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The factors affecting membrane fouling are very complex. In this study, the membrane fouling process was
revealed from the perspective of ion environment changes, which affected the whey protein structure during
ultrafiltration. It was found that the concentrations of Ca>" and Na* were overall increased and the concen-
trations of K, Mg?" and Zn?" were decreased at an ultrafiltration time of 11 min, which made more hydrophilic

groups buried inside and increased the content of a-helix, leading to more protein aggregation. The relatively
higher K* ratio in retention could lead to an antiparallel p-sheet configuration, aspartic acid, glutamic acid and
tryptophan increased, which resulted in more protein aggregation and deposition on the membrane surface at 17
min. When the ion concentration and ratio restored the balance and were close to the initial state in retention,
the protein surface tension decreased, and the hydrophilic ability increased at 21-24 min.

Introduction

Recently, ultrafiltration technology has been widely studied to
concentrate whey protein, but the relatively high production cost caused
by membrane fouling in the ultrafiltration process restricts the promo-
tion of membrane recovery of whey protein. The structural integrity of
proteins is affected by the ultrafiltration process contributing to mem-
brane fouling during filtration. When proteins penetrate membrane
pores, they will be affected by external forces, such as tangential shear
stress on the membrane surface and shear stress in the pore, resulting in
changes in their structural characteristics (Portugal, Lima, & Crespo,
2008). Lactoglobulin (-Lg), lactalbumin (a-La) and bovine serum al-
bumin (BSA), as the main components of whey protein, all have spher-
ical structures in their natural state, and show different melting spheres
(MGs) and, monomer, oligomer and aggregation states according to the
environmental conditions and processing technology. A large number of
studies have analyzed the structural changes caused by protein
adsorption to different materials and the effects of certain operating
conditions, such as pressure, temperature, pH and ion environment, on

the structure of the retention protein (Sethuraman & Belfort, 2005). In
addition, the structural changes in proteins and the nature of the charge
seem to be the main factors affecting membrane flux, and protein
structure changes and charge effects could help explain the change in
membrane flux. This result matched the changes in ion content and pH,
and the results showed that ion content could cause changes in protein
structure and play a favorable role in ultrafiltration (Van Audenhaege,
Pezennec, & Gesan-Guiziou, 2013) (Table 1).

The common ions in the ultrafiltration process are mainly cations,
such as Nat, Ca?t, Mg?", and K*, Ca®" has the ability to react with
fouling molecules and the membrane surface, and their interaction
changes the chemical properties of the membrane surface, forming
network complexes with carboxyl compounds in fouling, making the gel
layer of some macromolecules denser and more condensed, indirectly
reducing membrane flux and causing membrane pollution (Ahn, Kali-
nichev, & Clark, 2008). In addition, Ca%* bridges the ionic bridge be-
tween two adjacent carboxyl groups to form a complex through the
bridging effect. Ca®* bridging between adjacent BSA molecules can also
increase membrane fouling. When the Ca?* concentration is lower than
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Table 1
Relative band intensities and assignments at selected regions of the Raman
spectra of whey protein in retention during ultrafiltration process.

Main attribution Wavenumber Assignment
(Acm’l)

Tyrosine 850/830 State of phenolic OH group (exposed
or buried, hydrogen-bond donor or
acceptor)

Tryptophan 760, 880, 1360 Indole ring

Sharp intense band indicates buried
residues

Aspartic acid and 1400-1430 C=0O0 stretch of COO-
glutamic acid 1700-1750 C=0O0 stretch of COOH or
COOR
1450, 1465 C—H bending
2800-3000 C—H stretching
Amide I 1655 £ 5 C=O0 stretch, N—H wag ; a-Helix
(1600-1700) 1670 + 3 C=O0 stretch, N—H wayg ; p-sheet
1665-1685 C=0O0 stretch, N—H wag
Amide IIT 1275 N—H in-plane bend, C—N stretch ; a-
Helix
1235+ 5 N—H in-plane bend, C—N stretch ; f-
sheet
1245 + 4 N—H in-plane bend, C—N stretch
B-sheet 1240
SS 538
Antiparallel p-sheet 1668
RCOOH 1785

