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Currently, traditional high turbidity water treatment technologies (coagulation—sedimentation—filtration)
face issues such as non-compliant effluent quality, sediment compaction, and poor sludge discharge.
Meanwhile, membrane filtration technology suffers from severe membrane fouling in high turbidity water
treatment. Therefore, the development of green and low-carbon high turbidity water treatment
technologies is urgently needed. This study employs microfiltration to directly filter high turbidity water,
investigating turbidity, filtration methods, and transmembrane pressure difference to elucidate the
mechanisms of mitigating membrane fouling in high turbidity water treatment. The results indicate that
both excessively high and low influent turbidity are detrimental to high turbidity water treatment. Low
turbidity fails to effectively protect the membrane, exacerbating membrane fouling, while high turbidity
leads to excessive cake layer thickness, reducing membrane flux. Therefore, the optimal treatment
turbidity must be determined based on the specifications of the experimental setup. In this study, the
optimal treatment turbidity is 900 NTU. Under constant pressure conditions, cross-flow filtration
effectively controls the thickness of the filter cake layer, mitigates membrane fouling, and maintains
a high membrane flux. When the influent turbidity is 900 NTU, the membrane flux recovery rate and
filtration flux are 80.14% and 0.9077 m h~?, respectively, with irreversible membrane fouling being only
0.97 x 10* m™. At a constant influent turbidity, higher transmembrane pressure difference increases
the filtration flux but exacerbates membrane fouling. When the pressure increases from 6.67 kPa to
33.33 kPa, irreversible membrane fouling increases by 27.97%, while the filtration flux increases by
116.91%. At a pressure of 13.33 kPa, although the filtration flux is 56.83% of that at 33.33 kPa, the
irreversible membrane fouling is only 62.25%. Therefore, this study identifies 13.33 kPa as the optimal
transmembrane pressure difference. The Hermia model revealed that transmembrane pressure
difference was the primary factor aggravating membrane fouling. Finally, through dosing FeCls as
a coagulant for cake layer regulation, the cake layer structure formed at 15 mg per L dosage showed
optimal pollutant interception and removal efficiency: humic acid (HA) removal efficiency reached
75.86% in actual water sources with 79.06% flux recovery rate; simulated feed water achieved 77.44% HA
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highlighting the severity of the water shortage issue.®* The
Yellow River supplies water to more than 50 cities, serving as the

1 Introduction

China is a country with water scarcity, ranking sixth in the world
in terms of water reserves, but its per capita water availability is
low, making it one of the most water-scarce countries globally.™?
Currently, half of China's regions face water scarcity or severe
water shortages, particularly in northern China, where water
resources account for only 17% of the national total,
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primary water source for urban areas within its basin. At the
same time, the Yellow River is a typical high-turbidity river, with
the highest sediment concentration in the world, placing
significant pressure on water treatment plants along its banks
to handle high-turbidity water year-round.* Therefore,
researching and developing effective high-turbidity water
treatment processes is of great significance for ensuring
sustainable social and economic development.

Currently, conventional water treatment technologies
dominated by coagulation are the most widely used for high-
turbidity water treatment, primarily achieved by adjusting
coagulant dosage, developing new coagulants, and optimizing
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coagulation conditions.>® Xu et al.” enhanced the floc structure
formed during coagulation by preparing an inorganic floccu-
lant, polysilicate iron, and subsequently achieved the treatment
of high-turbidity tailings water through sedimentation and
filtration processes. Hessam et al.® also focused on coagulants,
using pomegranate powder as a natural coagulant, and ach-
ieved the treatment of high-turbidity industrial wastewater with
a turbidity of 1150 NTU through coagulation, sedimentation,
and filtration processes. However, in high-turbidity water
treatment, enhanced coagulation processes often require large
amounts of chemicals to achieve purification, leading to issues
such as chemical waste and residual contamination.®

Membrane filtration technology, as one of the most
advanced water purification technologies today, offers advan-
tages such as efficient pollutant interception, simple operation,
excellent permeability, and ease of operational management.*
Ye Chunsong et al."* used PVDF ultrafiltration membranes to
directly treat high-turbidity seawater (60-3000 NTU). The
experiments showed that the effluent turbidity was reduced to
0.11 NTU, with a colloidal silica removal rate of up to 89%.
Notably, the transmembrane pressure difference of the
membrane module remained below 6.0 x 10" Pa, only 28.57%
of the maximum operating pressure. This indicates that ultra-
filtration membranes exhibit strong adaptability and effective-
ness in treating high-turbidity water. In the study of post-
disaster high-turbidity surface water, Li Yonghong' found
that membrane filtration technology could consistently control
the effluent turbidity below 0.2 NTU. After hydraulic back-
washing, pollutants on the membrane surface were almost
completely removed, and the backwash flux recovery rate
reached 96-99%. Therefore, membrane filtration technology
not only achieves high removal rates but also exhibits strong
tolerance to turbidity when treating high-turbidity water,
making it feasible to directly apply membrane filtration tech-
nology for high-turbidity water treatment.

Membrane fouling is currently the primary limitation of
membrane filtration technology in high-turbidity water appli-
cations. Jin et al.'" found that when using membrane tech-
nology to directly treat municipal wastewater, the membrane's
permeability sharply decreased after only 5-7 hours of filtration,
necessitating the addition and use of coagulants/air scouring/
backwashing methods to extend filtration time. Similarly,
Kimura et al.™ found that when filtering municipal wastewater
with membranes, the operating transmembrane pressure
(approximately 45 kPa) increased sharply within the first 5
minutes of filtration, requiring the simultaneous use of
membrane vibration, mechanical stirring, and periodic chem-
ical backwashing to control membrane fouling and prevent
severe pollution issues during filtration. Therefore, although
direct ultrafiltration technology experiences membrane fouling
when treating high-turbidity water, it can be alleviated through
methods such as chemical backwashing, aeration, and
membrane rotation.

