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Abstract

Filtration and separation via membranes are key processes in food processing.

One major application of membrane filtration is in the dairy industry, aiming

for the separation of different milk proteins. The various chemical components

of milk possess different physiochemical properties and can be used most effec-

tively in food processing if they are separately available and remain in their

native state. Microfiltration of skim milk allows a fractionation of the milk pro-

teins casein and whey by size. A deposit is formed on the membrane surface

mainly but not exclusively by micellar casein proteins during filtration. Mem-

brane pore blockage by whey proteins and fouling occur during membrane fil-

tration, negatively affecting the yield of the whey protein fraction. Skim milk

filtration and the deposit layer formation were measured time and spatially

resolved by in situ magnetic resonance imaging (MRI). The nature of the foul-

ing layer was investigated during dead‐end filtration in ceramic hollow fiber

membranes. MRI was used to further clarify the influence of operating condi-

tions on separation and filtration mechanisms that are responsible for growth

of the fouling layer and its reversibility. The MRI measurements

were analyzed for a detailed description of skim milk filtration by modeling

the signal intensity distribution.
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1 | INTRODUCTION

The dairy industry accounts for a large share of the
European food production.[1] Many food products consist
of milk or contain milk components.[1,2] By fractionating
milk into its components, a more reliable and reproduc-
ible composition of many dairy products can be achieved,
allowing new products and different types of food coat-
ings to be developed.[3,4] Fat, casein, and whey proteins
can be used more efficiently in the food production indus-
try if available separately.[5] The fractionation of skim
milk also leads to a reduction of water content in the
wileyonlinelibrary.com/jou
product to be transported, which represents a consider-
able economic and ecological improvement.[2]

Milk proteins are known for their ability to be
functional ingredients because of their high nutritional
value and specific functionality.[6] Particularly concen-
trated casein solutions and powders are often used,
for example, as an additional source of protein,
standardization of dairy products, stabilizers for meat
or confectionery, pharmaceuticals, and in paper and
adhesives industry.[2,7,8] There are many ways to pro-
duce caseins, e.g., by acid or alkaline precipitation or
by microfiltration or ultrafiltration of skim milk with
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TABLE 1 Composition of the skim milk powder used for the

filtration experiments and selected properties

Skim milk content or property Value

Water 3.44%w/w

Fat 0.47%w/w

Protein 33.98%w/w

Lactose 53.87%w/w

Ash 7.82%w/w

pH 6.5

Temperature (T) 25 °C
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the help of membranes, which is further regarded in
this publication.[1,2,6,7] During filtration, the casein pro-
tein micelles remain in their native state and do not
undergo structural, that is, functional changes.[6,9,10]

Generally speaking, there are two main flow configura-
tions of membrane filtration processes that can be dif-
ferentiated. In cross‐flow filtration mode, the feed flow
is tangential to the membrane surface, whereas in
dead‐end filtration mode, the direction of the feed flow
is normal to the membrane surface. In industrial pro-
cesses, skim milk is most often filtered in cross‐flow
filtration mode to obtain highly concentrated micellar
casein solutions.[1,5,11–13] To gain insights into the prop-
erties, function, and structure of the deposit layer, a
dead‐end filtration mode was used due to a better com-
patibility with the needs of nuclear magnetic resonance
imaging (MRI). During filtration, proteins and other
ingredients of the skim milk form a deposit layer on
the membrane.[14] This layer consists of densely packed
casein and whey proteins, resulting in an additional
filtration resistance and a steep decline in permeate flux
after a short period of time.[2,10,15,16] Furthermore, the
deposit layer retains smaller whey proteins by approx.
50%.[17] As an object of current research, it was shown
that not only whey but also casein proteins can penetrate
the membrane, resulting in an insufficient protein separa-
tion and fractionation.[18–20] By means of membrane fil-
tration, a complete retention of micellar casein is hardly
achieved, as is the complete permeation of whey pro-
teins.[16] Deposit layer formation in milk filtration has,
so far, been investigated in off‐line experiments[13,15,21–
23] and in in situ Small‐angle X‐Ray Scattering (SAXS)
measurements using an X‐ray transparent setup to mea-
sure filtration with a flat‐sheet membrane.[24,25] In order
to obtain detailed insight into the phenomena and
mechanisms of deposit layer in an opaque hollow fiber
setup during the fractionation of micellar caseins, time‐
resolved and spatially resolved measurements are essen-
tial. MRI was used for an in situ analysis of
many membrane processes.[17,26–29] MRI allows not only
a measurement in an optically transparent setup but is
also a non‐invasive analysis method in opaque ceramic
hollow fibers that are used in this publication.[17,30–34]
2 | EXPERIMENTAL

