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Abstract

This work investigated the membrane fouling mechanisms during the microfiltration of oat
protein–β-glucan complexes. Microfiltration experiments were conducted under various
pH conditions, protein-to-polysaccharide ratios, and ionic strengths. The fouling behavior
was analyzed using multiple membrane fouling models to systematically elucidate the
relationships among the particle characteristics, rheological behaviors, and membrane
fouling. When the pH was adjusted to 7.8, the multimodal particle size distribution of the
complexes promoted the formation of a loosely structured cake layer on the membrane
surface, accompanied by partial obstruction of membrane pore entrances. On the contrary,
the complexes, shown as having a monomodal particle size distribution and similar particle
size to the membrane pore, formed compact cake layers and strong membrane fouling
resistance. At pH 4.8, protein hydrophobic aggregation generated large particulate clusters
that formed a loose cake layer during microfiltration, resulting in a decrease in mem-
brane fouling resistance. Increasing the β-glucan content reduced membrane resistance
through enhancing steric hindrance and hydrophilicity. This research provides a theoretical
foundation for optimizing membrane separation process parameters in the production of
diversified oat-based products.

Keywords: oat protein–β-glucan complexes; microfiltration; membrane fouling; pH effect;
oat protein–β-glucan interactions

1. Introduction
In recent years, with the increasing global attention on healthy dietary patterns and

environmental sustainability, plant proteins have garnered significant interest as potential
alternatives to or complementary sources of animal proteins [1,2]. Oat, a highly nutri-
tious crop, has emerged as a promising plant-based raw material due to its abundant
content of functional polysaccharides and essential amino acids [3,4]. Oat protein exhibits
favorable emulsifying and foaming properties, together with appropriate gelation charac-
teristics [5], thereby conferring significant potential for applications in the food, nutrition,
and health sectors.

Oat protein possesses an amphiphilic molecular structure that facilitates rapid adsorp-
tion at oil–water or air–water interfaces, thereby forming stabilizing films that maintain
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emulsion stability [6]. Furthermore, oat protein can form stable heat-induced gels by heat-
ing, enabling the manufacture of high-value food products such as plant-based yogurt,
cheese, and meat analogs [7]. Oat grains are rich in β-glucan, which exhibits various physi-
ological functions including cholesterol reduction and the promotion of intestinal digestion.
Meanwhile, β-glucan serves as a dietary fiber fortifier and fat replacer, contributing to the
improvement in food texture while conferring additional health benefits [8]. However, the
high-value processing of oat grains faces considerable challenges, including high natural
turbidity and poor protein solubility [9]. Membrane separation technology, characterized
by its economic viability and ecological compatibility [10], represents a promising approach
for oat processing applications.

Conventional oat processing typically involves grinding, enzymatic hydrolysis of
polysaccharides, alkaline extraction followed by acid precipitation, and subsequent ul-
trafiltration concentration of proteins [11], followed by homogenization and sterilization.
Nevertheless, the presence of microorganisms and lipids in oat protein precipitates compro-
mises ultrafiltration membrane flux and diminishes the foaming properties of concentrated
solutions [12]. Immonen et al. [13] employed organic solvents such as hexane to remove
fats from ultrafiltration concentrates, achieving approximately 70% removal efficiency.
Microfiltration, serving as a versatile separation technique for removing large particulate
matter, reducing liquid turbidity, and concentrating target compounds [14], not only al-
leviates the burden on subsequent ultrafiltration processes but also offers economic and
ecological advantages.

Interactions between protein and polysaccharides, including electrostatic and hy-
drophobic interactions as well as hydrogen bonding among others, can lead to distinct
phase behaviors. Rodríguez et al. [15] explored the intermolecular interactions and phase
behavior of protein–polysaccharide systems. At low concentrations, proteins and polysac-
charides formed homogeneous mixtures in a single phase, a phenomenon known as ther-
modynamic compatibility. However, the system exhibited thermodynamic incompatibility
at an elevated biopolymer concentration. Meanwhile, proteins and polysaccharides with
different charge properties formed complexes via bridging flocculation. These systems
exhibited either complexation, cosolubility or segregation. The intermolecular interactions
within the complexes were closely associated with their microfiltration behavior. Lopez
et al. [16] investigated the filtration performance and deposit shear stress of skim milk
under various ionic conditions, characterizing the formation of irreversible deposits on
membrane surfaces. At elevated ionic strengths, the ratio of flux to deposit shear stress
decreased. The deposit structure became more consolidated, thereby increasing irreversible
fouling resistance. However, studies specifically addressing membrane fouling mechanisms
during the microfiltration of oat protein–β-glucan complexes remain scarce. Investigating
membrane fouling mechanisms under different pH conditions and oat protein–β-glucan
ratios is essential for elucidating the processing mechanisms of oat-based products such
as oat yogurt, oat cheese, and neutral oat milk [17], with the aim of enhancing membrane
separation efficiency.