Sanchis-Perucho et al.*® found in their study on the feasi-
bility of directly treating urban wastewater with membrane
filtration technology that increasing the influent solid particle
concentration and size promotes the formation of a reversible
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cake layer on the membrane surface, reduces interactions
between the membrane and highly contaminating substances,
and decreases the proportion of irreversible membrane fouling.
Additionally, the reversible cake layer formed by larger influent
particle sizes exhibits higher porosity, ensuring a certain level of
permeability flux. Kuberkar et al.” found that during ultrafil-
tration membrane filtration, larger particles deposit on the
membrane surface and gradually form a cake-like structure.
This structure exhibits a specific spatial arrangement, main-
tains water flux while effectively intercepting smaller particles,
mitigates membrane fouling, and functions similarly to a deep
filter bed. Therefore, in high-turbidity water treatment, rapidly
forming a filter cake layer of specific thickness on the
membrane surface can effectively alleviate membrane fouling,
though research in this area remains limited.

This study employed microfiltration for direct treatment of
high-turbidity water, investigating membrane filtration perfor-
mance through four aspects: turbidity, filtration mode, trans-
membrane pressure difference, and FeCl; coagulant dosage.
Optimal treatment parameters including turbidity, filtration
mode, transmembrane pressure difference, and FeCl; dosage
were determined through flux recovery rate and membrane
fouling resistance analysis. The membrane fouling control
mechanisms of direct microfiltration in high-turbidity water
treatment were elucidated. Cake layer porosity analysis and
Hermia modeling revealed the impacts of different operational
conditions on membrane blocking types. Finally, pollutant
removal efficiency by cake layers under optimal conditions was
validated using both natural water sources and synthetic feed
water. This work provides references for both research and
engineering applications of direct microfiltration in high-
turbidity water treatment.

2 Materials and methods
2.1 Experimental materials and solution configuration

Kaolin (6000 mesh, analytical grade) was purchased from
Shanghai Yuanjiang Chemical Co., Ltd, FeCl; (analytically pure)
was purchased from Shandong West Asia Chemical Industry
Co., Ltd, humic acid (HA) was purchased from Shanghai
McLean Biochemical Science and Technology Co., Ltd, and
PVDF microfiltration membranes (pore 0.22 um,
membrane diameter 50 mm) were purchased from Defilter
Technology Co., Ltd. A certain amount of kaolin powder was
dissolved in deionized water, transferred into a 3 L transparent
plastic bucket, and shaken well. An appropriate amount of
kaolin solution was taken to measure turbidity (repeated 5
times, with the average value taken), and kaolin solutions of
different turbidities were prepared by dilution with water, and
1 g of HA was put into 1 L of deionized water, and then it was
fully stirred and then fixed with a 1 L volumetric flask to obtain
1 g L™ of HA solution.

size

2.2 Experimental setup and procedures

2.2.1 Experimental setup. The schematic diagram of the
experimental setup is shown in Fig. 1, primarily consisting of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic diagram of the experimental setup.

a filtration device, vacuum filtration pump, peristaltic pump,
filtration flask, beaker, magnetic stirrer, electronic balance, and
silicone tubing.

2.2.2 Experimental procedures. Before starting the experi-
ment, the filtration device, filtration flask, and silicone tubing
should be rinsed with deionized water to avoid introducing
impurities; after connecting all components, turn on the
vacuum pump and check the airtightness of the setup. Monitor
the pressure gauge to ensure pressure stability. If there is
a difference between the pressure shown in the pressure gauge
and the preset pressure for the test, the pressure can be
controlled by turning the 4 screws of the filter unit. Set the
sampling interval of the electronic balance to 15 seconds,
perform filtration for 30 minutes, and use the four data points
generated per minute as one cycle.

Each set of experiments requires testing the pure water flux
(Jo), filtration flux (J;), and backwash membrane flux (J,). The
specific experimental steps are as follows: (1) pure water flux
test: filter 1 L of pure water, record the mass change of the
filtered water using an electronic balance, and calculate the
filtration flux. After the test, remove the membrane and inspect
its surface for impurities. If no impurities are present, the pure
water flux is accurate. (2) Filtration flux test: place the prepared
high-turbidity water sample into a beaker (1 L), set the stirrer
speed to 100 rpm, stir for 10 minutes, and begin filtration once
the kaolin particles are evenly distributed in the water sample.
Calculate the filtration flux based on data changes from the
electronic balance. After cross-flow filtration, reverse the flow
direction using the peristaltic pump to expel impurities
deposited in the filtration device. Flip the filtration device to
position the cake layer side upward, then turn off the vacuum
pump and open the filtration device to remove the membrane

© 2025 The Author(s). Published by the Royal Society of Chemistry
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with the cake layer. For dead-end filtration, the membrane can
be directly removed after the experiment. (3) Backwash
membrane flux test: remove the cake layer from the membrane
surface, gently rinse it with deionized water, and reinstall the
cleaned membrane into the filtration device. Subsequent steps
are the same as in (1).

2.3 Analytical methods

2.3.1 Measurement of turbidity. The turbidity of the
prepared high-turbidity water solution, test water samples, and
filtered effluent was measured using a turbidimeter (WGZ-20,
Shanghai, China). Due to the high turbidity of the samples,
each measurement was repeated 3-5 times, and the average
value was taken to ensure data stability. UV,s, in water was
measured using a UV spectrophotometer (UV2600A, Shanghali,
China). The instrument required 30-minute preheating before
measurement. Water samples were filtered through 0.45 um
membranes before testing. Measurements were conducted at
254 nm wavelength after filtration.

