 ◦C 
is due to the increase in viscosity of the retentate which results in less 
turbulence on the membrane surface, hence a lower mass transfer co
efficient kcp. This then limits the transport of dissolved proteins through 
the membrane. Equal limiting transmembrane pressure indicates that 
the behavior and arrangement of the casein micelles on the membrane 
surface was similar for all the temperature conditions investigated. 
Exceptionally low limiting transmembrane pressure suggests that the 
formation of a fully developed concentration polarization layer happens 
early on and above it this layer has major impact on filtration. From the 
results of the model, the effect of temperature on viscosity and mass 
transfer was taken into account and a good fit was obtained as seen in 
Fig. 5a. Since temperature has an effect on the mass transfer, the 
following values at 5 ◦C, 10 ◦C, and 15 ◦C were fitted in to the model 
namely 9.07 × 10− 7 m s− 1, 1.1 × 10− 6 m s− 1, and 1.3 × 10− 6 m s− 1 

respectively. The effect of change in mass transfer can be seen in figure 
A.1 in the appendix. It is observed that the mass transfer increases with 
the increase in temperature hence is attributed to the increase in 
transmembrane flux with increase in temperature. However, it should be 
noted that the membrane resistance was kept constant at 4 × 1012 m− 1.

We expect that also the transmission behavior will be temperature 
dependent since the apparent interfacial tension of the micelles will be 
temperature dependent. The calculated casein transmissions at trans
membrane pressure of 1 bar were 6.5 %, 2.1 %, and 0.9 % at 5 ◦C, 10 ◦C, 
15 ◦C, respectively, as shown in Fig. 5b. The difference in transmission is 
due to the progressive dissociation of β-casein from the micelles since it 
exists in monomeric state at temperatures of between 0 and 5 ◦C into the 
serum phase hence changing the micelle size. Since β-casein has high 
potential for hydrophobic interactions, decrease in temperature 
weakens this interaction [18] accounting for the strong increase in 
casein transmission at low temperatures. Our findings are in agreement 
with previous studies that also reported higher transmission of casein at 
lower operation temperatures. Some researchers reported casein trans
mission in the range of 0–20 % [54–56] for temperatures between 5 and 
23 ◦C. In addition to permeate, the mass flux is used as a measure of 
filtration performance and could clearly show the differences between 

the different filtration temperatures used figure A.3 in the appendix.
Within the applied temperatures, there is a slight difference in the 

transmission of beta lactoglobulin (β-lg) and alpha lactalbumin (α-la) 
observed as seen in Fig. 6, albeit not nearly as large as for the casein. The 
small reduction in transmission with higher temperatures, may be due to 
some changes in the properties of the micelles such as size, but may also 
be related to changes in the electrostatic and steric interactions between 
the different proteins, when permeating through the concentration po
larization layer. Due to the dissociation of beta casein at for example 
5 ◦C, this could have an impact on the micelles in the developed con
centration polarization layer. Due to the loss of the beta casein the 
structure of the micelles is impacted and could further increase the 
porosity of the micelles hence explaining why transmission of β-lg is 
slightly increased. Before limiting transmembrane pressure, trans
mission is only hindered by the membrane since no stagnant concen
tration polarization layer has yet fully developed. After the formation of 
this stagnant layer, the interstitial pore size between the deformable 
casein micelles reduces due to the increase in the applied trans
membrane pressure. The transmission of IgM, however, is similar in all 
the temperatures investigated. Since IgM is a relatively larger protein, 
slight changes of the properties of the micelles due to dissociation of the 
micelles have no significant effect on transmission. This layer then be
comes the dominant sieving layer with the results shown in Fig. 6.