1 mmol, the membrane flux is positively correlated with the Ca%* con-
centration, and cake filtration is the main fouling model (Zhao, Yang, Li,
Liang, & Hou, 2019). During ultrafiltration, ions in the solution envi-
ronment can shield some impulse charges between adsorbed dirt mol-
ecules, resulting in increased adsorption (Tang et al., 2022). It has been
found that increasing salt concentrations helps dissolve protein aggre-
gates because the shielding of salt ions reduces the electrostatic attrac-
tion between protein molecules. DING et al. (Ding, Ma, Liu, & Qu, 2019)
observed SEM images before and after ultrafiltration and the zeta po-
tential of BSA at different Ca®" concentrations, and found that the in-
crease in Ca®" concentration led to an increase in zeta potential, and
Ca?" shielded the surrounding charge, thus increasing the aggregation
capacity of BSA molecules and the adsorption capacity on the membrane
surface, intensifying membrane fouling. As hydration ions, Na® and
Mg?* plasma produce hydration repulsion in the ultrafiltration process,
which increases with increasing ionic strength. By reducing protein-
protein interactions, Na* and Mg?" plasma promote their deposition
on the membrane surface and form a loose and porous protein layer,
which is conducive to increasing flux and delaying membrane fouling. In
conclusion, the microscopic interaction behaviors of proteins at the ul-
trafiltration membrane interface under different ionic intensities
showed that when the ion concentration reached a certain value, hy-
dration repulsion would appear, which weakened the interaction be-
tween the ultrafiltration membrane and protein and thus led to the
slowdown of the protein deposition rate and the reduction of membrane
fouling (Kilmer, Huss, George, & Stennett, 2021). Mg2+ is one of the
more abundant cations in general aqueous solution, and its relationship
with membrane fouling behavior is similar to Ca?*. When the Mg?*
concentration is low, the presence of both can enhance membrane
fouling, which can be explained by the charge shielding effect, consis-
tent with the theory of Derjaguin, Landau, Verwey and Overbeek
(DLVO). When the concentrations of Mg2+ and Ca®* increased, mem-
brane fouling was significantly alleviated, but the alleviation mecha-
nism of the two ions was different. For Mg?*, hydration repulsion
increased with increasing ion concentration, leading to an the increase
in flux. Ca%t was due to the stronger electrostatic repulsive force with
protein molecules, which prevented intermolecular aggregation (Miao
et al., 2017).

Ionic strength has been characterized by existing studies as a key
factor affecting the membrane scaling rate in ultrafiltration. It plays an
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important role in protein structure and properties as well as protein-
membrane and protein—protein interactions, so it has the possibility of
improving the ultrafiltration process. Previous works have reported that
protein structural and functional properties are altered due to ions with
a functional (Fe3* in the active center) and a structural function (Ca®")
(Portugal, Lima, & Crespo, 2006). Classical DLVO theory provides a
relatively clear explanation, which indicates that the scaling rate of
protein increases with increasing ionic strength and will have a peak
(Wang & Tang, 2011). However, some studies in recent years have
shown that membrane fouling is significantly alleviated with increasing
ionic strength during ultrafiltration. Some hydrated ions (such as Na™)
can adsorb negatively charged protein molecules, and the hydration
repulsion generated increases with increasing ionic strength. The loose
protein layer formed on the membrane surface delays membrane
pollution, which is consistent with the pollution mechanism of filter
cake filtration (Damar Huner & Gulec, 2017). When the ionic strength is
high, the severity of film scaling is relatively mild, which may be
because the protein solubility is also high at high salt concentrations.
Therefore, the conformational change and higher solubility of protein
molecules may be the reason why the decrease rate of membrane flux
decreases with increasing ionic strength (She, Tang, Wang, & Zhang,
2009). In addition, SALGIN (Salgin, Takac, & Ozdamar, 2006) by cross-
flow ultrafiltration experiments, also showed that with an increase in
ionic strength and a compression of EDL leading to protein—protein and
protein-membrane electrostatic interactions, a large number of proteins
from the membrane surface are reduced, therefore, reducing the con-
centration of BSA on the surface of the membrane and improving the
steady-state permeation flux of the membrane. In addition, the degree of
ultrafiltration-induced protein denaturation depends on the pore size
ratio of protein to membrane, as well as on permeation time and ionic
strength, reflecting the potential effects that ions may play in protein
ultrafiltration. The ionic environment in solution is one of the triggers
for protein structural changes during ultrafiltration, and changes in
these parameters also affect protein—-protein and protein-membrane in-
teractions. At present, there is no consistent explanation in all the
studies and no clear theoretical knowledge to support further experi-
mental research, but they have all stated that high ionic strength is
helpful to alleviate membrane fouling. Therefore, more studies are
needed to help us gain a deeper understanding of the linkages and
influencing mechanisms between ion strength, protein structure and
membrane fouling.