2.1 | Feed solutions

To ensure reproducible and reliable experimental condi-
tions, a skim milk produced from soluble “skim milk
powder low heat” from “Milk and Whey Ingredients”,
Sachsenmilch Leppersdorf GmbH, Germany was used
(Table 1). For the experiments, the solution was prepared
by dissolving mPowder = 107.85 g of powder in Vwater = 1 L
of demineralized water resulting in 2.8%w/w of casein
protein. The composition of the aqueous solution was
orientated on the protein composition found in milk,
hence, 2.8%w/w casein (approx. 50–400 nm)[14] and
0.6%w/w whey proteins (approx. 2 nm), assuming a typical
share of 80% of casein and 20% whey protein.[1,7,35,36]

The skim milk powder was stirred with a magnetic stirrer
for at least 1 hr to ensure a complete rehydration and
dissolution of the skim milk powder. pH of the
rehydrated skim milk was between 6.5 and 7. All experi-
ments were performed at room temperature of about
T = 25 °C. In the following, the rehydrated skim milk
powder is referred to as skim milk.
2.2 | Contrast agent nanomag‐D‐spio
embedded in dextran and casein coating

In order to obtain a better MRI contrast between feed
solution and protein deposit, a contrast agent was added
to the skim milk feed solution prior to the filtration.
The contrast agent “nanomag‐D‐spio” purchased from
micromod Partikeltechnologie GmbH, Germany was pre-
pared by precipitation of iron oxide (approx. 66%w/w

according to the distributor) embedded into a layer of
dextran (Mw = 40 kDa) and has a mean particle diameter
of 100 nm. An additional coating with casein proteins
was added to guarantee chemical compatibility with the
feed solution. For the filtration, the contrast agent is
added to the feed to obtain an iron concentration of
cFe = 4.27*10−6 molFe/L.
2.3 | Hollow fiber membrane

For the fractionation of the proteins in skim milk,
ceramic hollow fiber membranes were used as provided
by MANN+HUMMEL GmbH, Ludwigsburg, Germany.
The membranes were filtered in an in–out filtration
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mode, in which the feed solution is filtered through the
radially asymmetric structure of the porous Al2O3

ceramics. The inner coating of the membrane lumen with
an inner diameter of 1.9 mm and outer diameter of
3.2 mm[17,29,30] has an average pore diameter of 40 nm
and determines the filtration characteristics. The highly
porous layer on the outside of the active layer provides
mechanical stability for the inner, selective layer without
increasing the membrane resistance too much. The hol-
low fiber provides a good mechanical and thermal stabil-
ity and allows aggressive chemical cleaning often needed
for sanitary purposes in food processing. The pure water
permeability was measured between J0 = 251 L/(m2 h bar)
and J0 = 410 L/(m2 h bar) for used ceramic hollow fiber
membranes.
2.4 | In situ filtration experiments

For the in situ filtration of skim milk, a single hollow
fiber was placed into a filtration module that was
mounted into the probe and then inserted into the
tomograph (Figure 1a,b). The single fiber module was
connected to the filtration periphery. With the help of
the periphery, pressure measurements and a
gravimetrical determination of the permeate mass are
possible and can be recorded as a function of time.