Table 3 shows the fitted apparent interfacial tension values of the 
casein micelles for β-lg, α-la and IgM transmission. All values were 
within the range of 1–2 mN m− 1 for the three temperature conditions 
and different pore sizes. The fact that the deformability of the casein 
micelles along the concentration polarization layer is uniform at each 
temperature condition agrees with the assumption in the model. This 
assumption is that the micelles are reversibly deformed, and that the 
deformability only depends on the thermodynamic state of the micelles, 
i.e., the temperature, if ionic strength, pH, and other parameters to 
remain the same. The fact that the apparent interfacial tension is lowest 
at 5 ◦C, agrees with the increasing hydration of casein at lower tem
peratures, which will lead to larger voluminosity and larger deform
ability under compression. The apparent molecular size of the 
permeating protein was fitted with the model. While for β-lg and α-la the 
values are quite close to their reported hydrodynamic size, the value for 
IgM is much smaller than expected, given that the molecule is approx
imately 900 kDa which is much larger than β-lg and α-la. One should 
however bear in mind that IgM is not spherical as assumed in the model, 
but an oblate spheroid with 3 diameters; two of them being equal at 37 
nm and one diameter 6 nm [51]. The molecule could therefore permeate 
along its longest axis through the pores. Additionally, IgM consists of 

Fig. 6. The graphs show the experimental (dots) and modelling transmission data (dotted lines) for β-lg (left) α-la (middle) and IgM (right) respectively with respect 
to change in transmembrane pressure at 5 ◦C, 10 ◦C, and 15 ◦C. These experiments were carried out using SYNDER Filtration spiral wound microfiltration membrane 
with pore size of 0.1 μm.
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two identical antigen binding regions: an antigen binding region and a 
crystallizable region, linked together by a mobile hinge with no sec
ondary structure [51]. This allows the protein to be highly flexible thus 
possessing the ability to pass even through the pores in between the 
deformed micelles. During filtration, assuming that IgM permeates 
along its longest of 6 nm, the flexibility of this molecule would also 
reduce the size further. Accounting for this flexibility in the model, the 
effective size of the IgM varied between 37 nm and 2 nm since the 
interfacial tension is constant as shown in Table 3. The differences in fit 
when using the largest IgM diameter of 37 nm, smallest diameter of 6 nm 
and 2 nm can be seen in figure A.2 in appendix. 37 nm reflects zero 
transmission at all the applied transmembrane pressures and it’s only 
with the smallest diameter (2 nm) that we have transmission reflecting 
what we obtained during experiments.

Fig. 6 shows that while the description of the data with our simple 
geometric model is adequate at pressures until 2 bar, the fit is consid
erably worse above this transmembrane pressure. We hypothesize that 
this could be because at these higher pressures the permeating proteins 
cannot be considered hard spheres anymore. Their flexibility there could 
account for higher transmission at transmembrane pressures above 2 bar 
with experiments but not with the model. Also, the shape of the pores is 
not cylindrical as seen in Fig. 2 thus allowing the non-spherical proteins 
to still permeate through this layer. Additionally, casein micelles are 
porous, and this could allow some soluble proteins to pass through even 
when the pores between the micelles are diminished. However, at these 
low transmissions, one may expect that other interactions than just size 
become important as well.

From Table 3, we observe that at higher temperature the interfacial 

tension is higher as compared to lower temperature and there is no effect 
of membrane pore size on the interfacial tension. Interfacial tension of 
casein micelles is dependent on the temperature since increase and 
decrease in temperature can affect several factors such as micelle 
structure, molecular motion, solubility, and critical micelle concentra
tion. When these factors are changed flexibility, solubility, and the 
arrangement of the micelles are altered resulting in either an increase or 
decrease in interfacial tension. Further, the fitted protein sizes were 
varied to obtain the best fit with the experimental data. The change we 
observe with change in temperature could be due to folding or unfolding 
of proteins but also dependent on size of the interstitial pore and what 
size it can accommodate. The fitted protein size is also dependent on 
interstitial pore size since the bigger the pore the higher the transmission 
due to the membrane. This then means that the size of the molecule 
passing through is higher based on Equation (3.10). The Tr factor rep
resents the exclusion caused by the membrane itself while the fitted 
protein size is compared to the sizes of the proteins reported in litera
ture. В-lg is reported in literature to be 3.5–4.2 nm in sizes [33,35,51], 
α-la is 1.-2.5 nm in size [33,51] and IgM is 25–37 nm in size [51].