Based on these considerations, this work investigated various microfiltration systems
of oat protein–glucan complexes to explore fouling mechanisms under diverse conditions.
The filtration performance, membrane fouling behavior, and the mechanisms of membrane
pore blockage were evaluated and discussed, providing theoretical foundations for the
industrial production of diverse oat-based products.

https://doi.org/10.3390/membranes16040116

https://doi.org/10.3390/membranes16040116


Membranes 2026, 16, 116 3 of 20

2. Materials and Methods
2.1. Preparation of the Oat Protein–β-Glucan Complex Solutions

Oat protein powder (hydrolyzed extraction, protein content: 98%, Shaanxi Dongjiang
Kangtai Health Industry Co., Ltd., Xi’an, Shaanxi, China) and β-glucan (Cool Chemistry,
Hefei, Anhui, China, MW ≈ 15 kDa) were utilized in this work. Oat protein powder was
dissolved in 0.04 M sodium hydroxide solution with continuous stirring to prepare a 10 g/L
oat protein stock solution. β-glucan was dissolved in deionized water to prepare a 10 g/L
stock solution. All samples were stored overnight at 4 ◦C as precursors for preparing
various complex solutions, with specific conditions detailed in Table 1.

Table 1. Solution conditions of experimental samples (oat protein–β-glucan complexes).

Experimental Parameters Under
the Solution Conditions Standard Condition Additional Conditions

pH 6.8 2.8, 4.8, 7.8
oat protein: β-glucan 1:1 4:1, 1:4, 1:9

c (NaCl) 0.1 M 0 M, 0.3 M, 0.5 M
c (Ca2+) 1 mM 0 mM, 3 mM, 5 mM

Note: total concentrations of oat protein–β-glucan complexes were all 1 g/L.

2.2. Microfiltration System and Experimental Set-Up

The dead-end microfiltration apparatus employed in this work was consistent with
the configuration described in our previous research [18]. Hydrophilic polyvinylidene
fluoride (PVDF) membranes with 0.22 µm pore size (Kezhun Filtration Co., Ltd., Haining,
Zhejiang, China.) were utilized. Before the filtration experiments, the membranes were
pretreated by immersion in ultrapure water for 24 h. Compressed air was used to provide a
constant transmembrane pressure of 0.02 MPa, and the stirring speed in the microfiltration
cell was controlled at approximately 250 rpm. Filtrate was collected in a reservoir vessel,
and filtrate mass was recorded every 5 s through the data acquisition system (SPDC,
Version 2.01, Ohaus, Parsippany, NJ, USA). Each experiment was performed in triplicate to
ensure accuracy.

2.3. Analysis of Membrane Fouling Mechanisms
2.3.1. Resistance-in-Series Model

As previously reported [19], Darcy’s law was employed to calculate permeate flux
during filtration and to evaluate the magnitude and distribution of resistance (Equation (1)):

J =
△P
µRt

(1)

where J represents the flux of permeation (m3·m−2·s−1), ∆P denotes the transmembrane
pressure (Pa), µ is the viscosity of filtrate (Pa·s), and Rt corresponds to the total filtration
resistance during the microfiltration process (m−1), which was calculated according to
Equation (2).

Rt = Rm + R f = Rm + Rr f + Rirr f = Rm + Rr f + Ra + Rp (2)

Rm is the intrinsic resistance of the virgin membrane (m−1), calculated according
to Equation (3). The resistance of fouling layer (Rf) generated during microfiltration is
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composed of reversible fouling resistance (Rrf) and irreversible fouling resistance (Rirrf)
(Equations (4) and (5)). These parameters could be calculated by the next equations.