For in situ MRI filtration measurements, the filtration
module was placed into a Bruker Avance HD III SWB
200MHz spectrometer. A 20mmbirdcage of theMICWB40
series was used tomove themodule freely in the tomograph
(Figure 1). The measurements were done in a segment of
the module of about 20 mm below the permeate outlet
(Figure 1b). Different feed pressures (0.5, 1.0, and 1.5 bar)
were realized to explore the pressure dependence of the
deposit formation. The experiments were performed in
dead‐end filtration mode. A complete description of the
FIGURE 1 (a) A three‐dimensional reconstruction of a μCT measure

layer on the inside that is held in place by highly porous support layers

magnetic resonance imaging compatible materials and can be used with

present experiments. (c) The filtration module was designed to fit into a
filtration setup and its configuration options can be found
in previous studies.[32–34]
2.5 | MRI hardware and methods

In order to characterize the nanomag‐D‐spio contrast
agent, dilution series of the particles were produced.
The first dilution series in water was performed using
demineralized water where each dilution step was care-
fully mixed to ensure a homogeneous dispersion of the
particles. Even after weeks, no sedimentation or agglom-
eration of the nanoparticles was observed. In the second
and third dilution series, the nanoparticles were added
to skim milk. One of the solvents is skim milk with the
same casein protein concentration that was used as feed
in the MRI‐filtration experiments (2.8%w/w). The other
solution was a higher concentrated skim milk that
consisted of 2.5 times the casein protein concentration
(7%w/w) to model the situation of the deposit.

1H inversion recovery (IR) and CPMG pulse sequences
were applied at νL = 200 MHz for T1 and T2 relaxation
experiments, necessary to measure the relaxivities of these
new contrast agents. The measurements were also per-
formed in a MICWB40 birdcage with a standard 5 mm
nuclear magnetic resonance (NMR) sample tube in the cen-
ter of the birdcage. The important parameters for both pulse
sequences are listed in Table 2. The IR timing list as well as
the echo‐counter list and the echo time in the CPMG exper-
iments were adjusted for the different solutions.

The development of the deposit inside the membrane
lumen was characterized by measuring MR images with a
rapid acquisition with relaxation enhancement (RARE)
as was done in the case of alginate filtration.[17,30] An
appropriately high repetition time TR and a low rapid
acquisition with relaxation enhancement factor (RF)
reduce flow artefacts that prohibit a quantification. To
ment of the ceramic hollow fiber membranes shows the thin active

. (b) The module for the single fiber filtration was made out of

multiple outlets, where only one permeate outlet was used in the

20 mm birdcage



TABLE 2 Typical inversion recovery and CPMG measurement

parameters for the relaxation experiments

Pulse sequence parameter for IR and CPMG Value

Repetition time TR 8 s

Spectral band width (SWH) 4 kHz

Number of acquired data points 4096

Number of scans 4

Number of increments for relaxation observation 32
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achieve an appropriate time resolution of the dynamic fil-
tration process, an adequate measurement time while
maintaining an appropriate image resolution was chosen.
The measurement time was further reduced by partial
Fourier imaging by sampling only 154 of 200 phase steps
of the k‐space resulting in a partial Fourier factor of 1.3
(Table 3). Multiple images were measured as a function
of filtration time. The permeate flux of the dead‐end fil-
tration undergoes a steep decline in the first 20 min of
the process as particles are deposited on the surface. After
the initial decline, only a low permeate flux remains. The
measurement time was selected so that a good temporal
resolution of the filtration process was achieved, espe-
cially in its initial section that is of most interest.
2.6 | Quantification of the deposit layers