4.3. Effect of pore size on transmembrane flux and protein transmission

PVDF membranes with different pore sizes ranging between 0.1 and 
0.3 μm were then used. Fig. 7 shows that the membrane with pore size 
0.3 μm had the highest transmembrane flux and the membrane with 0.2 
μm pore size having the lowest transmembrane flux. A higher flux is 
observed when the pore size is reduced from 0.2 μm to 0.1 μm. While 
part of this may stem from differences in membrane porosity, other 

Table 3 
Apparent micellar interfacial tension of casein micelles during filtration as function of the temperature and pore size. The fitted Tr factor and protein size for each 
condition are also listed.

Casein micelle interfacial tension (mN. 
m− 1)

Tr factor (transmission as a result of membrane pore 
exclusion)

Fitted protein size 
(nm)

Transmission R2

Condition β-lg α-la IgM β-lg α-la IgM β-lg α-la IgM β-lg α-la IgM

0.1 μm pore size (15 ◦C) 2 2 2 0.52 0.61 0.36 3.5 3.5 3.2 97.3 96.0 97.4
0.1 μm pore size (10 ◦C) 1.4 1.4 1.4 0.55 0.67 0.35 3.5 2.5 2 99.1 99.1 99.1
0.1 μm pore size (5 ◦C) 1 1 1 0.82 0.85 0.45 3.5 2.5 3.5 95.9 95.6 97.2
0.2 μm pore size 1.4 1.4 1.4 0.53 0.62 0.39 2.8 1.9 2 98.2 98.0 98.9
0.3 μm pore size 1.4 1.4 1.4 0.79 0.86 0.47 5 4 2.5 98.0 97.5 99.5

Fig. 7. (a) Results of transmembrane flux as obtained from the model (… ….) and measured transmembrane flux (●) using spiral wound microfiltration membranes 
with pore size of 0.1 μm (red), 0.2 μm (blue) and 0.3 μm (black) at temperatures of 10 ◦C. (b) shows the transmission of casein using the same membrane at different 
pore sizes. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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factors could play a role. These factors include the pore size distribution 
and that the average size of micelles is equal to 0.2 μm. The effect of 
reduced transmembrane flux when the membrane pores size is 0.2 μm 
has also been investigated by other researchers showing similar 
behavior. Heidebrecht et al. used ceramic membranes of 0.14 μm, 0.2 
μm, 0.45 μm and 0.8 μm pore size with rather similar porosities and 
observed a lower flux with their 0.2 μm pore size membrane as 
compared to the others [34]. In addition to what Heidebrecht observed, 
it is our opinion that above the critical flux point, the flux is determined 
by the hydrodynamic back-diffusion of the micelles from the membrane 
surface. This can further be seen from the change in the mass transfer 
coefficients at different membrane pore sizes. The mass transfer coeffi
cient was fitted and the following were used 1.46 × 10− 6 m.s− 1, 
9.63 × 10− 7 m.s− 1, and 1.1 × 10− 6 m.s− 1 for the 0.3 μm, 0.2 μm and 0.1 
μm membranes respectively. These differences are related to slight dif
ferences in the exact module geometry. The difference in trans
membrane fluxes is also attributed to difference in the membrane 
resistance. 0.2 μm pore size membrane had the highest membrane 
resistance with 0.3 μm membrane having the lowest membrane resis
tance. The limiting transmembrane pressures are 0.1, 0.28, and 0.15 bar 
for the 0.3 μm, 0.2 μm and 0.1 μm membranes, respectively.