However, there are many kinds of ions in cheese whey solution, and
the ion concentration varies over a wide range, so it is not clear how the
ion concentration and the proportion of each ion influence the protein
structure. The relationship between membrane fouling and protein
structure changes is influenced by ion changes during the ultrafiltration
process. Mastering the variation in protein structure with ion concen-
tration during ultrafiltration has a positive impact on the control of
membrane fouling. In recent years, research has mainly explored the
mechanism of membrane fouling by observing the relationship between
the change in single ions and membrane fouling. The aim of this study
was to investigate the effects of ions on the protein structure and
membrane fouling during the filtration process. The changes in protein
structure with the ionic environment during the ultrafiltration process
were studied to reveal the relationship between protein surface and
secondary structure changes with the membrane fouling forming pro-
cess. Then, the mechanism of membrane fouling was revealed from the
perspective of the ion environment and protein structure changes.

Materials and methods
Materials
Polyethersulfone membrane (PES) with a molecular weight of 10

kDa was provided by Sepro (Nanostone Water. Co., Chicago, USA).
Whey is extracted from our laboratory production of cheddar cheese.
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Fig. 1. The ion strength (K*, Ca®*, Na*, Mg?", Zn?>") changes of retention during whey ultrafiltration process (a—e). The whey protein content in retention and

membrane flux changes (f) during ultrafiltration process.
Methods

Whey protein content of the retention fluid

We added 50 mL of sample to an ultrafiltration cup for each exper-
iment. The transmembrane pressure was set at 0.15 MPa. Finally, the
content of retention protein was determined by the Lowry protein assay
method (Wen-giong, Lan-wei, Xue, & Yi, 2017).

Membrane flux measurements

The ultrafiltration performance of whey protein was characterized
by a dead-end filtration system at a transmembrane pressure of 0.15
MPa. The membrane permeability flux was calculated by the following
formula:

J= Relative flux = J/J;

\%4
AAt
In the formula, A (cm™!) is the membrane surface area, V (ml) is the
volume of permeable liquid under different ultrafiltration times, At
(min) is the time change between two mass measurements, and Jj is the
pure water flux of the membrane (Miller, Kasemset, Wang, Paul, &
Freeman, 2014). The concentration efficiency of whey protein in
different ionic environments was measured.

Flame atomic absorption spectroscopy

The metal content was determined by a PinAAcle 900F atomic ab-
sorption spectrometer (United States, PerkinElmer). A hollow cathode
lamp and deuterium background corrector were used at their respective
wavelengths, and an air-acetylene flame was used. The lamp currents of
K', Mg?", Na¥, Ca®" and Zn?" were 8, 10, 8, 12 and 6 mA, respectively
(Klost, Giménez-Ribes, & Drusch, 2020).

Particle size distribution

The particle size distribution of the samples was determined by a
Zetasizer Nano ZS (Malvern Instruments). Scattered light detection was
performed at a 173° angle with laser attenuation. The measuring posi-
tion was determined by Malvern software automatic adjustment.

Zeta potential measurements
At 25 + 0.1 °C, the zeta potential was used to analyze the charge

changes of the protein polymer surfaces. Zeta potential was measured
using a Malvern Zetasizer Nano ZS (Brookhaven Instruments, USA).