2.3.2 Measurement of filtration flux. Filtration flux is the
volume of water passing through a unit membrane area per unit
time, calculated as shown in eqn (1)-(3):***°

Aw

Jop) =~ 1
M~ 7000 x A4 x At ()

In the equation: Jy7 is the filtration flux at temperature 7, m
h™"; Aw is the mass of the filtrate, kg; At is the operating time, h;
A is the filtration area of the cake layer, m>.

Since temperature affects water viscosity, thereby influ-
encing filtration flux, temperature correction is applied to
convert the filtration flux under various conditions to the flux at
25 °C. The conversion formula is as follows:

RSC Adv, 2025, 15, 22699-22715 | 22701
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Jos = Jp x LT )
Mos

In the equation: J,5 is the filtration flux at 25 °C, m h™; Jris the
filtration flux at temperature T, m h™%; u,s is the dynamic
viscosity coefficient of water at 25 °C, Pa s; ur is the dynamic
viscosity coefficient of water at temperature 7, Pa s. The
dynamic viscosity coefficient of water at temperature 7, ur, is
calculated using eqn (3):*°

1
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P (mW — md)ps (8)
mqpy + (mw - md)ps

In the equation: V,, is the wet membrane volume (m®); ¢ is the
porosity of the cake layer; ps is the density of suspended parti-
cles (g cm™?), with kaolin density in this experiment being
2.6 g cm™?%; p, is the density of water, 1 g cm >,
2.3.5 Hermia model fitting. The Hermia model is generally

suitable for studying membrane filtration processes under

1

MT:EX

2.3.3 Analysis of membrane resistance composition.
Research shows that the Darcy's law filtration model can fully
demonstrate the relationship between membrane filtration flux,
filtration pressure, and total resistance. In this experiment, the
total membrane filtration resistance (R,) is primarily composed
of intrinsic membrane resistance (R,,), cake layer resistance
(R.), and membrane pore blockage resistance (Rg). Since the
particle size of pollutants in water reaches the micron level after
flocculation, the concentration polarization resistance (Rp)
caused by thermal motion is not considered here. Among them,
reversible membrane fouling (R,) is composed of cake layer
resistance, while irreversible membrane fouling (R;) is
composed of membrane pore blockage resistance. The specific
calculation formulas are shown in eqn (4) and (5).>*

AP
= — 4
J= R 4)
R =Rp+ R.+ Re=R, + Ry (5)

In the equation: J is the membrane filtration flux, m h™*; AP is
the filtration pressure, kPa, which in this experiment is the
transmembrane pressure difference; u is the viscosity coeffi-
cient, Pa s, taken as 1.005 x 102 in this experiment; R is the
operating resistance, m .

2.3.4 Measurement of cake layer porosity. After membrane
filtration, use a spatula to collect the cake layer deposited on the
membrane surface into a glass dish. Place the dish on an
electronic balance to measure the wet weight of the cake layer
(my). Then, transfer the weighed cake layer into an oven and dry
it at 80 °C for 4 hours before weighing again to obtain the dry
weight of the cake layer (m,). Using the wet weight (m,,) and dry
weight (mq) of the cake layer, a material balance equation
system is established. By solving this system, the dynamic
membrane porosity calculation formulae can be derived as
shown in eqn (6)—(8):****

Vil = e)ps = mq (6)

Va€pr = My, — My (7)
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constant pressure and is used to determine the primary fouling
mechanisms under different experimental conditions. The
general equation expression of the Hermia model is as follows:**

d*t dr \"
== (5) ©

Depending on the value of n, the fouling mechanisms can be
categorized into cake formation, intermediate blocking, stan-
dard blocking, and complete blocking. After linearizing the
different equations, the analysis becomes more convenient, and
the results are shown in Table 1.>”

3 Results and discussion

3.1 Effect of turbidity on direct microfiltration treatment of
high-turbidity feed water

Turbidity indicates the cloudiness or clarity of a liquid and is
one of the primary indicators of water quality. It is sensitive to
any suspended solids present and can directly reflect the
amount of suspended particles in water.?®**® To investigate the
effect of turbidity on the direct treatment of high-turbidity water
using microfiltration, this study prepared four high-turbidity
water samples with turbidities of 300, 900, 1500, and 2100
NTU. Dead-end filtration was conducted for 30 minutes at
a constant filtration pressure of 26.66 kPa, followed by back-
washing and repeated filtration for a total of 5 cycles. The
results of filtration flux and backwash membrane flux are
shown in Fig. 2.

Table 1 Linear equations of the Hermia model (the fitting correlation
results (R%) are shown in Fig. 9)

Blocking mechanism Linear equations

In(J ") =1In(j, ") + &kt

Complete blocking

Standard blocking J V=g vkt
Intermediate blocking J =l ke
Cake layer blocking J2=Jo 2 +kt