As expected, the membrane with 0.1 μm pore size had the lowest 
transmission for casein as compared to the other two membranes 
(Fig. 7). This nominal pore size is smaller than the average size of casein 
micelles and hence good retention is observed. The transmission of 
casein observed may be due to the smaller micelles (below 100 nm) 
passing through the membrane, and to permeation through the few 
larger pores in the membrane, as the membrane will have a distribution 
in pore sizes. The 0.2 μm and 0.3 μm membranes show higher trans
missions due to their larger pore sizes which will allow slightly larger 
micelles to pass through, especially through their largest pores.

For the whey proteins (Fig. 8), we see similar behavior as reported in 
Fig. 6. However, the difference in transmission between different 
membranes is relatively small for each type of protein (α-la, β-lg and 
IgM). This can be understood based on the model. While at low trans
membrane pressures the transmission is mostly determined by the 
intrinsic exclusion by the membrane pores, the transmission of dissolved 
proteins at higher transmembrane pressures is mostly determined by the 
layer of compressed casein micelles. The differences that are still there 
can be explained by the pressure drops within the membranes since all 
the membranes have different resistances (Table 2). This pressure drop 
is different for each type of membrane and hence the degree of 
compression differences over the stagnant micellar concentration po
larization layer.

As in Fig. 6, we can observe from Fig. 8 that the fit of the model from 
the lowest transmembrane pressure to approximately 1 bar is near 
perfect, while at 2 bars and higher, the model estimates a lower trans
mission than what was measured during experiments. The explanation is 
the same as before, in that at higher transmembrane pressures the 
intermicellar pores become quite small and the exact shapes and 
deformability of the permeating components become important.

5. Conclusion

We present flux and transmission measurements of the individual 
proteins in crossflow microfiltration of skim milk. Micellar caseins are 
almost completely retained, while the retention of the whey proteins is 
relatively low at low transmembrane pressures but increases rapidly 
with larger transmembrane pressures. We explain this by assuming a 
two-layer model. The first layer is the membrane itself and depending on 
the severity of pore blocking by casein micelles the transmission of whey 
proteins at transmembrane pressure lower than limiting transmembrane 
pressure is determined. Upon reaching the limiting transmembrane 
pressure, a second layer of compressed casein micelles forms on the 
membrane. The interstitial pores between these compressed micelles 
become progressively smaller at higher transmembrane pressures due 
stronger compression of the micelles onto each other. Temperature 
dependence showed that the deformability of the casein micelles in
creases with lower temperatures, as expected based on hydration. 
Membranes having larger pores (from 0.1 to 0.3 μm nominal pore sizes) 
showed no significant differences between the transmission of whey 
proteins between the three membranes, which is in accordance with the 
proposed mechanism.

A simple geometric model describing the compression of the casein 
micelles could quantitatively model the retention behavior at most 
pressures, except at higher transmembrane pressures. At higher trans
membrane pressures, the assumptions in our relatively simple model 
break down, and the exact shapes of the permeating molecules become 
important. This simple model has helped to show that indeed the casein 
micelles are reversibly compressed onto the membrane, and it becomes a 
dynamic membrane that dominates the retention of the whey proteins. 
Optimization of the separation between caseins and whey proteins 
therefore should take into account this strong interaction between the 
different proteins in the system. The simplicity of the presented geo
metric model shows that this is possible and does not have to be com
plex. We recommend inclusion of the permeability of the casein layer as 
a function of the local interstitial void volume and the compressibility of 
β-lg, α-la, and IgM so as to describe in depth the transmission of these 
proteins especially in the high pressure regimes above 1 bar.

