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ABSTRACT

Microalgae protein hydrolysate enriched in peptide was produced by the enzymatic hydrolysis of Nannochloropsis 
sp. To obtain smaller peptides fractions, an ultrafiltration membrane was used to fractionate the hydrolysate, 
which contained a wide range of peptide sizes. However, a significant limitation of ultrafiltration membranes is flux 
reduction time due to fouling. This study investigates the influence of operational parameters variables such as 
flow rate, transmembrane pressure and pH on flux reduction and membrane fouling behaviour. Three membrane 
configurations (10 kDa, 5 kDa and two-stage 10/5 kDa) were evaluated. Kumar’s pore-blocking models were 
applied to the optimal configuration with the largest permeate flux to analyse fouling mechanism. The results showed 
that permeate flux was declined over time and stabilized within 20 to 35 minutes under all conditions. The best 
performance for microalgae protein hydrolysate fractionation was observed with two-stage 10/5 kDa membrane at a 
flow rate of 23 ml/min, TMP of 1.5 bar, and pH 2.  The standard pore-blocking model effectively predicted the flux 
reduction, confirming the role of membrane fouling in performance decline. This study highlights that optimizing 
ultrafiltration membrane parameters and selecting the appropriate membrane configuration can mitigate fouling 
effects, enhancing flux stability and peptide transmission.

Keywords:  Microalgae protein hydrolysate; membrane fouling; flux reduction; ultrafiltration membrane; pore 
blocking model

INTRODUCTION

Nannochloropsis sp is type of microalgae having 
oleaginous properties and high concentration of 
eicosapentaenoic acid (EPA). In Malaysia, microalgae 
Nannnochloropis sp is widely used in the aquaculture 
industry as a feed (Abidin et al.2020). It is also known as 
a potential source of larva feed and biofuel production due 
to its high triacylglycerol (TAG) content (up to 60% of its 
dry weight) (Gouveia & Oliveira, 2009). Due to the high 
cost of producing biofuel, most studies focused on the idea 
of a microalgae biorefinery, in which the entire biomass of 

the algae is used: both the primary product (oil) and 
byproducts (protein, carbohydrates and fiber). Other than 
lipids, protein is one of the highest contents in microalgae, 
up to 50% w/w which has a value added (Medina et al. 
2015). Peptides derived from microalgae protein’s 
Nannochloropsis sp have promising wide biological 
activities (Nguyen et al. 2013; Qian et al. 2013; Samarakoon 
et al. 2013). Enzymatic hydrolysis is the most preferred 
method in the production of peptides because it has high 
specificity for peptide bond-cleaving and consistent product 
properties (Aluko, 2018). However, Nannochloropsis sp 
microalgae protein hydrolysate (MPH) contains a wide 
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range of functional peptides sizes in a large number of 
hydrolyzed protein fractions (Bazinet & Firdaous 2009). 
More powerful antioxidative peptides have been found in 
smaller peptide sizes (Fan et al. 2012). 

Numerous studies conducted over the past 20 years 
have demonstrated the feasibility of fractionating peptide 
from protein hydrolysate using ultrafiltration, with the 
majority of them have focused on the role of operating 
parameters on permeate flux decrease (Vela et al. 2008; 
Md Zain & Mohammad 2016). The main challenge in 
assessing whether the ultrafiltration membrane process will 
be effective is fouling. The fouling phenomena could be 
due to the concentration polarization, formation of a cake 
layer or membrane pore blocking (Koonani & Amirinejad 
2019). This effect could be mitigated by using appropriate 
operating parameters, membrane pore size and design. 
However, limited studies have been undertaken on the 
fouling analysis of protein hydrolysate and the influence 
of process parameters on fouling especially from 
microalgae. According to Vela et al. (2008), membrane 
filtration assessments were performed under various 
experimental conditions to obtain data on permeate flux 
variation with time. Despite some progress in the 
fundamental fouling mechanisms of ultrafiltration 
membranes, further research is required to fully understand 
the fouling mechanisms.

There are many empirical models in the literature, but 
there are also several semi-empirical models to be 
discovered (Vela et al. 2008). Finally, empirical models 
are quite accurate, but it is not possible to fully characterize 
the fouling mechanisms that occur during membrane 
filtration. Completely theoretical models can aid in 
understanding the fouling phenomena. Fortunately, those 
reported in the literature failed to anticipate accurately the 
declination of permeate flux in ultrafiltration without the 
utilization of experimental data to determine some model 
parameters. Hence, semi-empirical models with physical 
clear parameters offer a reliable alternative for accurately 
estimation the declining trend of permeate flux throughout 
ultrafiltration whilst elucidating fouling mechanisms (Vela 
et al. 2008). 