Surface tension measurement

In this experiment, a K100 tensiometer from Germany KRUSS Co.
was used for testing. The surface tension of the protein solution was
measured by the hanging sheet method. The sample cup of the surface
tensiometer moves along the sample table and the solution to be tested
in it is in contact with the standard hanging plate. A change in force
occurs at the surface contact point. The surface tension of the solution to
be measured can be calculated by measuring the mass change value of
the standard sheet on the surface (Adhikari, Howes, Shrestha, & Bhan-
dari, 2007).

FTIR

FTIR spectra were recorded according to a prior method with some
modifications (Dineshbhai et al., 2022). FTIR spectra were recorded in
ATR mode on a Varian Cary 610/670 FTIR spectrometer (Varian, Salt
Lake City, NV, USA), using the Turbo mode of the Ever Glo infrared
source. All samples were measured after freeze-drying. The temperature
of the sample was kept at 25.0 + 1.0 °C with the aid of an external
Specac West 6100 + controller. The resolution was 4 cm ™!, and the
wavelength range was 400 to 2200 cm™'. Using loading pressure, the
sample was placed near the diamond crystal.

Determination of Raman spectra

The membrane surface proteins were dispersed into a 100 mg/ml
solution in pure water, stored at 5 °C for 48 h, and then analyzed after
complete H/D exchange. Experimental conditions included a scanning
frequency range of 200-1800 cm !, 632.8 nm wavelength, He-Ne laser,
integral time of 100 s, 6.4-mW power, and room temperature (Wagner,
Biliaderis, & Moschakis, 2020).

Statistical analysis

Experimental data were statistically analyzed using SPSS 11.5 soft-
ware (SPSS, Inc., Chicago, IL). One-way ANOVAs were applied to
examine the effects of different treatments. Data are expressed as the
means =+ standard deviation. Duncan’s multiple range tests were
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Fig. 2. Particle size analysis (a) and Zeta potential analysis (b) of retention protein during ultrafiltration of whey protein.

performed for post hoc multiple comparisons with the level of signifi-
cance set at P < 0.05.

Results and discussion

The ion strength and content of retention protein during ultrafiltration with
membrane flux changes

The membrane flux is related to the content of retention proteins. In
the absence of salt ions, the maximum retention occurs at the isoelectric
point, but it is larger in the presence of salt ions. The results explain the
influence of different ion environments on protein permeability. Ions
with the same charge have different effects on the solubility of proteins
in water, and the unique effect of different ions on the stability of pro-
teins in solution is considered the Hofmeister effect. This effect cannot
be considered simply as affecting the solubility of a protein, but also
requires analysis of how ions interact with the protein, as well as hy-
dration leading to changes in protein stability and aggregation (Mog-
haddam & Hormann, 2019). It has been suggested that structural
changes and higher solubility of proteins may be responsible for the
decrease in membrane flux rate with increasing ionic strength. The
contamination rate of protein increases with increasing ionic strength,
and peaks occur (Gao et al., 2018). As shown in Fig. 1, the ion content of
Ca%" and Na* in the retention liquid decreased significantly and rose

sharply after 12 min, while the ion contents of Mg2+, Zn?*t and K*
changed slightly at the initial stage of ultrafiltration and showed a
fluctuating trend after 10 min. At the same time, the ion content of K is
obviously higher than that of other ions. After 5 min during the ultra-
filtration process, the ion content of K* increased, the membrane flux
increased, and the protein content in the retention liquid increased. At
this time, Ca?* did not change significantly, and the insoluble calcium
salt was not formed. At 7 min, the contents of Ca®", Na* and Zn?* in the
retention liquid increased slightly. As shown in Figs. 1 and 2, the content
of retention protein and membrane flux decreased. Ca®* can enhance
membrane fouling by binding to adjacent proteins and reducing their
charge. Through the bridging effect, two adjacent carboxyl groups are
connected to form ion bridges and BSA-Ca complexes. At 12 min, the
contents of Ca>", Nat, Mg?" and Zn%" in the retention liquid decreased
sharply, while the contents of retention protein increased, possibly due
to the ion exchange effect. A reversible exchange occurs between cations
or anions in the ionic environment and isotropic ions in solution. On the
other hand, the interaction between ions and organic matter changes the
size and structure of organic matter, and promotes the aggregation of
pollutants through complexation with organic matter. Therefore, theo-
retically, the structural changes of organic matter caused by the coex-
istence of multiple ions will have a significant impact on the retention
and membrane fouling of organic matter. The contents of all ions
increased and gradually peaked after 20 min, and the contents of
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retention protein and membrane flux showed an upward trend after a
slight decrease. This indicates that when the ion content is close to the
initial value of the process, it is beneficial to the recovery of the mem-
brane flux.