Rm =
△P
µ0 J0

(3)

R f = Rt − Rm =
△P
µJ

− △P
µ0 J0

(4)

Rr f = R f − Rirr f =
△P
µJ

− △P
µ0 J1

(5)

where J0 represents the pure water permeation flux of the virgin membrane (m3·m−2·s−1).
J1 refers to the pure water flux of the contaminated membrane after cleaning. The viscosity
of pure water is represented by µ0 (Pa·s).

2.3.2. Fouling Propensity Model

The membrane fouling propensity model was employed to calculate the rate of mem-
brane fouling growth and to evaluate differences in fouling behavior among various
samples during filtration, as described in Equation (6):

Rt = Rmexp (K0V/A) (6)

where V refers to the filtration volume (m3), A represents the effective membrane area (m2),
and K0 is the fouling coefficient (m−1), describing the rate of resistance growth during
filtration. By rearranging and integrating Equations (7)–(9), the model can be expressed as
Equation (10).

J=
1
A

dV
dt

=
∆P
µRt

(7)

1
A

dV
dt

=
∆P

µRmexp(K0V/A)
(8)

∫ t

0
dt=

µRm

∆PA

∫ V

0
exp (

K0V
A

)dV (9)

V=
A
K0

ln (
K0∆P
µRm

t+1) (10)

This model has been validated for membrane fouling analysis [20–22]. Experimental
data were fitted using Equation (10) to calculate the fouling coefficient K0 under differ-
ent conditions.

2.3.3. Hermans and Bredee Model

Based on the approach proposed by Hermans and Bredee [23], the double logarithmic
plot of d2t/dv2 versus dt/dv, derived from flux decline behavior, enables facile determination
of membrane pore blocking mechanisms through linear regression fitting (Equation (11)):

d2t
dv2 = K

(
dt
dv

)n
(11)

where K is a constant and n is the blocking coefficient. Four models are typically employed
for linear fitting. Generally, different n values indicate distinct membrane fouling mecha-
nisms: 2.0 (complete blocking), 1.5 (standard blocking), 1.0 (intermediate blocking), and 0
(cake filtration). Integration of Equation (11) yields the following four linear equations:

For n = 2:
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J=Jiniexp (−Kbt) (12)

For n = 1.5:
J =

Jini(
KsJini

2 t+1
)2 (13)

For n = 1:

J=Jini exp(−Kiv) (14)

For n = 0:
t
v

=
Kc

2
v +

1
Jini

(15)

where Kb, Ks, Ki, and Kc are fouling model constants. Experimental data were fitted
using Equations (12)–(15), and the regression coefficients were compared to determine the
membrane pore blocking mechanism.

2.3.4. Specific Cake Resistance and Fouling Layer Thickness Model

Specific cake resistance is a physical quantity measuring the intrinsic resistance of the
fouling layer [24]. Fouling layer thickness represents the height of the physical layer formed
by accumulated foulants on the membrane surface. The relationship between specific cake
resistance and fouling layer thickness is described in Equation (16):

Rc =
∫ ω

0
αavdω (16)

Specific cake resistance αav is determined from cumulative permeate volume Vcum [25,26],
as described in the following Equation (17):

t
Vcum

= αav×
η×φOP−BG

2×A2
M×△P

×Vcum+
ηRM

AM×△P
(17)

where t is the filtration time (s), AM is the effective filtration area of the membrane, η refers
to the permeate viscosity, ϕ is the volume fraction of solids in the solution, and RM is the
resistance of membrane.

2.4. Determination of Particle Properties

The particle size distribution, zeta potential, and polydispersity index (PDI) of the sam-
ples were analyzed using a Malvern Mastersizer instrument (ZEN3600 + MTP2, Malvern
Panalytical, Malvern, UK). The particle size and PDI were obtained through dynamic
light scattering (DLS), whereas zeta potential was evaluated using phase analysis light
scattering (PALS).

2.5. Rheometric Measurements

The rheological behavior of oat protein–β-glucan complexes was measured using the
rheometer (Anton Paar, MCR 302) at 25 ◦C. A cone-and-plate geometry was employed,
equipped with a CP50-1 cone (50 mm diameter, 1◦ angle). During measurement, shear rate
was increased from 0.1 to 300 s−1, and shear stress and shear rate were recorded.