To quantify the signal intensity information of the deposit
layer formation in the MR images, a radial averaging
method was used. A mask of the inner membrane lumen
was defined in a reference measurement by setting a
TABLE 3 Typical magnetic resonance imaging measurement

parameters for the magnetic resonance images by rapid acquisition

with relaxation enhancement

RARE MRI pulse sequence parameter Value

TR (T1 weighting) 4 s

τE (T2 weighting) 5.5 ms

τE, eff (T2 weighting) 11 ms

Encoding order Centric

Pixel size Δx = Δy 32.5 μm

RARE factor (RF) 2

Number of averages 1

Slice thickness 3 mm

Partial Fourier factor (phase) 1.3

Read steps 200

Phase steps 154

Scan time 5 min 8 s
signal threshold and deleting all measured voxels outside
the membrane lumen that are below the set threshold. By
applying this mask, the exact geometry of the membrane
lumen can be extracted allowing also a quantification of
geometries that are not perfectly cylindrical or even arbi-
trarily shaped. To quantify the signal intensities in the
lumen, the geometry of the mask was continuously
reduced pixel by pixel towards the center of the lumen.
In a first iteration of the applied method, the mask was
eroded with a disk‐shaped object with a radius of two
pixels. By continuously eroding the mask, an increasing
deviation from the original geometry occurs. In this cur-
rent version, the mask is therefore reduced with the
image resize function (“imresize”) in MATLAB by two
pixels in each direction. The bilinear interpolation of
the image resize function results in a better replication
of the original geometry in inner rings. In each of the
defined rings, the signal intensity was averaged, maximiz-
ing the accuracy of the signal intensity information as
well. A mean signal intensity was obtained as a function
of radius for each image and therefore time step during
filtration (Figure 2).

A radially symmetric and uniformly accumulated
deposit layer was observed in the MRI images that made
it possible to average the signal intensities over the entire
circumference. The radial signal variation was explored
in a next step to further characterize the deposit as a
function of time and radius.
3 | RESULTS AND DISCUSSION

3.1 | Relaxation characterization of
“nanomag‐D‐spio” coated with casein

To characterize the influence of the contrast agents on
the water relaxation in pure water and skim milk, the
relaxation rates R1 and R2 of the water peak in the
NMR spectrum were measured. Because the filtration
experiments were performed at a Larmor frequency of
νL = 200 MHz, and relaxation is known to be field depen-
dent, the relaxation rates were measured at the same fre-
quency using an IR and CPMG pulse sequence
respectively (Figure 3). The magnetization buildups in
IR experiments were satisfactorily described by a mono‐
exponential function revealing the longitudinal relaxation
rate R1. The decay of the transverse magnetization was
also modelled by a mono‐exponential function that
results in the transverse relaxation rate R2. When varying
the contrast agent concentration in the solution, a linear
dependence of the relaxation rates was observed. The
slope of the fitted linear function results in the relaxivity
r1 and r2, respectively. A comparison of the obtained



FIGURE 2 Determination of the signal intensity variation as a function of radius for each time step in the membrane lumen, exemplarily

during a filtration with a feed pressure of p = 1.5 bar. A ring with a width of a single‐pixel size in the form of the membrane's inner geometry

is concentrically reduced with an image resize function pixel by pixel, keeping the form of the original membrane lumen. The mean signal

intensity is calculated in each ring, allowing for a quantification of the deposit as a function of the reduced radius r/r0 and filtration time t

FIGURE 3 (a) Longitudinal and (b) transverse relaxation rates for different concentrations of the magnetic iron oxide nanocluster

“nanomag‐D‐spio” with a functionalized casein coating measured at νL = 200 MHz. The particulate contrast agent was diluted in

demineralized water (black squares), a skim milk solution with the common 2.8%w/w casein (red circles), and a higher concentrated skim

milk with 7%w/w casein (green triangles). A difference in the relaxivities was found for the different solvents, especially in the dominant r2
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results with different contrast agents from literature can
be found in Table 4, in which the results are in the same
order of magnitude as other iron oxide nanocrystallites.