In this study, Kumar’s semi-empirical models that 
describe the permeate flux decline for cross-flow 
ultrafiltration presented by Kumar’s model (cake layer 
formation, standard pore blocking, and complete pore 
plugging) were utilized to comprehend the fouling 
mechanism under various operating conditions. A model 
fitting can be performed to determine the correlations 
between experimental and predicted data using Kumar’s 
linearized equation. By using a fitting model, better 
understanding of the factors that influence fouling and the 
type of fouling that predominate. Meanwhile, to gather 
information on permeate flux variations over time, this 

study investigated operating parameters such as flow rate, 
transmembrane pressure and pH at various membrane pore 
sizes.

METHODOLOGY

PREPARATION OF MICROALGAE PROTEIN 
HYDROLYSATE

Nannochloropsis sp microalgae protein hydrolysate (MPH) 
was produced by hydrolysis with Alcalase enzyme from 
Bacillus licheniformis Subtilisin A strain with 2.4 activity 
units AU/g. The reaction catalyzed by Alcalase was 
performed at 50°C, pH 8, 100 mL of 50 mM phosphate 
buffer solution, enzyme concentration of 0.3 g/L and 
substrate concentration of 5 g/L, reaction time of 24 hours 
and shaking speed of 80 rpm. Following the reaction, the 
hydrolysis was terminated by heating the mixture in a water 
bath at 95°C for 10 minutes. The mixture was allowed to 
cool before being centrifuged at 4000 g (centrifuge model 
KUBOTA) for 20 minutes and then filtered. The microalgae 
residue was removed and the supernatant MPH was 
collected for the fractionation process.

EXPERIMENT EQUIPMENT

An ultrafiltration membrane (QuixStand- Benchtop system) 
was used for MPH fractionation. A hollow fiber cross flow 
filtration cartridge made by GE healthcare was used in the 
The QuixStand benchtop system. A 400 mL feed reservoir, 
lower and upper manifolds, a support rod, and an entrance 
and outlet pressure gauges were all part of the system. The 
process solution is kept in the reservoir, which also collects 
the retentate stream and supplies it to the recirculation 
pump. The sanitary connector on the lower manifold was 
linked to the feed reservoir. The system consists of reservoir 
cover, gasket, and clamp. The cap includes two barbed inlet 
ports that link the tube to the cap. The wo ports on the cap 
enabled for the retentate stream to be recirculated back to 
the reservoir, as well as the recirculation of additional feed 
solution or diafiltrate during processing. Two distinct 
hollow fiber membrane cartridges sizes with surface area 
of 140 cm2 and a molecular weight cut-off (MWCO) of 5 
and 10 kDa (Xampler Cartridge, GE Healthcare Bio-
Science, Westborough, USA) were utilised in this 
investigation. The cartridges were made of  polysulfone 
(PS) materials. Both UF membrane cartridges were 
operated vertically for better drainage and higher recovery.  

As shown in Figure 1, a single crossflow UF membrane 
with 10 kDa and 5 kDa membranes were utilized 
independently throughout the operation. Meanwhile, with 
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two-stage cross flow UF membrane, a 10 kDa membrane 
cartridge was used during first filtration, and the permeate 
was used as a feed at second filtration, which used 5 kDa 
membrane cartridge, as shown in Figure 2.

 

FIGURE  1. Schematic diagram of single cross flow UF 
membrane

 

FIGURE 2. Schematic diagram of two-stage cross-flow UF 
membrane

FRACTIONATION PROCESS OF MICROALGAE 
PROTEIN HYDROLYSATE

The fractionation process of MPH was assessed using a 
cross-flow ultrafiltration membrane system with two 
different configurations; a single and two-stage membrane. 
In fractionated MPH, the performance of single membranes 
(10 kDa and 5 kDa) and two-stage membrane (10/5 kDa) 
were investigated. In addition to the configuration 
membrane, the pH, flow rate and transmembrane pressure 
were also evaluated. The selection of these parameters was 