If the fluid exhibited Newtonian characteristics or shear-thinning behavior without
yield stress, the power-law model was employed for fitting:

τ = Lγm (18)
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In this equation, τ is the shear stress (Pa), L is the viscosity coefficient (Pa·sm), γ is
the shear rate (s−1), and m is the flow behavior index describing the shear-dependent flow
characteristics of the fluid.

If the complex flow curve exhibited gel-like consistency and yield stress, the Herschel–
Bulkley model was used for curve fitting [27]:

τ = τ0+Lγm (19)

where τ0 represents the yield stress (Pa).

2.6. Statistical Analysis

Each experiment was performed in triplicate to confirm reproducibility. The results
were expressed as the mean value with the corresponding standard deviation. Data analysis
was conducted using Origin 2025.

3. Results
3.1. Microfiltration Efficiency of Oat Protein–β-Glucan Complexes

This section analyzed the filtration efficiency of oat protein–β-glucan complexes under
different conditions. As shown in Figure 1A, pH was a significant factor in affecting
membrane flux. Increasing the concentration of β-glucan contributed to a slight increase in
steady-state membrane flux, while the steady-state membrane flux remained essentially
unchanged across different NaCl and CaCl2 concentrations. As illustrated in Figure 1B, the
flux decline rate (FDR) was significantly lower at pH 4.8 compared to those under other
conditions, whereas the ratios (OP-BG), c (NaCl) and c (Ca2+) were not primary factors
affecting the FDR. The volume reduction ratio (VRR) shown in Figure 2 revealed filtration
efficiency under different conditions. At pH 4.8, filtration efficiency increased rapidly,
while the resistance increased relatively slowly under other conditions. With the increase
in β-glucan concentration, the VRR increased more gradually.

(A) (B) 

Figure 1. Effect of various solution conditions on the (A) steady permeate flux and (B) flux decline
rate (FDR).
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(A) (B) 

(C) (D) 

Figure 2. Effect of pH (A), oat protein–β-glucan ratios (B), Na+ concentrations (C), Ca2+ concentra-
tions (D) on volume reduction ratio (VRR) of oat protein–β-glucan complexes microfiltration.

3.2. Characteristics of Oat Protein–β-Glucan Complexes
3.2.1. Particle Characteristics

Figure 3 illustrates the variations in oat protein–β-glucan complex particle size and
zeta potential under various solution conditions. The pH was the dominant factor affecting
solution properties. At pH 2.8, the complex exhibited minimal particle size, close to the
membrane pore size. These particles were adsorbed within the membrane pores, resulting
in irreversible membrane fouling during microfiltration [28]. The isoelectric point of
oat protein was 4–5 [29]. Protein aggregation and precipitation occurred, leading to the
formation of larger aggregated particles. Compared to the solution at pH≈pI, the complex
particle size under the condition of pH > pI was smaller. Figure 3B demonstrates the
particle characteristics of solutions under different ratios of OP-BG. It indicates that the
particle size was larger when OP:BG ≥ 1:1.

As shown in Figure 3, the pH was the primary factor affecting the zeta potential of the
complexes. The zeta potential gradually decreased with increasing pH. At pH 4.8 and 6.8,
the |zeta| was relatively small, indicating lower stability of the complexes. Figure 3B–D
indicate that zeta potential did not change significantly with variations in OP-BG ratios, c
(NaCl) and c (Ca2+).
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(A) 

(B) 

(C) 

Figure 3. Cont.
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(D) 

Figure 3. The particle properties (size, zeta potential and PDI) of oat protein–β-glucan under various
pH (A), oat protein–β-glucan ratios (B), Na+ concentrations (C), Ca2+ concentrations (D).

3.2.2. Flow Properties of Oat Protein–β-Glucan Complexes

Oat protein–β-glucan complex solutions exhibited specific flow and deformation
responses under external forces, thereby revealing their viscosity, gel properties and phase
behavior [30]. Typically, stable oat protein–β-glucan complexes formed a tight gel network,
with minimal phase separation between phases. Previous studies had investigated the
rheological properties of β-glucan derived from oats [31], whereas rheological studies on
oat protein–β-glucan complexes remain scarce.