The relaxivities in the dilution series with water
are r1 = 69.8 (mmolFe/molSolvent · s)−1 and
r2 = 20373.1 (mmolFe/molSolvent · s)

−1. Water relaxivities
were also measured in skim milk and in a skim milk solu-
tion with a higher concentration. In all cases, the amount
TABLE 4 Typical longitudinal and transverse relaxivities of different

Contrast
agent Solvent dp Coating

Nanomag‐D‐spio Water 100 nm Casein

Nanomag‐D‐spio Skim milk 100 nm Casein

Nanomag‐D‐spio 2.5 x skim milk 100 nm Casein

MagAlg[30,37] Water 100 nm Alginate

Gd‐DTPA[38–40] Water ‐ DTPA
of water in the solution was used to calculate the iron to
solvent ratio. The effect of a faster relaxation can mainly
be seen in the transverse relaxation rates. In the higher
concentrated and therefore more viscous solution the
water relaxation rate increases. To better classify the
relaxivity values, the relaxivities of the commonly used
Gd‐DTPA and other magnetic iron oxide nanocrystallites
are listed in Table 4.
contrast agents caused by paramagnetic relaxation enhancement

r1 r2

69.8 (mmolFe/molSolv.*s)
‐1 20373.1 (mmolFe/molSolv.*s)

−1

76.2 (mmolFe/molSolv.*s)
−1 26479.9 (mmolFe/molSolv.*s)

−1

65.7 (mmolFe/molSolv.*s)
−1 29567.3 (mmolFe/molSolv.*s)

−1

1.7 mM−1 s−1 338.5 mM−1 s−1

3.2 mM−1 s−1 (37 °C) 4.0 mM−1 s−1 (37 °C)
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3.2 | Quantification of the deposit
formation and impact of the filtration
mechanisms as measured by MRI

It is possible to detect the progress of deposits on the
inner surface of the optically opaque hollow fiber mem-
brane by MRI. The deposit of milk proteins as well as
residual fats can be observed as a function of filtration
time. The amount of deposit towards the membrane sur-
face increases as the dead‐end filtration progresses during
the in–out filtration in the hollow fiber. The fouling layer
can be natively identified by low signal intensities that is
further enhanced by the added contrast agents. As a com-
parison, the signal intensity ratio of the signal intensity at
the membrane surface and the feed intensity Ideposit/IFeed
was measured in a native contrast setting and with the
added contrast agent, resulting in Ideposit/IFeed = 0.41
and in Ideposit/IFeed = 0.24, respectively. The enhancement
of the contrast is given by the relaxivities (Figure 3). The
contrast agents induce a dominantly negative T2‐contrast
as described above (Table 4). Due to the large r2, the sig-
nal intensity decreases with the concentration of relaxa-
tion agent.
FIGURE 4 Axial images during an in situ dead‐end filtration of skim

of the filtration module with a centric hollow fiber before the filtration st

accumulated on the active layer in the feed channel of the hollow fiber

bubble in the top left corner. (d) Normalized signal intensities as a func

quantification of the filtration (see Figure 2)
The filtration was performed at a feed pressure of
1.5 bar in situ with the described feed composition and
contrast agent concentration. Several MR images were
acquired with the described settings (Table 3). A fast
deposit formation of the active membrane area was
observed because a thick deposit layer is visible
after only a few minutes (Figure 4). At the end of the
in–out filtration, the deposit layer covers almost 50% of
the area of the membrane lumen. As a result of the accu-
mulation, the permeate flux is largely reduced caused by
an increasing filtration resistance. Additionally, a small
air bubble with a lower signal intensity increases with fil-
tration time in the top left corner of the filtration module
(Figure 4).

After normalizing the image's intensity to the average
feed signal intensity in the center of the lumen, a radial
average of the signal intensity was calculated to further
quantify deposit formation during filtration. As a result,
the signal intensities were calculated as a function of fil-
tration time t and radial distance from the active mem-
brane layer r/r0 (Figure 4d). The deposit of mainly
casein and whey proteins as well as the contrast agent
particles induce a negative image contrast. The mean
milk with a feed pressure of 1.5 bar. (a) Magnetic resonance images

arted. (b) After t = 16 min, the deposit can be seen that progressively

, (c) after a filtration time of t = 5 hr 45 min with an increased air

tion of filtration time and the reduced radius r/r0 allow a



FIGURE 5 (a) Normalized mean signal intensities as a function of the reduced radius r/r0 for each time step of filtration. (b) The signal

intensities can also be regarded as a function of filtration time for each individual ring, that is, radius. For r/r0 = 0.81–1.00, the signal

intensities are described with a bi‐exponential function (black dashed line) and for r/r0 ≤ 0.78, a mono‐exponential function (green dashed

line) is sufficient
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signal intensities in the three‐dimensional plot (Figure 4
d) can be viewed from both directions as either a function
of reduced radius (Figure 5a) or as a function of filtration
time (Figure 5b).