based on combination of preliminary experiments and 
literature studies ( add references). The flow rate of 23, 39, 
35 and 41 ml/min was varied and adjusted using a 
peristaltic pump. The selected flow rate was chosen to 
balance permeate flux enhancement and minimized 
membrane fouling which is consistent with Liu et al, 2020 
that reported that optimal flow rates in the range of 20–30 
mL/min for similar molecular weight cut-off (MWCO) 
(Liu et al. 2020). Transmembrane pressure of 0.5, 1.0 and 
1.5 bar, with a constant flow rate of 23 ml/min controlled 
by the back-pressure valve, were also investigated. Studies 
shown that for UF membranes with MWCO between 5-10 
kDa, an optimal range of 1.0-1.5 bar achieves good 
separation while minimizing irreversible fouling (Chen et 
al, 2021). The pH effect (pH 2, pH 4, pH 7 and pH 9) was 
studied by altering acidity with 1.0 N of hydrochloric acid, 
(HCl) and alkalinity using 1.0 N of sodium hydroxide 
(NaOH). The feed flow rate was manually selected 
manually after running the UF membrane in an open system 
with deionized water at speeds 100 (minimum), 200, 300 
and 400 rpm (maximum). The feed flow rate is determined 
by calculating the volume of permeate over time. Ranges 
for transmembrane pressure were also chosen based on the 
limitation of the membrane system setup, which allows for 
a maximum transmembrane pressure of 1.5 Bar. The 
selection of range for pH was discussed by Roslan et al. 
(2017) and Wang et al. (2019) which suggested that pH 
adjustments away from isoelectric point (pI) improve flux 
and reduce fouling. The fractionation process took 35 
minutes per run, with the volume of permeate collected 
every 5 minutes. The fractionation time was determined 
as the feed entered the membrane cartridge. The 
experimental data were utilized to assess the UF 
membrane’s performance based on their permeate flux. 

PERMEATE FLUX 

The permeate flux was measured at specified intervals 
every 5 minutes to assure accuracy t (Wang & Tang, 2011). 
Permeate flux, J (L/m2,h) was calculated according using 
equation (1) by (Zain et al. 2017).

(1)

Where V is the volume of permeate collected (L), A is 
membrane surface area (m2) and t is filtration time (h).

PEPTIDE TRANSMISSION

The peptide transmission of MPH was analysed based on 
size distribution using AKTA Fast Pressure Liquid 



402

Chromatography (FPLC, Amersham Pharmacia Biotech) 
equipped with sensor at wavelength 280 nm. The sample 
was fractionated using a prepacked TricornTM glass column 
(SuperdeckTM30 Increase 10/300 GL) in which the matrix 
was built from the composite of cross-linked agarose and 
dextran. Prior analysis, deionized water and two buffers 
were prepared; 20% ethanol and 0.05 Mtris-HCL buffer at 
pH 7. All the buffers and deionized water were prepared 
for 1L, sonicated for 20 minutes using water bath sonicator 
(1510 BRANSON) and filtered using 0.45 µm nylon 
membrane filter. Then, the column was attached to the 
system and a pump was through the column. The flowrate 
and the pressure limit were set to 0.5 ml/min and 2.7 MPa, 
respectively. The sample was injected in the sample loop 
and run accordingly and was determined by calculating 
feed and permeate concentrations. The transmission of 
peptides can be defined as the ratio of solute concentration 
in the permeate (Cp) to feed concentration (Cf). MPH 
peptide transmission was calculated using equation (2) as 
described by (Roslan et al. 2017; Yunos & Field, 2008).

(2)

KUMAR’S PORE-BLOCKING MODELS 

Kumar’s pore-blocking model was applied to analyze the 
fouling mechanisms in ultrafiltration of microalgae protein 
hydrolysate. In this study, the membrane configuration used 
for model fitting was the two-stage 10/5 kDa ultrafiltration 
system, as it exhibited the highest permeate flux among 
the tested configurations. The permeate obtained at the 
optimal fractionation conditions was analysed for fouling 
model fitting. The time (t) and volume of permeate (V) 
from MPH fractionation were used to calculate the 
linearized equations of cake formation, standard pore 
blocking and entire pore plugging model, which was 
adopted from Kumar’s model (Md Zain & Mohammad, 
2016). A graph of t/V (measured in min/L) versus V 
(measured in L) was created for the cake layer formation 
model, a graph of t/V (measured in min/L) versus t 
(measured in min) was plotted for the standard pore 
blocking model, and a graph of dV/dt (measured in L/min) 
versus V (measured in L) was generated for the complete 
pore plugging model. These graphs were created using 
different operating parameters, including flow rate, 
transmembrane pressure, and pH.  The accuracy of Kumar’s 
pore-blocking models have been assessed using the 
coefficient of determination (R2) for statistical validation. 
The R2 was calculated using equation (3) for each model 
and recorded . 

(3)

CAKE LAYER FORMATION

The process of cake layer formation involves the formation 
of a layer on the surface of the membrane due to the 
accumulation of solute molecules that are larger than the 
pores of the membrane, preventing them from passing 
through. As the concentration of solute molecules is high, 
they accumulate on the membrane surface and in the 
previously deposited solute molecular layer, leading to the 
growth of a cake over time. This cake creates a porous 
barrier that increases the resistance of the membrane, 
reducing the flux. However, the cake can also enhance the 
removal efficiency of membrane particles. The 
characteristics of the cake formation model are described 
in equation (4). This is based on the research conducted 
by Vela et al. (2008) and Kumar et al. (2007).