The change in concentration efficiency and fouling of protein on the
membrane surface can be observed by the change in retention protein
content. As shown in Fig. 1(f), with the extension of ultrafiltration time,
the content of retention proteins showed a fluctuating upward trend,
which was because some of the membrane surface proteins are trans-
ferred to the retention liquid during the ultrafiltration process. The
interaction between proteins and the membrane is affected by many
factors, so it is necessary to ensure that the structural integrity of pro-
teins is not affected during the ultrafiltration process to prevent the
changes in protein structure from exacerbating membrane fouling.
Therefore, not only membrane flux and protein concentration efficiency,
but also protein structure and biological activity should be considered
when optimizing the operating conditions. When the transmembrane
pressure remained constant, the change in protein surface structure was
attributed to the change in ion concentration with the change in ultra-
filtration time. As shown in Fig. 1(f), the retention protein increased
sharply at 6 min, indicating that some of the proteins on the membrane
surface were washed away and entered the retention liquid. However,
when the ultrafiltration times were 2, 7, 12 and 18 min, this decreased
slightly, which may be because some ions played a role in cross-linking,
enhancing the protein—protein interactions. The protein content
decreased slightly at 10 min, which was related to the increase in Na™*
and Mg?*, as shown in Fig. 1(a) and (d). As hydration ions, they generate

hydration repulsion during ultrafiltration. By reducing protein—protein
interactions, they promote deposition on the membrane surface and
form loose and porous protein layers, which is conducive to increasing
flux and delaying membrane fouling. At 18 min, the retention protein
content increased because the density of the sediment layer increased
with the filtration time, and the exposure of hydrophobic groups
increased protein aggregation, enhanced protein cross-linking, and
caused protein accumulation on the membrane surface to form a filter
cake layer.

Optimization of the ultrafiltration membrane process and perme-
ation flux has been the focus of most studies, but the ultrafiltration time,
temperature, pH, pressure, ion environment and other factors can affect
the membrane flux. As shown in Fig. 2, membrane flux is negatively
correlated with ultrafiltration time, which decreases with time. The in-
crease in flux at 5 and 20 min may be related to the increase in retention
protein content, and the membrane surface protein was washed into the
retention liquid, resulting in a decrease in the force between the protein
and membrane. After 14, 18 and 22 min, the membrane flux increased
due to the hydration of Na* and Mg?t. In addition, the decrease in
membrane flux at 21 min can be attributed to the formation of reticu-
lated complexes between Ca?* and macromolecule carboxyl com-
pounds, which causes them to form a relatively dense fouling layer
structure on the membrane surface, thus reducing the membrane flux.
However, at the later stage of the ultrafiltration process, the ion con-
centration is high, which can shield some impulse charges between
adsorption molecules, resulting in increased protein adsorption and
reduced membrane flux (Rui et al., 2015).
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Particle size and zeta potential of retention protein during ultrafiltration

The particle size distribution of whey protein at different ultrafil-
tration times was investigated. During this process, polymerization
occurred between proteins, and larger particles of protein rapidly
deposited on the membrane surface. Only under specific conditions can
the appropriate size of aggregates improve the membrane flux (Zhang
et al., 2022). As shown in Fig. 2(a), some of the particle sizes increased
after 10 min, which indicated that ion changes could cause protein ag-
gregation. This could lead to loose cake resistance on the membrane
surface, which may come into retention at some times and reduce
membrane fouling. However, this condition lasted for a short time.
Then, all the particle sizes were increased after 12 min. The amount of
protein surface charge has a certain influence on the filtration effect and
stability of the filtration system, especially the concentration polariza-
tion. When Zeta is negative, the greater the absolute value is, the better
the stability of the system. In the concentrated polarization layer, the
deposition of whey protein on the membrane is mainly controlled by the
electrostatic repulsion force (Rohani & Zydney, 2010). However, the
zeta potential of the protein surface after 12 min fluctuated slightly
compared to that at 0 min (at filtration beginning), which indicated that
the zeta potential of protein surface changes was slight after 12 min. This
also indicated that the protein surface’s zeta potential had a slight effect
on protein aggregation during the filtration process. Therefore, the
protein aggregation was related to the groups on the protein surface
changes after filtration for 12 min, which also led to the formation of
hard protein cake resistance. Furthermore, the resistance was irrevers-
ible for long-term membrane operation.