The first representation of the signal intensities as
function of time (Figure 5, a) might seem more intuitive,
as a decrease of the signal intensity can be observed close
to the membrane at r/r0 = 1.

In earlier publications, where a filtration with sodium
alginate was performed, it was possible to describe the
signal intensity with a mono‐exponential function.[34]

The filtration mechanisms of sodium alginate with and
without bivalent Ca2+ ions were quantified and described
comprehensively with a time constant because it is well‐
known that bivalent ions change the molecular arrange-
ment of the sodium alginate chains and thus the filtration
mechanism. Concentration polarization and gel layer
formation could be distinguished. These findings were
in accordance with the classical filtration model. It
describes the convective transport of the retained species
to the membrane surface and back‐diffusive transport in
the opposite direction. Therefore, an accumulation of
the retained substances results in a mono‐exponential
behavior.[29]

In the present case, however, skim milk is a feed solu-
tion that is composed of a variety of different substances
such as proteins, fats, lactose, and salts (Table 1) making
it a rather complex filtration medium. The filtration and
its mechanism are, therefore, not easily categorized into
the classic schemes because it is not as clearly differenti-
ated as in the case of sodium alginate, for example. A
description of the filtration of soft and permeable colloids,
as are the micellar casein proteins in skim milk, is subject
of current research. A modelling approach was recently
attempted.[41,42] Because the experimental confirmation
of the proposed filtration model is rather complex, a
different approach to quantify and compare the filtration
at different pressures was chosen: The mean signal inten-
sities are a function of filtration time, which can be
modelled for each ring (Figure 5b).

In the first ring at the membrane surface (r/r0 = 1),
the signal intensity decreases right at the beginning of
filtration as casein and whey proteins deposit on the
membrane surface. Already after a few minutes, a suffi-
cient amount of components of the skim milk accumu-
lated in the first pixel ring, and the signal intensity
starts to decrease in the subsequent rings for r/r0 < 1.

The signal intensity angularly averaged in each ring
could not be modelled by a mono‐exponential function.
This function did not describe the temporal behavior of
intensities in the rings that are near the membrane sur-
face (r/r0 = 0.81–1.00). A bi‐exponential function with
two time constants tc,1 and tc,2 according to Equation (1)
enabled a numerically sufficiently good description of
the signal decay, whereas a simple mono‐exponential
decay adequately characterized the signal decay for the
inner rings (r/r0 ≤ 0.78).

I
Iref

¼ A1· exp −
t
tc;1

� �
þ A2· exp −

t
tc;2

� �
þ y0 (1)

The fact that at least two time constants are necessary
to describe the deposit formation during filtration is a
strong indication that not only the proteins of the skim
milk are accumulated but that also a consolidation or
compaction of the deposited moieties takes place as the
filtration time progresses. As a result, the filtration cannot
be described as a pure concentration polarization of the
proteins, that is, not only the skim milk components
but also that the proteins might aggregate, and micelles
might deform leading to a second form of deposit.[43,44]



FIGURE 6 Time constants tc,1 and tc,2 of different feed pressures

as a function of the reduced membrane lumen radius r/r0. The

resulting time constants for p = 1.5 bar (filled black squares),

p = 1.0 bar (filled green circles), and p = 0.5 bar (filled red triangles)

can be plotted as a function of radius. The first time constant tc,1
was modelled with Equation (2); full lines), whereas the second

time constant tc,2 is shown with a guide to the eye (dashed lines and

open symbols)

TABLE 5 Resulting fit parameters of Equation (2)

Feed
pressure

B
[min]

roffset
[mm] h(p) [‐]

r(p) = h(p) *
r0 [mm]

0.5 bar 25.6 0.86 0.071 66.92

1.0 bar 138.5 0.77 0.047 47.35

1.5 bar 122.05, 88.9 0.57 0.011, 0.176 10.10, 160.16
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The two weighting factors in Equation (1) indicate
that the first exponential function is dominant because
A1 is a factor five to 10 larger than A2.