(4)

where V is the permeate volume (m3), α is the specific 
resistance of the cake that forms on the membrane surface 
(m/kg), β is the mass of particles per volume of filtrate (kg/
m3), ∆P is the transmembrane pressure (bar), A is the 
effective membrane surface (m2), Rm is the membrane 
intrinsic resistance, μ is the viscosity of the feed water (Ns/
m2). The above equation can be expressed in terms of a 
linear relationship between the total permeate volume, V 
and the total filtration time, t as shown in equation (5).

(5)

STANDARD PORE-BLOCKING MODEL

The standard pore blocking model, also known as 
adsorptive fouling or pore narrowing, is characterized by 
the deposition of molecules on the pore walls of the 
membrane, leading to a reduction in the cross-sectional 
area of the pores and proportional decrease in the volume 
of the pores with the permeate volume. This model assumes 
that the fluid is Newtonian and that only pore narrowing 
occurs, with no complete pore blocking. This type of 
fouling is dominant when the retained molecules are 
smaller than the average pore size of the membrane and 
block the pores within the membrane. The standard pore 
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blocking model is described in equation (6), as outlined in 
the research conducted by Koonani and Amirinejad (2019), 
Vela et al. (2008), and Kumar et al. (2007).

(6)

Where Np is the number of open pores in the membrane 
and ρs is the density of the plugging particles (kg/m3). A 
linear equation can be expressed in a simplified form as in 
equation (7).

(7)

COMPLETE PORE PLUGGING MODEL

The complete pore-plugging model describes the 
phenomenon where any molecule that reaches the surface 
of the membrane completely blocks the pores, and no 
molecule is deposited on top of another that has already 
settled on the surface. This results in a reduction in the 
available membrane area and an increase in membrane 
resistance, leading to a loss of filtering performance and 
the need for additional cleaning or replacement. In 
developing this model, several assumptions were made, 
including: (a) each particle contributes to the clogging 
process by closing one pore, and once the pore is closed, 
no other particles can enter or overlap with the particle, 
(b) there is no cake formation, and (c) the feed is 
Newtonian. Based on these assumptions, Kumar’s model 
resulted in equation (8), which describes the complete 
pore-plugging model. This summary is based on the 
research conducted by Vela et al. (2008) and Kumar et al. 
(2007).

(8)

where Npo is the total number of pores initially present, 
Pp is the number of plugging particles per volume of filtrate 
(m−3), L is the length of pores (m) and rp is the mean pore 
radius (m). From equation (8), the complete pore plugging 
model characteristic equation is also of linear form with a 

negative slope, it can be expressed in simplified form as 
equation (9). The intercept ‘y’ (dv/dt) of this equation 
indicates the permeate rate is a linear decreasing function 
of the volume filtered per unit time. Meanwhile, the 
negative slope indicates the decrease in the total number 
of pores that cause the fouling in complete pore plugging.

(9)

RESULTS & DISCUSSION

EFFECT OF FLOW RATE ON FLUX REDUCTION

Figure 3 demonstrates the effect of various flow rates on 
permeate flux for single stage 10 kDa and 5 kDa and two-
stage 10/5 kDa. Interestingly, the 5 kDa membrane exhibits 
a higher flux than the 10 kDa membrane, which is contrary 
to conventional expectations. This behaviour can be 
attributed to differences in membrane structure, effective 
porosity, and fouling mechanisms. The 10 kDa membrane 
likely retains more large peptides, forming a dense fouling 
layer that restricts flux more than the 5 kDa membrane. 
Additionally, membrane pore compression at higher 
MWCO may contribute to reduced effective permeability. 
The observations indicate that the low flowrates result in 
higher permeate flux compared to higher flowrates. This 
is likely due to reduced concentration polarization (CP) 
and more stable diffusion layer at lower velocities, 
minimizing rapid pore blockage. as filtration progressed.  
Lower flow rates allow a more uniform concentration 
boundary layer to develop, reducing back diffusion 
resistance of peptides towards the membrane. On the 
contrary, at higher flowrates, increased turbulence may 
enhance fouling by accelerating particle deposition and 
internal pore blocking.  This is because, at higher flow 
rates, shear stress increases, which might cause greater 
aggregation of peptides near the membrane surface, leading 
to faster fouling and a more significant flux decline. These 
observations align with previous studies on protein 
ultrafiltration, where flux behaviour is influenced by 
membrane properties, flow hydrodynamics and solute 
interactions (D’souza & Wiley 2016; Nur Sofuwani et al. 
2016). 
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FIGURE 3. Effect of feed flow rate at constant TMP in (a) 10 kDa (b) 5 kDa (c) two-stage 10/5 kDa UF membrane (Fractionation 
at TMP of 0.5 Bar and pH 8)