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Analysis of membrane flux changes under different oper-
ating conditions reveals that the filtration flux variation can be
divided into three stages: rapid decline, slow decline, and stable
change, represented in this study by blue, green, and yellow,
respectively. As shown in Fig. 2(a;—d,), the stability of repeated
filtration (5 cycles) increases with higher influent turbidity. At
an influent turbidity of 300 NTU, the variation in filtration flux
across the 5 cycles is significant, with high dispersion. The
dispersion coefficients (coefficient of variation = standard
deviation/mean) for filtration flux in different stages are 0.1688,
0.2513, and 0.2402, respectively, which are much higher than
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Fig. 2 Filtration flux and backwash membrane flux under different
turbidities, (a) filtration flux changes (a;)—(dy); (b) backwash membrane
flux (az)—(dy).
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those for the other three influent turbidities. As shown in
Fig. 2(a,-d,), when the influent turbidity is 300 NTU, the
average membrane flux recovery rate for repeated filtration is
80.18%, lower than those for 900 NTU (85.50%), 1500 NTU
(83.49%), and 2100 NTU (86.47%). Additionally, the dispersion
coefficient of the flux recovery rate is higher than those for the
other three turbidities. The analysis reveals that at higher
influent turbidity, inorganic particles in the water can quickly
form a cake layer on the membrane surface, effectively blocking
the impact of inorganic particles on the membrane and
providing good protection. However, at lower influent turbidity,
the cake layer formed on the membrane surface is thinner and
looser, unable to effectively intercept subsequent inorganic
particles, allowing them to pass through the cake layer and clog
membrane pores, causing membrane fouling. It should be
noted that while high-turbidity influent can quickly form a cake
layer on the membrane surface, an excessively thick cake layer
can cause a rapid decline in membrane flux, affecting filtration
efficiency. Therefore, in the direct microfiltration of high-
turbidity water, both membrane fouling and filtration flux
must be considered.

3.2 Effect of filtration mode on direct microfiltration
treatment of high-turbidity feed water

Cross-flow filtration refers to the process where, under pressure,
the feed liquid flows at a certain velocity along the surface of the
filtration medium, with particles in the feed liquid being
retained on the surface of the medium, while the permeate
passes through the medium. Unlike traditional dead-end
filtration, cross-flow filtration involves the feed liquid flowing
at an angle to the permeate flow direction, which reduces
particle accumulation on the filtration medium surface,
improving filtration efficiency and extending the lifespan of the
filtration medium.***" To investigate the impact of different
filtration methods on the direct treatment of high-turbidity
influent using microfiltration, this study employed both cross-
flow and dead-end filtration at a transmembrane pressure of
26.66 kPa. High-turbidity water samples with turbidities of 100
NTU, 500 NTU, 900 NTU, and 1300 NTU were directly filtered for
30 minutes. The flux changes for the two filtration methods are
shown in Fig. 3, and the membrane flux recovery rates are
illustrated in Fig. 4.

Analysis of Fig. 3(a) reveals that under dead-end filtration, as
the influent turbidity increases, the stable filtration flux grad-
ually decreases, indicating that the thicker the cake layer
structure on the membrane surface, the greater its negative
impact on stable filtration flux. Analysis of Fig. 3(b) shows that
as influent turbidity increases, the stable filtration flux exhibits
a fluctuating pattern of first decreasing, then increasing, and
then decreasing again. This indicates that with cross-flow
filtration, the combined effect of gravity and water flow can
reduce the thickness of the cake layer, preventing it from
continuously increasing. Analysis of the reasons reveals that in
dead-end filtration at lower influent turbidity, the cake layer
formed on the membrane surface is thinner. Under the
combined action of gravity and transmembrane pressure, the

RSC Adv, 2025, 15, 22699-22715 | 22703
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Fig. 3 Flux changes under different filtration methods, (a) dead-end filtration; (b) cross-flow filtration.

stable filtration flux is higher than that of cross-flow filtration,
which relies solely on transmembrane pressure. At higher
influent turbidity, the cake layer thickness in dead-end filtration
is greater, significantly negatively impacting filtration flux. In
cross-flow filtration, the cake layer thickness is reduced due to
the combined effects of gravity and water flow on inorganic
particles, resulting in a higher filtration flux compared to dead-
end filtration.*

Analysis of Fig. 4 reveals that under different influent
turbidities, the membrane flux recovery rate of dead-end
filtration is only higher than that of cross-flow filtration at 100
NTU, and its dispersion coefficient is consistently higher than
that of cross-flow filtration. This indicates that cross-flow
filtration generates less membrane fouling when directly treat-
ing high-turbidity water, resulting in more stable filtration flux
compared to dead-end filtration. At the same time, as the
influent turbidity increases, the membrane flux recovery rate
gradually rises, indicating that the cake layer structure formed
by high-turbidity influent can effectively mitigate membrane
fouling and ensure membrane flux recovery. However, it is
important to consider the balance between membrane flux
recovery rate and filtration efficiency, rather than pursuing only
one of them. Therefore, considering both filtration flux and

22704 | RSC Adv, 2025, 15, 22699-22715

membrane flux recovery rate, cross-flow filtration should be
adopted when directly treating high-turbidity water with
microfiltration.

3.3 Effect of transmembrane pressure difference on direct
microfiltration treatment of high-turbidity feed water

Transmembrane pressure difference refers to the pressure
difference across the membrane during filtration. It is the
driving force that pushes liquid through the membrane, directly
affecting filtration speed and efficiency.*® A larger trans-
membrane pressure difference can increase filtration speed but
may also lead to membrane damage and fouling, while
a smaller transmembrane pressure difference can result in
excessively low filtration flux, affecting filtration efficiency.** To
investigate the effect of different transmembrane pressure
differences on the direct microfiltration treatment of high-
turbidity water, this study set five transmembrane pressure
differences: 6.67 kPa, 13.33 kPa, 20.00 kPa, 26.66 kPa, and 33.33
kPa. Using cross-flow filtration, high-turbidity water samples
(900 NTU) were directly filtered for 30 minutes, with specific
results shown in Fig. 5.