This section evaluates the flow characteristics of oat protein–β-glucan complexes
through rheometric measurements. Figure 4 presents the rheological behaviors of oat
protein–β-glucan complexes under various pH conditions. The flow properties of the
complexes were classified into two categories based on pH. Firstly, at pH 4.8, 6.8, and 7.8,
the m values of the complexes were close to 1, suggesting that the systems behaved as
Newtonian fluids. Particularly, at pH 2.8, the complex exhibited the lowest m value among
all pH conditions, displaying shear-thinning behavior.

Figure 4. Rheological curves of oat protein–β-glucan complexes at pH 2.8, 4.8, 6.8, 7.8.
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3.3. Membrane Fouling Behavior of Oat Protein–β-Glucan Complexes
3.3.1. Distribution of Membrane Fouling Resistance

Figures 5 and 6 illustrate the total membrane fouling resistance and its tendencies
during microfiltration, respectively. Figure 7 shows the percentages of reversible and irre-
versible fouling resistance. At pH 4.8, the total resistance of oat protein–β-glucan complexes
was the lowest among all pH conditions, with the highest proportion of irreversible fouling
resistance. The highest total resistance occurred at pH 6.8. In the process of microfiltration,
the total resistance under the pH 4.8 condition grew steadily, while membrane fouling
under other conditions continued to worsen. The ratios of OP-BG also had a significant
impact on the microfiltration resistance. Generally, an increase in β-glucan concentration
generally led to a reduction in the total resistance and its rate of increase.

Figure 5. The total resistance of oat protein–β-glucan complexes in various conditions.

(A) 

Figure 6. Cont.
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(B) 

 
(C) 

 
(D) 

Figure 6. The trend of total resistance of oat protein–β-glucan complexes microfiltration under
various pH (A), oat protein–β-glucan ratios (B), Na+ concentrations (C), Ca2+ concentrations (D).

https://doi.org/10.3390/membranes16040116

https://doi.org/10.3390/membranes16040116


Membranes 2026, 16, 116 12 of 20

Figure 7. The percentage of reversible resistance (Rrf) and irreversible resistance (Rirrf) in total
resistance (Rt) in various conditions.

3.3.2. Fouling Propensity of Oat Protein–β-Glucan Complexes

The fouling propensity coefficient K0 provided an important basis and model founda-
tion for accurately predicting membrane fouling behavior, which was beneficial to optimize
filtration operating solution conditions [32]. The fouling propensity (K0) of the complexes
exhibited different characteristics under various conditions (Figure 8). At pH 2.8 and 6.8,
membrane fouling propensity was higher than that at pH 4.8 and 7.8. Additionally, a higher
β-glucan concentration led to a slower development of membrane fouling. Regarding c
(NaCl) and c (Ca2+), neither exhibited significant effects on K0.

Figure 8. Fouling coefficient (K0) of oat protein–β-glucan complexes in diverse conditions.

https://doi.org/10.3390/membranes16040116

https://doi.org/10.3390/membranes16040116


Membranes 2026, 16, 116 13 of 20

3.3.3. Specific Cake Resistance and Fouling Layer Thickness

Specific cake resistance (αav) referred to the resistance to fluid microfiltration per unit
fouling layer, uncovering the compactness of the fouling layer structure. Fouling layer
thickness (ω) was involved with the thickness of the cake layer generated by particles
accumulated on the membrane surface during microfiltration, intuitively reflecting the
accumulation of foulants [33].

Figure 9A indicates that, compared to pH 4.8 and 7.8 conditions, specific fouling
resistance (αav) at pH 2.8 and 6.8 increased dramatically along with the thin deposit layer
solid height (ω). Figure 9B shows that, as the ratios (OP-BG) declined from 4:1 to 1:9, specific
cake resistance (αav) decreased and the fouling layer thickness (ω) gradually thickened.
Figure 9C–D demonstrate that the presence or absence of Na+ and Ca2+ did not have
significant effects on specific fouling resistance (αav).

(A) 

(B) 

Figure 9. Cont.

https://doi.org/10.3390/membranes16040116

https://doi.org/10.3390/membranes16040116


Membranes 2026, 16, 116 14 of 20

(C) 

(D) 

Figure 9. The specific cake resistance (αav) and fouling layer thickness (ω) of oat protein–β-glucan
complexes during microfiltration in various pH (A), oat protein–β-glucan ratios (B), Na+ concentra-
tions (C), Ca2+ concentrations (D).