EFFECT OF TRANSMEMBRANE PRESSURE ON 
FLUX REDUCTION

Three different TMPs (0.5, 1.0 and 1.5 Bar) with constant 
flow rates were chosen to investigate the influence of TMP 
on permeate flux and peptide transmission. Figure 4 (a) 
and (b) depict the permeate flow of MPH on a single 
membrane, while Figure 4 (c) depicts a two-stage 10/5 kDa 
membrane. The results indicate a gradual decline in 
permeate flux over time across all configurations, primarily 
due to fouling and concentration polarization (CP) effects. 
Although higher TMP initially increases flux by enhancing 
the driving force for filtration, excessive pressure 
accelerates fouling mechanisms, such as pore blocking and 

gel layer formation, ultimately restricting membrane 
permeability. This explains why flux at TMP 1.5 bar did 
not significantly outperform flux at 1.0 bar, as the rate of 
fouling exceeded the benefit of increased pressure. In a 
cross-flow hollow fiber membrane, the natural 
hydrodynamic pressure decreases from the inlet to the 
outlet as the mixed liquor (MPH) flows, leading to an 
uneven distribution of flux along the membrane. This 
uneven distribution results in concentration polarization, 
adding additional hydraulic resistance for the mixed liquor 
to flow through. Furthermore, concentration polarization 
within the membrane system contributed to flux decline. 
In cross-flow ultrafiltration, hydrodynamic pressure 
naturally decreases from the inlet to the outlet, creating an 
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uneven flux distribution along the membrane surface. This 
variation increases osmotic pressure, counteracting the 
applied TMP and further reducing the net driving force for 
filtration. As hydraulic resistance and osmotic pressure 

build up, the flow of microalgae protein hydrolysate (MPH) 
decreases, leading to a continuous decline in flux over time 
(Nur Sofuwani et al. 2016).

FIGURE 4. Effect of transmembrane pressure in (a) 10 kDa (b) 5 kDa (c) two-stage 10/5 kDa UF membrane (Fractionation at a 
flow rate of 23 ml/min and pH 8)

Interestingly, the 5 kDa membrane exhibited higher 
flux than the 10 kDa membrane, which can be attributed 
to differences in membrane structure and fouling behavior. 
The 10 kDa membrane retained larger peptides and protein 
aggregates, leading to a denser fouling layer that increased 
hydraulic resistance and restricted water passage. In 
contrast, the 5 kDa membrane allowed more uniform solute 
retention, preventing rapid pore clogging and maintaining 
a higher effective flux. In a 10 kDa membrane, filtration 
initially proceeded rapidly before gradually slowing down 
until completion. At 25 minutes of filtering, the permeate 

flow for three different TMP levels began to intersect and 
peak, suggesting that any further increase in TMP did not 
affect the flow, indicating that the permeate had reached 
its limiting flux. This phenomenon may be attributed to 
concentration polarization and membrane fouling (Wu et 
al. 1999). Below 25 minutes of filtration, a critical flux can 
effectively mitigate fouling phenomena. Besides, in the 5 
kDa membrane, rapid filtration was observed in the first 
15 minutes, with permeate flux at TMP levels of 0.5 and 
1.0 Bar reaching a plateau, indicating that these TMP levels 
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reached the limiting flux at 15 minutes. However, at TMP 
1.5 Bar, the permeate flux overlapped with TMP 1.0 Bar 
and continued to decrease until reaching 1.9714±0.0857 
L/m2h. At higher TMP, reduced hydraulic resistance 
allowed the UF membrane to filter more MPH, thus not 
limiting the permeate flux. Permeate flux for all TMP levels 
using the 5 kDa membrane ceased at 25 minutes due to 
increased osmotic pressure counteracting the feed flow. 
Similarly, in two-stage 10/5 kDa membrane, rapid filtration 
occurred in the first 15 minutes, but the filtration process 
stopped earlier. Less time was required for filtration as 
TMP increased, with the process halting at 15, 20 and 25 
minutes for TMP levels of 1.5, 1.0 and 0.5 Bar, respectively. 
During the second stage of filtration, the removal of larger 
molecules than 10 kDa at the first stage led to a reduction 
in feed viscosity. Lower viscosity facilitated a greater mass 
transfer process through the membrane, reducing hydraulic 
resistance and accelerating the filtration process especially 
at high TMP levels (Zuhair et al. 2018).