Surface tension of the retention protein during ultrafiltration

The surface tension is related to the polarity of the liquid, the size of
the molecules in solution, the interaction force between the molecules in
the liquid, and so on. As shown in Fig. 3, the protein surface tension was
investigated for the protein in retention and membrane surface to
compare the protein changes during the ultrafiltration process. It was
found that surface roughness, the yield stress of the sample and solid
surface tension were the key factors responsible for adhesion (Adhikari
et al., 2007). As shown in Fig. 3, the surface tension for membrane
surface proteins was higher than that for retention proteins, which
indicated the exposure of some hydrophobic fragments, previously
buried inside (partial unfolding) (Wojciechowski, 2022). This is why the
whey protein on membrane surface changed from loose cake to hard
cake protein resistance. On the one hand, the protein surface tension in
the retention was increased after 9 min. On the other hand, the surface
tension of protein on the membrane surface was also increased with the
ion concentration and proportion changes. However, the protein surface
tension was decreased after 21 min for retention and the membrane
surface protein, as shown in Fig. 3. This was related to the ion concen-
tration and ratio return to initial state the (0 min), as shown in Fig. 1.
This means that with the right concentration and ratio of ions, the
protein’s surface tension can be restored to its original state. Although
the ion environment was good for whey protein retention, a hard protein
cake formed. Therefore, the flux was still reduced, and membrane
fouling formed. Therefore, the ion ratio and concentration in the feed
had a considerable effect on protein structure and membrane fouling.
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The secondary and surface structure changes of the retention protein
during ultrafiltration

The changes in protein surface structure directly affect the changes
in surface functional groups and then affect the interaction between
proteins and proteins and between proteins and membranes. During the
process of ultrafiltration, the change in protein secondary structure is
not only related to the extension of ultrafiltration time but is also closely
related to the ionic environment in solution. Salt ions can change the
conformation of a protein or act as a salt bridge between the membrane
and the protein, making it easier to precipitate (Hou, Lin, Zhao, Wang, &
Fu, 2017). As shown in Fig. 4(a), the secondary structure of the whey
protein changed in retention during filtration. The content of a-helix
increased after 12 min, which was related to the intermolecular or
intramolecular hydrogen bonds of O—H at 3500-3300 cm™! and
3500-3100 cm ™! of amide bonds decreasing before 12 min as shown in
Fig. 4(b). The -COOH and -NH bonds at 1740-1550 cm~! also
decreased. This indicated that the hydrophilic fragments were decreased
and buried inside (Portugal, Crespo, & Lima, 2007). The content of
B-sheets also increased after 15 min, which led to hydrophobic bond
exposure and some protein aggregation and deposition on the mem-
brane surface and a decrease in membrane flux, as shown in Fig. 1(f).
Furthermore, the ion concentrations of K, Mg?* and Zn?" decreased at
15-18 min and the concentrations of Ca?* and Na* increased, which
increased the hydrophobic properties of the protein. When the ion ratio
became balanced after 21 min, similar to the initial filtration process,
the protein in the retention had more hydrophilic bands at 3500-3100
em™! and 950-960 cm ™~ with exposure on the surface, as shown in Fig. 4
(b). This is why the protein surface tension was decreased, as shown in
Fig. 3(a). As shown in Fig. 4(a), the random curl content increased at 23
min. At this time, the membrane flux and protein content decreased, but
the ion concentration increased. The reason was that the hydrogen bond
broke, the protein structure folded, and the -sheet changed to a random
curl. The protein structure became more disordered, leading to
increased membrane fouling.