The microfiltration membrane used in this study has a pore
size of 0.22 pm, and the average particle size of kaolin in the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Membrane flux recovery rates under different filtration methods,

high-turbidity water samples is 11 pm. Therefore, when directly
filtering high-turbidity water samples, the turbidity removal rate
is typically maintained above 96% (Fig. 5(f)). As shown in Fig. 5,
with the increase in transmembrane pressure difference, the
stable filtration flux first decreases and then increases. At
transmembrane pressure differences of 13.33 kPa and 33.33
kPa, the membrane flux recovery rates reach their maximum
values of 87.11% and 65.88%, respectively. Analysis reveals that
at a lower transmembrane pressure difference (6.67 kPa), kaolin
particles in the influent are significantly influenced by water
flow and gravity, preventing the rapid formation of a cake layer
structure on the membrane surface that effectively blocks
particle impact. This results in a lower membrane flux recovery
rate (72.23%). As the transmembrane pressure difference
increases (13.33 kPa), the thickening rate of the cake layer
structure accelerates under pressure, forming an effective cake
layer that protects the membrane. The cake layer structure also
has a certain porosity, ensuring a relatively stable filtration flux.
As the transmembrane pressure difference continues to rise
(20.00 kPa), the increased pressure further compresses the cake
layer structure, causing a slight decrease in stable filtration flux.
Additionally, the higher transmembrane pressure difference
intensifies the impact of particles on the membrane, exacer-
bating membrane fouling and reducing the membrane flux
recovery rate (69.01%). When the transmembrane pressure
difference is 26.66 kPa, the impact load of particles on the
membrane surface increases further. However, the rapid
formation of a cake layer of a certain thickness can effectively

© 2025 The Author(s). Published by the Royal Society of Chemistry

(a) 100 NTU:; (b) 500 NTU; (c) 900 NTU; (d) 1300 NTU.

protect the membrane and reduce membrane fouling. When
the transmembrane pressure difference increases to 33.33 kPa,
the pressure effect far exceeds that of water flow and gravity,
leading to rapid thickening of the cake layer. However, excessive
pressure causes continuous compression of the cake layer, even
partial fragmentation. While this ensures a higher stable
filtration flux, membrane fouling is also higher, resulting in
a lower membrane flux recovery rate (65.88%). From this, it can
be concluded that transmembrane pressure difference has
a dual effect on membrane fouling. On one hand, it increases
the impact of inorganic particles in water on the membrane,
exacerbating fouling. On the other hand, it facilitates the rapid
formation of a cake layer of a certain thickness, blocking
subsequent particle impacts and protecting the membrane.
Moreover, when the pressure effect far exceeds gravity and water
flow, cross-flow filtration loses its significance. Therefore,
considering the impact load, cake layer structure, and stable
filtration flux, this study selects 13.33 kPa as the optimal
transmembrane pressure difference.

3.4 Analysis of membrane fouling resistance

3.4.1 Different turbidities. To further investigate the
impact of turbidity on the direct treatment of high-turbidity
water using microfiltration, this study analyzes the fouling
resistance under different turbidities. The proportions and
magnitudes of each fouling resistance are shown in Fig. 6,
where Region I, II, and III represent membrane pore blockage

RSC Adv, 2025, 15, 22699-22715 | 22705
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Fig. 5 Filtration flux changes under different transmembrane pressure differences, (a) 6.67 kPa; (b) 13.33 kPa; (c) 20.00 kPa; (d) 26.66 kPa; (e)

33.33 kPa; (f) membrane flux recovery rate and turbidity removal rate.

resistance, cake layer resistance, and intrinsic membrane
resistance, respectively.

Analysis of Fig. 6 reveals that as influent turbidity increases,
the proportion and magnitude of membrane pore blockage
resistance generally decrease. At an influent turbidity of 100
NTU, the membrane pore resistance is 1.31 x 10'® m™*, which
is 27.18% higher than at 1500 NTU. The intrinsic membrane
resistance remains relatively constant, while the total filtration
resistance increases by 5.6 x 10" m ™" with rising turbidity. The
cake layer resistance increases by 5.86 x 10'® m™", indicating
that the total filtration resistance is primarily driven by changes
in cake layer resistance. The increase in turbidity does not
exacerbate irreversible membrane fouling (Fig. 6(b)). The anal-
ysis reveals that at lower influent turbidity, particles in the water
have a greater impact on the membrane, and the cake layer
structure on the membrane surface forms more slowly, failing
to provide timely protection. As a result, membrane fouling is
higher, and the membrane flux recovery rate is lower. As the
influent turbidity increases, the rate of cake layer thickening
accelerates, and the cake layer effectively reduces the impact of
particles on the membrane, leading to a gradual decrease in
membrane fouling. Therefore, although an increase in influent
turbidity reduces filtration flux, it effectively decreases irre-
versible membrane fouling and extends membrane lifespan.
The discrepancy with other researchers' conclusions may be
due to the fact that the high-turbidity water samples in this

22706 | RSC Adv, 2025, 15, 22699-22715

study contain only kaolin particles, with an average particle size
larger than the microfiltration membrane pore size.>®> When the
influent turbidity increases from 100 NTU to 1500 NTU, the
membrane pore blockage resistance decreases by 21.37%, while
the total filtration resistance doubles. At an influent turbidity of
900 NTU, the membrane pore blockage resistance decreases by
22.14%, and the total filtration resistance increases by only
37.1%, indicating that the treatment of high-turbidity water
samples at 900 NTU yields the best results in this study.
Therefore, when directly treating high-turbidity water with
microfiltration, the optimal high-turbidity water samples that
different scales of experimental setups can handle vary, and it is
necessary to select the most cost-effective treatment target.
3.4.2 Different filtration methods. To further investigate
the impact of filtration methods on the direct treatment of high-
turbidity water using microfiltration, this study analyzes the
fouling resistance under dead-end filtration and cross-flow
filtration. The proportions and magnitudes of each fouling
resistance are shown in Fig. 7, where Region I, II, and III
represent membrane pore blockage resistance, cake layer
resistance, and intrinsic membrane resistance, respectively.
Analysis of Fig. 7 reveals that as influent turbidity increases,
the magnitude and proportion of membrane pore blockage
resistance under both filtration methods show a decreasing
trend. Compared to an influent turbidity of 100 NTU, at 1300
NTU, the reduction in membrane pore blockage resistance for