EFFECT OF PH ON FLUX REDUCTION

pH played a significant role in ultrafiltration (UF) by 
altering the chemical composition, charge interactions and 
aggregation behaviour of the microalgae protein hydrolysate 
(MPH).  In this study, pH levels ranging from acidic to 
alkaline conditions (pH 2, 4, 7, 9 and 11) were examined 
at  a constant flow rate of 23 ml/min and TMP of 0.5 Bar 
to examine their impact on MPH separation. Fig. 5 (a) and 
(b) presents the permeate flux against time at different pH 
levels using single membranes of 10 and 5 kDa, 
respectively, while Fig. 5 (c) shows the permeate flux using 
two-stage membrane 10/5 kDa. For the 10 kDa membranes, 
a rapid increase in flux was observed for the first 20 
minutes, followed by stabilization phase. Within the first 
5 minutes, the highest flux was recorded at  pH 9, followed 
by pH 7, 11, 4 and 2. After 15 minutes, the flux values for 
pH 2, 4, 7 and 11 overlapped and remained constant until 
the end of filtration. A similar trend was observed for the 
5kDa membrane, suggesting that membrane pore size had 
minimal influence on pH-driven flux variations. 

FIGURE 5.   Effect of pH in (a) 10 kDa (b) 5 kDa (c) two-stage 10/5 kDa UF membrane (Fractionation at flow rate of 23 ml/min 
and TMP of 0.5 Bar)
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The differences in permeate flux at various pH levels 
were primarily attributed to protein solubility and minimal 
aggregation, resulting in a lower viscosity solution and 
thus higher permeate flux (Wang et al, 2019). In contrast, 
at pH 2, proteins approached their isoelectric point (pI), 
leading to extensive aggregation and gel layer formation, 
which significantly reduced flux ( Miller et al 2020). 
Interestingly, the two-stage 10/5 kDa membrane system 
exhibited a different trend, where pH 2 resulted in the 
highest flux during the first 5 minutes, followed by pH 4, 
7, 9, and 11. This suggests that in a two-stage filtration 
system, acidic conditions may enhance initial membrane 
permeability by modifying protein-protein interactions in 
a way that reduces rapid membrane fouling. Similar 
findings have been reported in protein fractionation studies, 
where controlled acidic environments can improve initial 
flux performance due to modified electrostatic interactions 
between peptides and the membrane surface (Liu et al. 
2021). These findings highlight the importance of pH in 
optimizing ultrafiltration performance, as it directly 
influences protein solubility, aggregation, and fouling 
tendencies. The observed differences between single and 
two-stage membrane systems suggest that adjusting pH 
conditions could be a key strategy to enhance peptide 
fractionation efficiency while minimizing membrane 
fouling.

EFFECT OF DIFFERENT MEMBRANE PORE SIZES 
AND CONFIGURATION ON PERMEATE FLUX

The effectiveness of membrane operations for MPH can 
be evaluated based on the permeate flux and peptide 
transmission. The results indicate membrane pore sizes 
significantly influence both parameters, where the 10 kDa 
membrane exhibited lower permeate flux and peptide 
transmission compared to a 5 kDa membrane under 
identical operating conditions. This behaviour contradicts 

the general expectation that larger membrane pore sizes 
often experience more severe fouling, leading to lower 
effective permeability (Gerardo et al. 2014; Hwang et al. 
2008; Siddiqui et al. 2016). Hwang et al. (2008) reported 
that 0.4 µm membranes had a higher blocking index than 
0.2 µm membrane, indicating greater susceptibility to 
membrane fouling despite the larger pore size. This 
phenomenon occurs because larger pores allow greater 
penetration of foulants into membrane structure, leading 
to internal pore blockage and increased hydraulic 
resistence. Once the pores blocked, filtration transitions 
into cake layer formation, further reducing flux and 
separation efficiency (Hughes & Field, 2006).

     The membrane configuration, in addition to its pore 
size, plays a significant role in achieving the desired 
permeate flux. This study compared two membrane 
configurations, single-stage and two-stage membranes, and 
found the two-stage system (10/5 kDa)  exhibited superior 
performance in terms of both permeate flux and peptide 
transmission. One possible explanation for this could be 
the change in viscosity of the mixed permeate (MPH) 
during the filtration process using a two-stage membrane 
(Zuhair et al. 2018). In the first stage of filtration, a 

10 kDa membrane retains most macromolecules larger 
than 10 kDa, resulting in a less viscous permeate that is 
further filtered in the second stage using a 5 kDa membrane. 
This reduction in viscosity can decrease the fouling effect 
in the membrane and enhance the performance of the 
ultrafiltration membrane. Table 1 summarizes the 
membrane filtration for MPH using different membrane 
pore sizes and configurations. The optimal operating 
parameters were selected based on the highest permeate 
flux and peptide transmission efficiency. Given the 
influence of flow rate, transmembrane pressure (TMP) and 
pH on membrane performance, these factors should be 
considered in tandem with pore size and configuration to 
optimize separation efficiency and minimize fouling 
effects. 