The time constants were compared for the three dif-
ferent feed pressures (Figure 6). When applying higher
FIGURE 7 Reversibility of the deposit after a dead‐end filtration with

deposit was found undisrupted near the active layer. (b) A loosening of th

example, at t = 27 min (c) At t = 15 hr almost the complete deposit lay

deposit layer is visible on the length scale of the magnetic resonance im
pressures in dead‐end filtration, a larger amount of pro-
teins accumulated, and a fast increase in deposit height
was measured. As A1 is dominant, the first time constant
was further modelled by Equation (2):

tc;1 ¼ B· exp −
r − roffset

r0

� �
·
1

h pð Þ
� �

: (2)

The resulting fitting parameter (Table 5) show a
dependence on the filtration parameters, e.g., feed pres-
sure. The parameter roffset is needed to model the data
by Equation (2) adequately. Physically, it can be under-
stood as a description of the maximal deposit height. In
the case of p = 1.5 bar, a bi‐exponential fit was applied.

Experiments were performed to measure the degree of
reversibility in order to further investigate the nature of
the deposit layer (i.e., structure and composition). There-
fore, after a certain filtration time, the process was stopped
by closing the feed valve and carefully releasing the filtra-
tion pressure to pFeed = 0 bar by opening the retentate
valve at the outlet of the hollow fiber, making sure that
the deposit in the hollow fiber did not experience a large
impulse and is not disrupted. Next, multiple MR images
were measured in the time course (Figure 7).

Because there was no longer a feed pressure applied
and the filtration was stopped, and the driving convective
flow towards the active membrane layer in the hollow fiber
vanished. Only back‐diffusion of the deposits towards the
inner membrane lumen was observed caused by the con-
centration gradient. A high degree of reversibility of the
deposit layer that was built up during a dead‐end filtration
with pFeed = 0.5 bar was observed: Almost the complete
fouling layer is receding on a short‐time scale. After about
30 min, the filtrated particles were already visibly diffusing
back. Hardly any remaining gel‐like deposit was measured
that would be still attached to the active membrane layer
(Figure 7c) indicating that the protein deposit is only
p = 0.5 bar. (a) At t = 5 min after pressure release, almost the entire

e deposit layer was observed during the reversibility experiment, for

er disappeared, and a concentration equilibrium was detected. No

aging



FIGURE 8 (a) After another filtration performed with p = 1.0 bar, the filtration was stopped, and the reversibility of the protein deposit

layer was observed at t = 5 min. (b) A back‐diffusion of the loose parts of the deposit was observed after a short period of time, for example,

t = 32 min. (c) Even after a very long reversibility time of t = 19 hr, a deposit layer with a well‐defined geometry is still visible on the inner

surface of the hollow fiber. This indicates that parts of the deposit are more interlinked and not affected by back‐diffusion
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accumulated, and no aggregation or even gelation of the
proteins had occurred at this feed pressure of p = 0.5 bar.