Fig. 8. The experimental (points) and modelling transmission data (dotted lines) for β-lg (left), α-la (middle) and IgM (right) respectively with respect to change in 
transmembrane pressure using 0.1 μm pore size, 0.2 μm and 0.3 μm pore size membranes at 10 ◦C are shown.
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Nomenclature

A Area of Interstitial pore (m2) rp Membrane pore diameter (m)
AC Area of the circle rs Serum protein size (m)
AT Cross-sectional area of the triangle (m2) T Total transmission as a result of exclusion of the compressed layer and the 

membrane (%)
Cb Bulk concentration (g/l) Tm Transmission as a result of exclusion of the compressed layer (%)
Cm Concentration in the very first layer of the compressed casein micelle layer next to the 

membrane (g/l)
Tr Transmission as a result of exclusion of the membrane (%)

Cp Permeate concentration (g/l) ε Void fraction
Cr Retentate concentration (g/l) εrcp Maximum random packing
dcas Average diameter of the casein micelles (m) η Viscosity of the permeate (Pa. s )
dh Hydraulic diameter of the interstitial pore (m) Φ Exclusion factor
kcp Convective mass transfer coefficient of casein (ms− 1) ϕb Volume fraction of casein in the bulk
P Wetted perimeter of the pore (m) ϕm Volume fraction of casein at the membrane
Pf Feed pressure (Pa or bar) Δp Pressure gradient over the casein micelle layer (Pa)
Pr Retentate pressure (Pa or bar) Δptm Transmembrane pressure (Pa or bar)
Pp Permeate pressure (Pa or bar) Δptm (l) Limiting transmembrane pressure (Pa)
R Total rejection of the dissolved protein (%) u Transmembrane flux (Lm− 2h− 1)
r Radius of the sphere (m) ul Limiting transmembrane flux (Lm− 2h− 1)
rd Radius of curvature of the micellar walls of the interstitial pore (m) γ Interfacial tension (mN/m)
rh Hydraulic radius of the interstitial pore (m) ​ ​
Rm Membrane resistance (m− 1) ​ ​

Appendices.

Fig. A.1. Resulting transmembrane flux with changing mass transfer coefficient.

This shows the effect of change in casein mass transfer coefficient on the transmembrane flux. The lower the mass transfer, the higher the 
transmembrane flux since the resistance is reduced. 

H.L. Nyambura et al.                                                                                                                                                                                                                          Journal of Membrane Science 722 (2025) 123865 

11 



Fig. A.2. This figure shows the fit of the model to the experimental results for IgM with sizes (6 and 37 nm) reported in literature and 2 and 2.5 nm (approximation) 
at the same interfacial tension.

With different pore sizes of the membrane, there was no transmission of IgM when the diameter is kept at 37 nm. When we varied the diameter to 
use the third diameter of 6 nm since it is an oblate spheroid then significant transmission was observed but still there was no fit. We further reduced the 
diameter to approximately 2 nm and we obtained a better fit to the experimental data.

Mass flux is a measure that can aid in further evaluating the performance of different operation conditions since there is no significant difference 
observed with transmission of whey proteins. The mass fluxes of β-lg and α-la and IgM were calculated, and results shown below. For β-lg, α-la, and 
IgM, increasing temperature results in an increase in the amount of protein that is transmitted through the membrane. This is due to the decrease in 
viscosity and density of the feed used with increasing temperature. This facilitates further reduction in the size of the concentration polarization layer 
reducing the resistance of the protein transmission.

Fig. A.3. Mass flux calculated from the experimental data with respect to change in transmembrane pressure for SYNDER Filtration spiral wound microfiltration 
membrane with pore size of 0.1 μm at temperatures of 5 ◦C 10 ◦C and 15 ◦C.
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Fig. A.4. Graph on the left shows the chromatogram for a permeate sample that was analyzed to ascertain the serum protein concentration. This permeate sample 
was obtained using 0.1 μm pore size membrane at 0.36 bar transmembrane pressure at 10 ◦C. Graph on the right shows the same for a sample of skim milk that was 
analyzed to ascertain the concentration of serum protein in skim milk.

The area under each peak is then calculated by multiplying the peak width in minutes by the peak height in absorbance. With that area, a cali
bration curve such as the one given by figure A.5, is then used to calculate the concentration of each serum protein and casein.

Fig. A.5. Standard calibration curve of α-la to calculate its concentration (three replications are shown with the corresponding standard deviation but are 
exceedingly small hence not visible).

Data availability

Data will be made available on request.
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