© 2025 The Author(s). Published by the Royal Society of Chemistry
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dead-end filtration is 13.9%, lower than that for cross-flow
filtration (24.79%). The increase in cake layer resistance is
67.68%, higher than that for cross-flow filtration (66.38%). At an
influent turbidity of 900 NTU, the membrane pore blockage
resistance for dead-end filtration is 1.07 x 10'° m™*, 10.31%
higher than that for cross-flow filtration. Analysis shows that the
changes in total resistance for both filtration methods are
primarily caused by the increase in cake layer resistance,
consistent with the conclusions drawn from Fig. 6. When using
cross-flow filtration to treat high-turbidity water, particles in the
water are influenced by gravity and water flow, preventing them
from entirely depositing on the membrane to form a cake layer.
This reduces the impact of particles on the membrane and
mitigates membrane fouling. Therefore, cross-flow filtration
results in lower membrane pore blockage resistance compared
to dead-end filtration when treating influent of varying turbid-
ities. Additionally, under the influence of gravity and water flow
shear forces, cross-flow filtration can effectively control the

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

thickness of the cake layer, reducing the total filtration resis-
tance. Therefore, in high-turbidity water treatment, considering
both membrane fouling resistance and stable filtration flux,
cross-flow filtration is recommended as the most suitable
method.

3.4.3 Different transmembrane pressure differences. To
further investigate the impact of transmembrane pressure
differences on the direct treatment of high-turbidity water using
microfiltration, this study analyzes the fouling resistance at 6.66
kPa, 13.33 kPa, 20.00 kPa, 26.66 kPa, and 33.33 kPa. The
proportions and magnitudes of each fouling resistance are
shown in Fig. 8, where Region I, II, and III represent membrane
pore blockage resistance, cake layer resistance, and intrinsic
membrane resistance, respectively.

Analysis of Fig. 8(a) shows that as the transmembrane
pressure difference increases, the proportion of membrane pore
blockage resistance generally decreases but exhibits fluctua-
tions. At a transmembrane pressure difference of 6.66 kPa, the
membrane pore resistance is 24%, which is 9% lower than at
33.33 kPa. At 26.66 kPa, the proportion of membrane pore
blockage resistance is the lowest at 12%. This indicates that as
pressure increases, the contribution of membrane pore
blockage to total resistance gradually decreases. The proportion
of cake layer resistance significantly increases with higher
transmembrane pressure differences. When the pressure rises
from 6.66 kPa to 33.33 kPa, the proportion of cake layer resis-
tance increases by 33%, indicating that at higher pressures, the
formation and thickening of the cake layer contribute more
significantly to the total filtration resistance. Analysis of
Fig. 8(b) reveals that the total filtration resistance significantly
increases with higher transmembrane pressure differences. At
33.33 kPa, the total filtration resistance reaches its maximum
(9.89 x 10'® m™ "), representing a 100.61% increase compared
to 6.66 kPa (4.93 x 10'® m™"). The cake layer resistance follows
the same trend as the total filtration resistance. When the
pressure increases from 6.66 kPa to 33.33 kPa, the cake layer
resistance rises by 4.62 x 10'® m™, an increase of 366.37%,
further indicating that cake layer resistance is the primary cause
of changes in total resistance. The membrane pore blockage
resistance generally shows an increasing trend with higher
transmembrane pressure differences. At a pressure of 13.33
kPa, the membrane pore blockage resistance is the lowest, at
only 0.94 x 10" m™". The analysis reveals that at lower pres-
sures, an effective cake layer structure cannot form to protect
the membrane. At excessively high pressures, not only does the
impact of particles on the membrane increase, but the cake
layer structure may also collapse and break, exacerbating
membrane fouling.*® At a transmembrane pressure difference
of 13.33 kPa, the effects of gravity and water flow shear on the
cake layer thickness are significant. This not only ensures
a certain cake layer thickness to protect the membrane but also
prevents the cake layer from becoming too thick, which could
affect filtration efficiency. Therefore, 13.33 kPa is considered
the optimal transmembrane pressure difference in this study. It
should be noted that changes in transmembrane pressure
difference significantly affect the cake layer thickness in cross-
flow filtration. Higher transmembrane pressure differences
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can impact the effectiveness of cross-flow filtration. In high-
turbidity water treatment, it is not advisable to solely pursue
high pressure for increased membrane flux; attention must also
be paid to irreversible fouling issues, seeking a more balanced
transmembrane pressure.

3.5 Fitting with the Hermia classical model

The Hermia model is one of the commonly used models for
analyzing membrane fouling mechanisms. It categorizes
membrane fouling into four blocking mechanisms: complete
blocking, standard blocking, intermediate blocking, and cake

22708 | RSC Adv, 2025, 15, 22699-22715

layer blocking, and can accurately identify the primary causes of
membrane fouling during filtration.*”*® To investigate the
effects of turbidity, filtration method, and transmembrane
pressure difference on the direct treatment of high-turbidity
water using microfiltration, this study employs the Hermia
model to perform linear correlation (R?) fitting for the filtration
system under different operating conditions. The results are
shown in Fig. 9.