The nature and structure of the deposit layer that is
built up during a dead‐end skim milk filtration therefore
depends on the applied feed pressure. During dead‐end
filtrations at higher pressures, a deposit layer develops,
which is not reversed by back‐diffusion (Figure 8). As a
result, the filtration mechanism cannot be consistently
described by a loose concentration polarization that can
easily be reversed by back diffusion, when pressure is
released, as has been shown in alginate filtration experi-
ments in the work of Schuhmann et al.[34] To further
detach the remaining fouling layer and fully recover the
filtration performance of the hollow fiber membrane,
additional cleaning of the membrane layer must be
performed. For example, back‐washing or even chemical
cleaning of the hollow fiber are needed to detach the
adhesive or agglomerated part of the fouling layer.[33]
4 | CONCLUSION

The longitudinal and transverse relaxation rates of mag-
netic iron oxide particles functionalized with casein pro-
teins were measured for varying particle concentrations
in demineralized water and two different skim milk
concentrations. As often observed for superparamagnetic
nanoparticles, the transverse relaxivity is dominant lead-
ing to a negative contrast in the MR images. When dis-
solving more skim milk powder in demineralized water,
the viscosity of the solvent increases apart from the chem-
ical composition. The longitudinal and transverse
relaxivities depend on the solvent and its viscosity. Thus,
the characterized magnetic iron oxide particles coated
with casein proteins were utilized as a contrast agent for
the MRI measurements to further increase the native
image contrast.
In situ filtration MRI experiments with dissolved skim
milk powder were performed at different feed pressures.
The deposit in the ceramic hollow fiber membranes was
observed as a function of filtration time in the dead‐end
mode. The fouling layer on the membrane was quantified
as a function of the fiber radius by radially averaging the
signal intensities within a given ring. A quantitative
description of the signal intensity was achieved by model-
ling the signal intensity decays for radius r, discretized by
the spatial resolution of MRI. The quantification showed
not only an accumulation of substances on the membrane
but also a consolidation or compaction of the accumulated
proteins, evident especially at larger feed pressures. The
deposit layer might be described by two regions that are a
first thick and irreversible fouling layer and a second revers-
ible concentration polarization layer. This interpretation of
the nature of the deposit layer is consistent with reversibil-
ity experiments. The pressure‐dependent reversibility in the
pressureless experiment gave further insight into the nature
of the deposit layer. The part of the deposit layer that is still
attached to the membrane might indicate an aggregation of
the accumulated proteins resulting in an insoluble layer
whereas the concentration polarization was reversible
caused by back‐diffusion.
NOMENCLATURE

SYMBOLS AND ABBREVIATIONS
A1
 ‐
 fit parameter
 [−]
A2
 ‐
 fit parameter
 [−]
B
 ‐
 fit parameter
 [−]
cFe
 ‐
 iron concentration
 [mMFe]
I
 ‐
 signal intensity
 [a.u.]
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Iref
 ‐
 normalized reference signal
intensity
[a.u.]
J0
 ‐
 pure water permeability
 [L/(m2 h bar)]
m
 ‐
 mass
 [g]
MW
 ‐
 molecular weight
 [kDa]
SWH
 ‐
 spectral width
 [kHz]
p
 ‐
 pressure
 [bar]
R1
 ‐
 longitudinal relaxation rate
 [s−1]
R2
 ‐
 transverse relaxation rate
 [s−1]
r
 ‐
 radial position
 [mm]
roffset
 ‐
 fit parameter
 [mm]
r(p)
 ‐
 fit parameter
 [mm]
r0
 ‐
 inner fiber radius
 [mm]
r1
 ‐
 longitudinal relaxivity
 [(mmolFe/molSolvent s)
−1]
r2
 ‐
 transverse relaxivity

[(mmolFe/molSolvent s)
−1]
RF
 ‐
 RARE factor
 [−]
T1
 ‐
 longitudinal
relaxation time
[s]
T2
 ‐
 transverse relaxation time
 [s]
TR
 ‐
 repetition time
 [s]
T
 ‐
 temperature
 [°C]
t
 ‐
 filtration time
 [min]
tc, 1/2
 ‐
 time constant
 [min]
V
 ‐
 volume
 [ml]
y0
 ‐
 fit offset
 [−]
GREEK LETTERS
τE
 ‐
 echo time
 [ms]
τE, effective
 ‐
 effective echo time
 [ms]
νL
 ‐
 Larmor frequency
 [MHz]
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