TABLE 1. Th e best operating parameters for different membrane pore sizes and configurations
Membrane pore 
size (kDa)

Configuration 
membrane

Parameters Total permeate 
flux (L/m2h)

Total Peptide 
Transmission (%)Flow Rate (ml/

min)
TMP 
(Bar)

pH

10 Single 23 1.5 9 43.65±1.10 58.20±0.66
5 Single 23 1.5 9 55.42±0.50 67.34±0.83
10/5 Two-stage 23 1.5 2 69.85±1.22 79.13±0.50
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FOULING ANALYSIS

The permeate flux patterns revealed a decline in UF 
membrane performance over time, with variations observed 
under different operating conditions. Fouling emerged as 
the primary cause flux reduction, leading to decreased 
peptide transmission. Therefore, understanding fouling 
mechanisms is essential to optimize ultrafiltration 

conditions and mitigate performance deterioration. Based 
on the highest permeate flux obtained, a two-stage 10/5 
kDa ultrafiltration membrane configuration was selected 
to investigate fouling behavior under various operating 
parameters. Three pore-blocking models (cake formation, 
standard pore blocking and complete pore plugging) were 
applied to the data to analyze fouling effects.

TABLE 2.  The value of R2 obtained from the experimental data in the study of the effect of pH on membrane fouling

Configuration membrane pH
R2

Cake Formation Model Standard Pore Blocking Model Complete Pore
Plugging Model

Two-stage 10/5 kDa

2 0.629 0.9386 0.7832

4 0.3765 0.9171 0.3803

7 0.7838 0.9549 0.8861

9 0.9289 0.9906 0.984

11 0.7542 0.9813 0.9165

Given that the peptides filtered in the second step were 
smaller  than 10 kDa, it was anticipated that filtration would 
primarily follow standard pore-blocking and complete 
pore-plugging models. Furthermore, as discusses earlier, 
pH significantly influences peptide conformation and 
solubility, making it crucial factor in fouling behaviour. 
The results indicated that the standard pore-blocking model 
provided the  fit for ultrafiltration of MPH across different 
pH levels, suggesting that peptides smaller than 5 kDa 
penetrated membrane pores and adhered to the inner pore 
surface, leading to  accumulation and an increase in 
concentration polarization, and exacerbated fouling. Table 
2 shows that the highest R2 values were observed at pH 9 
(R2=0.9906) and pH 11 (R2=0.9813), indicating significant 
fouling in alkaline conditions. This finding aligns with the 
observed decline in permeate flux at high pH, likely due 
to reduced  electrostatic repulsion between peptides and 
the PES hollow fiber membrane, which promotes peptide 
aggregation and membrane blockage. In contrast, at low 
pH (pH 2), the higher surface charge and stronger 
electrostatic repulsion between peptides and membrane 
facilitated greater peptide back diffusion to the feed side, 
resulting in lower peptide accumulation, reduced fouling 
and higher flux. Therefore, the standard pore-blocking 
model exhibited lower R2 values in acidic regions, 
reflecting reduced fouling intensity.

In addition to solution pH, transmembrane pressure 
(TMP) significantly influenced  fouling in UF membranes. 
TMP impacts both reversible and irreversible filtration 
resistance, with higher pressures leading to increased solute 
accumulation near the membrane surface, promoting 
irreversible adsorption and membrane fouling (Briao & 
Tavares, 2012). Pore-blocking model equations were used 
to analyze experimental permeate flow data at various TMP 
levels (Table 3). The results showed that standard pore 
blocking was the dominant fouling mechanism at various 
TMP levels, similar to the impact of pH. The lowest R2 
(0.8908) was observed at TMP 0.5 Bar, while the highest 
R2 value was obtained at TMP 1.0 Bar, indicating increased 
fouling at this pressure range. These findings aligns with 
those of  Briao & Tavares (2012), who reported  that 
although high TMP initially increases permeate flux, it is 
also enhances total filtration resistance, leading to  
membrane fouling. Additionally, Vela et al. (2008) 
observed that fouling is less severe at lower TMP, as flux 
is governed by Darcy’s Law, whereas at higher TMP, flux 
becomes independent of pressure due to concentration 
polarization. The small difference in R2 values (less than 
4%) across three pore-blocking models suggests that cake 
formation, standard pore blocking and complete pore 
plugging models may occur simultaneously, depending on 
solute and membrane conditions.
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The value of R2 obtained from the experimental data 
in the study of the effect of trans-membrane pressure on 
membrane fouling Feed flow rate was another critical factor 
affecting membrane fouling. Table 4 presents the R2 values 
obtained during experiments, showing that the standard 
pore-blocking model was the best fit for most flow rates, 
except a flow rate of 29 ml/min, where a cake forming 
model was suggested. The highest R2 (0.6299) was 
observed at a flow rate of 23 ml/min, indicating increased 
fouling at a lower flow rate. Experiments were conducted 
at a constant TMP of 1.5 Bar, and results revealed that high 
TMP combined with low flow rates led to the accumulation 
of solute molecules on the membrane surface, promoting 
fouling (Vela et al. 2008). Notably, most R2 values in Table 