3.3.4. Pore Blocking Mechanism

The microfiltration membrane fouling behaviors of oat protein–β-glucan complexes
depended on the interactions between the complexes and membrane pores. This section
employed the Hermans and Bredee model to analyze the microfiltration fouling mecha-
nisms of the complexes. Figure 10 presents fitting results for the microfiltration behaviors
of complex solutions at four pH values. At pH 2.8, 4.8, and 6.8, the filtration data were well
fitted by intermediate blocking and cake filtration models. However, at pH 7.8, the mem-
brane fouling resistance was dominated by standard blocking and intermediate blocking,
implying an internal pore blocking. Cake filtration was identified as the primary fouling
mechanism under all other conditions (Figures S4–S6).
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(A) (B) 

 
(C) (D) 

Figure 10. Pore blocking model fitting of oat protein–β-glucan complexes microfiltration at pH 2.8,
4.8, 6.8, 7.8. (A–D) represent complete blocking, standard blocking, intermediate blocking and cake
filtration respectively.

4. Discussion
4.1. Effect of pH on Membrane Fouling

Based on the above results, pH variation had a greater impact on microfiltration flux and
resistance than the ratio (OP-BG), c(Na+) and c(Ca2+). Therefore, the following analysis focuses
on the particle, rheological characteristics and pore blocking mechanisms of oat protein–β-
glucan complexes under different pH conditions to explain microfiltration behaviors.

4.1.1. pH ≈ pI

At pH 4.8, oat protein carried nearly zero net charge. Consequently, electrostatic
repulsion between protein and glucan was minimized, while the exposure of hydrophobic
groups in oat protein promoted complex aggregation to form large particulate clusters.
Figure 4 demonstrates that the complex exhibits Newtonian flow behavior under the pH
4.8 condition. As shown in Figure 3, the particle size of the complexes at pH 4.8 was
significantly larger than the pore size of the microfiltration membrane (0.22 µm), indicating
that the complex particles were less likely to be adsorbed within membrane pores during
microfiltration. The complex exhibiting maximum particle size and relatively low apparent
viscosity formed porous cake layers with high permeability during microfiltration [34,35].
This was manifested as the minimal rate of membrane fouling and specific cake resistance.
The particle size and rheological characteristics of the complexes may also explain why
the filtration efficiency (VRR) at pH 4.8 was significantly higher than that under other
pH conditions (Figure 2). This observation is consistent with the results reported by
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Wen et al. [36], who investigated the microfiltration behavior of casein–chitosan complexes
under different solution conditions. In their study, the complexes at pH 6.8 exhibited the
largest particle size and the lowest apparent viscosity among the four pH conditions, which
led to the formation of a loose and highly permeable cake layer during microfiltration,
thereby enhancing permeate flux and improving filtration efficiency.

4.1.2. pH < pI or pH > pI

Compared to pH 4.8, the complex solutions at pH 2.8, 6.8, and 7.8 exhibited a signifi-
cant growth of total resistance during microfiltration. This phenomenon might be attributed
to electrostatic repulsion and hydrophobic interactions among the complexes, as well as
interactions between complexes and the membrane. At pH 2.8, electrostatic repulsion
prevented protein aggregation and led to minimal particle size [37], which was close to the
membrane pore dimensions. Simultaneously, the hydrogen bonds promoted the crosslink-
ing of oat proteins and β-glucan [38], which generated maximum apparent viscosity and
the most compact gel structure (Figure 4). In the process of microfiltration, the complexes
formed dense gel layers on the membrane surface, while particles permeated into and were
adsorbed within the membrane pores, creating the highest irreversible fouling resistance
among all pH conditions [39].