Analysis of the filtration methods in Fig. 9 reveals that with
dead-end filtration, as influent turbidity increases, membrane
fouling exhibits three types: complete blocking (100 NTU, 500

© 2025 The Author(s). Published by the Royal Society of Chemistry
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NTU), standard blocking (1300 NTU), and cake layer blocking
(900 NTU). With cross-flow filtration, four types of membrane
fouling occur: complete blocking (100 NTU), standard blocking
(500 NTU), intermediate blocking (1300 NTU), and cake layer
blocking (900 NTU). Both filtration methods show cake layer
blocking at 900 NTU. The analysis shows that during dead-end
filtration, at lower influent turbidity (100 NTU and 500 NTU),
particles in the water exert a greater impact on the membrane
due to pressure and gravity. Smaller particles in the water enter
and completely block the membrane pores, intensifying
membrane fouling and causing complete blocking fouling. As
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the influent turbidity increases (900 NTU), the cake layer
structure thickens rapidly to reduce the impact of particles on
the membrane. Although the membrane thickens slowly, the
cake layer has a certain spatial structure internally. Although
smaller particles in the influent continue to fill the cake layer
structure, their limited quantity does not cause significant
membrane fouling. Instead, they enhance the filtration effi-
ciency and compressive strength of the cake layer, resulting in
cake layer blocking. With further increases in influent turbidity
(1300 NTU), the concentration of particles in the influent rises
significantly, causing the cake layer to continuously compact
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and thicken. Smaller particles, under higher pressure, impact
the membrane, leading to intermediate blocking filtration.*
Analysis of the transmembrane pressure differences in Fig. 9
reveals that as pressure increases, membrane fouling exhibits
two types of blocking: cake layer blocking and complete block-
ing. Only at 33.33 kPa does complete blocking occur, while cake
layer blocking is observed at other pressures. The analysis
shows that at 33.33 kPa, the extremely high pressure continu-
ously compresses the cake layer structure, even causing it to
collapse. This allows smaller particles in the water to impact the
membrane, leading to severe membrane fouling. It should be
noted that at lower pressures, although the impact of influent
particles is reduced, the cake layer structure forms thinly and
loosely. Therefore, it is necessary to consider both the blocking
type and irreversible membrane fouling to select an appropriate
transmembrane pressure.

3.6 Porosity analysis

The porosity of the cake layer affects filtration primarily in
terms of filtration speed, filtration resistance, filtrate quality,
and cake compressibility. When treating the same water
sample, lower cake layer porosity results in higher filtration
resistance, lower filtration flux, and reduced cake compress-
ibility.* To further investigate the effects of turbidity, filtration
method, and transmembrane pressure difference on the direct
treatment of high-turbidity water using microfiltration, this
study calculates the porosity of the cake layer under different
operating conditions. The specific results are shown in Fig. 10.

As shown in Fig. 10(a), as the influent turbidity increases, the
porosity of the cake layer shows a gradual declining trend.
When the influent turbidity rises from 100 NTU to 1500 NTU,
the porosity decreases by 3.79%, but the rate of decline gradu-
ally changes and approaches zero. As the transmembrane
pressure difference increases, the porosity decreases almost
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linearly. When the transmembrane pressure difference rises
from 6.67 to 33.33, the porosity decreases by 13.53%. The
analysis reveals that under constant transmembrane pressure,
when the particle content in the influent is low, the cake layer
structure on the membrane surface is looser, with higher
porosity and higher filtration flux. However, the cake layer
formed at this time is thinner and cannot effectively protect the
leading to higher membrane fouling. As the
concentration of particles in the influent increases, the rate at
which the cake layer thickens on the membrane surface accel-
erates. Under pressure, some smaller particles penetrate deeper
into the cake structure, reducing the porosity of the lower layers
and affecting filtration flux. However, the porosity of the upper
layers of the cake structure increases, leading to a slower decline
in overall porosity but a continuous decrease in filtration flux. It
should be noted that higher influent turbidity indicates
a greater number of smaller particles in the water, which more
easily reduces the porosity of the deeper layers of the cake
structure, affecting filtration flux. However, at lower turbidity,
the cake structure is looser and thinner, causing porosity to
decline rapidly. When constant pressure changes, as pressure
increases, smaller particles penetrate deeper into the cake
structure, and weaker particles are continuously compressed
and broken, causing porosity to decrease until the cake struc-
ture develops high compressive strength. However, due to the
large transmembrane pressure difference, filtration flux can
still be maintained at a high level.

Analysis of Fig. 10(b) reveals that as influent turbidity
increases, the porosity under both filtration methods shows
a gradual decreasing trend. When cross-flow filtration is used,
the cake layer porosity at different influent turbidities is higher
than that of dead-end filtration. The analysis shows that during
cross-flow filtration under constant pressure, particles in the
water, influenced by gravity and water flow, can effectively

membrane,
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control the thickness of the cake layer, resulting in a cake layer
structure with higher porosity. At the same time, as influent
turbidity increases, cross-flow filtration also experiences
smaller particles entering the cake layer. However, under the
influence of gravity, larger particles are less likely to deposit on
the membrane surface, resulting in a lower average particle size
of deposited particles compared to dead-end filtration.
Although the porosity of the cake layer structure is lower than
that of dead-end filtration, it effectively prevents the entry of
smaller particles, leading to higher porosity than dead-end
filtration.

3.7 Cake layer regulation and performance validation

Investigations of varying turbidity levels, filtration modes, and
transmembrane pressures revealed that the cake layer structure
effectively intercepted influent contaminants, maintained
higher flux, and mitigated membrane fouling. Consequently,
FeCl; was employed as coagulant to regulate cake layer struc-
ture, with five dosage gradients (0, 5, 10, 15, 20 mg L") under
cross-flow filtration at 13.33 kPa transmembrane pressure.
Variations in membrane flux, flux recovery rate, and turbidity
removal efficiency at different FeCl; dosages are presented in
Fig. 11.