4 were below 0.9, indicating imperfect model fits, 
suggesting that a combination of pore-blocking model 
mechanisms occurs simultaneously.  Moreover, comparing 
R2 values across different flow rates did not consistently 
indicate a better model fit. Vela et al, (2008) suggested that 
comparing R2 values across different pore-blocking models 
under the same experimental conditions provide more 
meaningful insights than comparing vmodels under varying 
conditions despite the higher probability of fouling at a 
flow rate of 23 ml/min, this condition demonstrated good 
membrane performance in terms of permeate flux, due to 
challenges in measuring flux accurately during the early 
stages of ultrafiltration experiments.

T ABLE 3. The value of R2 obtained from the experimental data in the study of the effect of trans-membrane 
pressure on membrane fouling

Configuration 
membrane TMP, Bar

R2

Cake Formation 
Model

Standard Pore Blocking 
Model

Complete Pore Plugging 
Model

Two-stage 10/5 kDa

0.5 0.8691 0.8908 0.8731

1 0.9158 0.9522 0.9337

1.5 0.9282 0.9286 0.9186

In summary, pore blocking models (cake development, 
standard pore blocking, and total pore plugging) provide 
insight into fouling mechanisms under various membrane 
operating conditions, including pH solution, transmembrane 
pressure, and feed flow rate. These parameters, along with 
fouling behaviour, influenced concentration polarization 
effects, which further contributed to flux decline. The 
nature and extent of fouling depended on solute-membrane 

interactions, where solute size relative to membrane pore 
diameter determined the dominant pore-blocking 
mechanism. When solute size exceeded pore size, fouling 
followed total pore plugging, progressing to standard pre 
blocking as particles accumulated, eventually resulting in 
cake formation. Therefore, multiple fouling mechanisms 
may occur simultaneously at different stages, reinforcing 
the complexity of fouling in MPH filtration processes. 

TABLE 4. The value of R2 obtained from the experimental data in the study of the effect of flow rate on membrane fouling

Configuration 
membrane

Flow Rate, ml/
min

R2

Cake Formation 
Model

Standard Pore Blocking 
Model

Complete Pore Plugging 
Model

Two-stage 10/5 kDa

23 0.5766 0.6299 0.578

29 0.2029 0.1731 0.1838

35 0.5283 0.6282 0.55

41 0.1317 0.2204 0.123

CONCLUSION

The flux reductions for all parameters reached a steady 
state within 20 to 35 minutes. The trends of flux reduction 
behavior for microalgae protein hydrolysate were 
consistent across different operating parameters, including 
transmembrane pressure (TMP), stirring speed and pH.  
The highest permeate fluxes for single-membrane filtration 

was observed at pH 9, 1.5 bar, and a flow rate of 23 ml/
min, with values of 43.65±1.10 L/m2h for the 10 kDa 
membrane and 55.42±0.50 L/m2h for the 5 kDa membrane. 
Meanwhile, the two-stage 10/5 kDa membrane configuration 
exhibited the highest permeate flux (69.85±1.22 L/m2h) at 
pH 2, 1.5 bar and at a flow rate of 23 ml/min, indicating 
enhanced separation efficiency under acidic conditions.

In addition to permeate flux, peptide transmission was 
significantly influenced by membrane configuratib and 
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oerating conditions. The two-stage membrane system 
demonstrated superior peptide transmission efficiency, with 
a higher proportion of low-molecular weight peptides (<5 
kDa) successfully passing through the membrane compared 
to single-membrane filtration. This highlights the 
effectiveness of staged fractionation in optimizing peptide 
recovery. 

The best experimental setup for fractionation of 
microalgae protein hydrolysate Nannochloropsis sp was 
achieved using a two-stage 10/5 kDa configuration, which 
further evaluated for its fouling behaviour using Kumar’s 
model. The standard pore-blocking model provided the 
best fit across all operating conditions, confirming that 
smaller peptides penetrated membrane pores, leading to 
gradual flux reduction due to internal pore adsorption. 
Controlling flow rate, transmembrane pressure and pH 
effectively minimized fouling and concentration 
polarization, ensuring higher permeate flux and improved 
peptide transmission. The findings from this study provide 
a deeper understanding of the ultrafiltratoion-based 
fractionation of microalgae protein hydrolysates and 
demonstrate the potential for obtaining high yield of 
functional peptides. This research contributes valuable 
insights for optimizing membrane separation in bioactive 
peptide recovery. 
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