Under the pH 6.8 and 7.8 conditions, low permeate flux was similarly observed, which
might be mainly attributed to interactions between complexes and the microfiltration
membrane. When pH > pI, protein conformation became relatively extended, protein
solubility increased, and hydrophobic interactions weakened [40]. Figure 3 indicates
that the complexes under these conditions exhibited significantly larger particle sizes
compared to pH 2.8, while Figure 4 demonstrates negligible gel characteristics. Large and
loose complexes typically exhibited high permeate flux during microfiltration [35]. The
contradictory results might be attributed to interactions between the complexes and the
PVDF membrane. Chiao et al. [41] investigated particle–membrane interactions during
ultrafiltration and found that proteins could be adsorbed onto the membrane surface
through hydrogen bonding and electrostatic interactions. Zhi et al. [42] incorporated
cellulose into PVDF matrices. Through membrane structure characterization, hydrogen
bonding was identified between nanofibers and PVDF. Oat proteins contained abundant
polar groups such as carboxyl and amino groups, while hydrophilic PVDF membranes
possessed polar groups, including sulfonic groups on the surfaces. At pH 6.8 and 7.8,
the polar groups of oat proteins were exposed, which enhanced their interactions with
the hydrophilic PVDF membrane. These interactions mainly involved hydrogen bonding,
electrostatic attraction and other intermolecular forces. The combined effects of these
interactions promoted the adsorption and deposition of particles on the membrane surface,
thereby aggravating membrane fouling.

Notably, unlike microfiltration mechanisms at other pH conditions, cake fouling was
not the primary membrane fouling mechanism for the complex microfiltration at pH 7.8.
Conversely, standard blocking and intermediate blocking predominated. Pore blocking
mechanisms were determined by particles and membrane behaviors [43,44]. Figure 11
shows the particle size distributions of oat protein–β-glucan complexes under various
pH conditions. At pH 7.8, the particle size was several times larger than the membrane
pore size. However, multimodal particle distribution was observed. Inhomogeneous
particle distribution was unfavorable for forming multilayer structures, which is the typical
cake filtration mechanism [45]. Meanwhile, some small particles blocked membrane
pore entrances or penetrated into membrane pores, leading to the standard blocking and
intermediate blocking.
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Figure 11. Particle size distributions of oat protein–β-glucan complexes under various pH conditions.

Interestingly, the membrane fouling propensity at pH 7.8 was considerably lower than
that at pH 2.8 and pH 6.8, which appeared to contradict the results of total membrane
fouling resistance. Low fouling propensity typically indicated that foulants were less prone
to deposit on the membrane surface [46]. However, under pH 7.8 conditions, cake filtration
was not the predominant characteristic of membrane fouling. Instead, small particles were
adsorbed into the internal membrane pores, generating substantial pore blocking resistance
(Rp), thereby increasing the total membrane fouling resistance.

4.2. Effects of Oat Protein–β-Glucan Ratio and Ionic Strength on Membrane Fouling

For different ratios (OP-BG), resistance declined with increasing β-glucan content
(Figure 5), accompanied by improved filtration efficiency (Figure 2), consistent with pre-
vious reports [36]. Glucan chains are highly hydrophilic. As the content of β-glucan
increases, the molecular hydration layers and steric hindrance thicken, effectively inhibit-
ing hydrophobic aggregation and precipitation, thereby reducing the tendency to form
dense fouling layers on membrane surfaces [47], which affects the volume reduction ratio
(VRR) of the system. A more porous and permeable deposited layer was formed with the
increase in β-glucan content, resulting in a slower flux decline during microfiltration. This
allowed more permeate to be removed during the filtration process, which was reflected by
the increased VRR.

By adding NaCl to the solution, the membrane fouling resistance reached the minimum
level in the basic condition. The low concentration of Na+ decreased membrane fouling
resistance caused by the reduction in repulsion between protein molecules, which promoted
the formation of large and loose aggregates. However, at higher Na+ concentrations,
strong electrostatic shielding effects nearly eliminated electrostatic repulsion, leading to
hydrophobic aggregation of oat protein–β-glucan complexes, forming relatively dense
fouling layers that increased membrane resistance [48].
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5. Conclusions
This work elucidated the membrane fouling mechanisms of oat protein–β-glucan

complexes from the perspectives of particle characteristics and flow properties. The results
indicated that membrane fouling behavior was primarily influenced by pH and ratios
(OP-BG). Increasing the β-glucan content in the complexes reduced membrane resistance,
while Na+ and Ca2+ had relatively insignificant effects on membrane resistance. pH
determined membrane fouling resistance and mechanisms by influencing particle and
rheological properties. At pH 4.8, the total resistance was lowest. At pH 7.8, fouling
uniquely exhibited standard blocking and intermediate blocking, whereas cake filtration
predominated under other pH conditions. Practically, investigations of membrane fouling
mechanisms in oat protein–β-glucan complex systems under diverse conditions provide
theoretical foundations for membrane fouling control in the production of various oat-
based products.
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