Raman characteristic bands of the retention protein during ultrafiltration

As shown in Fig. 5(a), the band at 850/830 cm~! for tyrosine was
decreased compared to the beginning of filtration. This indicated that
the amide of tyrosine was buried inside the formed a-helix. The intensity
of the band at approximately 940 cm™' (C—C—N stretching, o-helix)
was considered to be proportional to the a-helix content. The C—H
symmetric bending band located at approximately 1395 cm ™! was found
to have an intensity that decreased as the protein o-helical content
increased (Blanpain-Avet et al., 2012).

A higher band intensity at approximately 2930-2933 em™! was
observed in the spectra of whey protein during filtration, reflecting more
C—H stretching of aromatic and aliphatic amino acids, as shown in
Fig. 5(c) (Wang, He, Labuza, & Ismail, 2013). However, the intensity of
C—H stretching for aromatic and aliphatic amino acids was lower than
at 1 min except for at 5 min and 7 min. The intensity at approximately
2930-2933 cm ™! decreased significantly, which indicated that the ar-
omatic and aliphatic amino acids were buried inside or caused by pro-
tein aggregation and occlusion. At 12 min, the ions of Ca?*, Nat, Mg?*
and Zn?" were completely decreased, and K was increased, which
indicated that the ratio of K™ may lead to more aromatic and aliphatic
amino acids buried inside and forming a-helices. Most of the protein
particle sizes began to increase at 12 min, as shown in Fig. 2 (a). The
intensity of 1400-1430 cm ™" attributed to aspartic acid and glutamic
acid also decreased at 12 min. Therefore, the relatively higher K*
retention could lead to more protein aggregation. Furthermore, the band
representing the p-sheet configuration in the amide III region, which is
often reported near 1230-1243 cm ™}, was decreased, which was similar
to the CD results shown in Fig. 3(a). The band intensity at 1668 cm’l,
which corresponds to the antiparallel $-sheet configuration, increased
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significantly at 17 min. Furthermore, the intensity of the tryptophan
band at 1360 cm ! and the vibration of amide I (1655 cm_l) were also
increased, which means that some protein unfolding occurred. At this
time, Ca?', Na*, Mg?>" and Zn?' also slightly decreased and K*
increased. This also indicated that relatively higher K* retention could
induce protein aggregation and accelerate membrane fouling. Ca®",
Na®, Mg?" and Zn?" had a tendency to increase at 21 min as shown in
Fig. 1.The protein surface tension was decreased as shown in Fig. 3(a).

Conclusion

This study analyzed the retention protein structural changes caused
by ion environment changes during the ultrafiltration process. From this
point of view, the membrane fouling mechanism of whey protein ul-
trafiltration was revealed. The ion concentration and ratio had a
considerable effect on whey protein surface tension and group exposure,
which determine the hydrophilic and hydrophobic properties of pro-
teins. This was very important for the time of membrane fouling for-
mation during filtration. Ca%* and Na™ were overall increased, and other
ion concentrations decreased, which increased the hydrophobic prop-
erties of the protein. The relatively higher K™ retention could lead to an
antiparallel B-sheet configuration, and aspartic acid, glutamic acid and
tryptophan increased significantly, which increased protein aggregation
and deposition on the membrane surface. When the ion concentration
and ratio restored the balance and were close to the initial state, the
protein surface tension was decreased, and the hydrophilic ability
increased at 21-24 min. In this study, we were able to monitor the
membrane fouling process and observe the ion ratio and concentration
at a specific filtration time to analyze membrane fouling formation.
Therefore, finding the best time to adjust the proportion of each ion and
maintain the balance of the ionic environment in solution will be the key
to optimizing the process. With the renewal of membrane technology
and the combined use of various membrane processes, it is more effi-
cient and convenient to concentrate protein using this technology.
Although it has been implemented in commercial processes, the small-
scale experimental research for new membrane materials and ions
regulation methods showed that the recovery rate, purification rate and
product quality have been steadily improved. Looking to the future,
continuously optimized membrane technology will play an important
role in the next generation of biotechnology.
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