As shown in Fig. 11, the pure water flux, filtration flux, and
backwash flux all exhibited significant decreasing trends during
filtration. With increasing FeCl; concentration, stable filtration
flux gradually decreased from 0.7342 m h™" at 0 mg L™, peaked
at 0.6852 m h™" with 15 mg per L FeCls, then declined again.
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This phenomenon occurs because insufficient coagulant at low
FeCl; concentrations allows fine particles to directly contact the
membrane, forming loose cake layers with initially high but
rapidly declining flux. Increased FeCl; promotes coagulation
between Fe** and dissolved organics/suspended solids, forming
larger flocs that create denser yet more stable cake layers,
reducing pore blockage while compromising hydraulic perme-
ability. At 15 mg per L FeCl;, floc characteristics achieve an
optimal balance, creating cake layers that combine effective
particle retention with maintained flux, resulting in peak
performance. Excessive FeCl; causes oversized, heterogeneous
flocs that form irregular cake layers with localized flow resis-
tance, decreasing flux. Furthermore, excess Fe*" may destabilize
flocs, releasing fine particles and dissolved matter that exacer-
bate membrane fouling. Simultaneously, analysis revealed that
the hydrophobicity and negative surface charge of PVDF
membranes promoted humic acid adsorption and particle
deposition, exacerbating irreversible fouling. In contrast, FeCl;
coagulation optimized cake layer structure through charge
neutralization and floc bridging, intercepting contaminants
and reducing pore blockage. At 15 mg per L FeCl; dosage, the
maximum flux recovery rate reached 88.77%. Thus, the optimal
FeCl; dosage was determined to be 15 mg L™ ™.

To further validate the effect of 15 mg per L FeCl; on cake
layer formation. Experiments were performed using both
natural water and synthetic feed water at this concentration.
The experimental duration was extended by 50% to 45 minutes.
The HA content in filtrate was determined for verification. The
results are presented in Fig. 12 and Table 2.
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Fig. 11 Variations in membrane flux, flux recovery rate and turbidity removal efficiency at different FeCls concentrations.
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Fig. 12 Membrane flux changes of actual water source and simulated water under optimal conditions.

As shown in Fig. 12 and Table 2, the stable filtration flux of
raw water without 15 mg per L FeCl; coagulant was 0.4009 m
h™*, with a post-filtration HA concentration of 2.09 mg L', HA
removal rate of 58.18%, and flux recovery rate of 75.49%. With
15 mg per L FeCl; coagulant, the stable filtration flux of raw
water increased to 0.5054 m h™', post-filtration HA concentra-
tion decreased to 1.207 mg L', HA removal rate reached
75.86%, flux recovery rate was 79.06%, and stable flux
enhancement rate was 26.07%. For synthetic water without
15 mg per L FeCl; coagulant, the stable filtration flux was 0.4231
m h™", post-filtration HA concentration was 1.878 mg L™, HA
removal rate was 62.44%, and flux recovery rate was 77.38%.
With 15 mg per L FeCl; coagulant in synthetic water, stable
filtration flux reached 0.5232 m h™', postfiltration HA

concentration was 1.125 mg L', HA removal rate was 77.44%,
flux recovery rate was 84.31%, and stable flux enhancement rate
was 23.66%. The analysis indicates that 15 mg per L FeCl
dosage forms a filter cake layer with high compressive strength
and porosity, effectively removing pollutants and mitigating
membrane fouling. Actual water sources contain diverse
contaminants that progressively deposit on membrane surfaces
and inside pores during filtration, creating a fouling layer.
Simulated water is artificially formulated. Despite composi-
tional similarities to actual water sources, its simpler nature
increases coagulant responsiveness, promotes larger floc
formation, and consequently improves filtration flux. Moreover,
actual water sources contain not only HA but also other organic
compounds and microorganisms that could compromise

Table 2 Humic acid removal efficiency and flux recovery rates across various water sources

Effluent humic acid

concentration (mg L")

HA removal efficiency Flux recovery rate

Actual water source 2.09

Simulated water 1.878
Actual water source (15 mg per L FeCl; dosed) 1.207
Simulated water (15 mg per L FeCl; dosed) 1.125

22712 | RSC Adv, 2025, 15, 22699-22715

58.18% 75.49%
62.44% 77.38%
75.86% 79.06%
77.44% 84.31%

© 2025 The Author(s). Published by the Royal Society of Chemistry
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coagulant-HA interaction efficiency. In simulated water, HA's
limited structural diversity allows Fe** (from FeCls) to generate
more stable flocs with homogeneous pore distribution and
enhanced adsorption capability, achieving superior HA
interception.

Investigations of actual and simulated water sources showed
that a filter cake layer formed under 13.33 kPa transmembrane
pressure, 15 mg per L FeCl; dosage, and cross-flow filtration
achieved maximum contaminant removal efficiency, offering
valuable insights for developing eco-friendly high-turbidity
water treatment methods.

4 Conclusions

The research applied microfiltration technology for direct
treatment of high-turbidity raw water. Through examining
impacts of varying turbidity levels, filtration methods, trans-
membrane pressure differences, and FeCl; coagulant dosages
on filtration efficiency, the study elucidated membrane fouling
alleviation mechanisms to establish an environmentally
sustainable water treatment approach. Key findings are
summarized below.

(1) When using microfiltration to directly treat high-turbidity
feed water, at lower influent turbidity (100 NTU), the cake layer
structure is looser and cannot effectively protect the membrane.
The irreversible membrane fouling is relatively high at 1.31 x
10" m™', and the membrane flux recovery rate is lower. At
higher influent turbidity (1300 NTU), irreversible fouling is only
1.04 x 10" m™, but excessive particles in the water cause the
cake layer structure to become too thick, with lower porosity,
resulting in a filtration flux of only 35.42% of that at 100 NTU.
Therefore, in high-turbidity water treatment, the optimal
influent turbidity should be explored based on the specifica-
tions of the filtration equipment.

(2) Under constant pressure conditions, cross-flow filtration
performs better than dead-end filtration when directly treating
high-turbidity feed water. At influent turbidities of 500 NTU, 900
NTU, and 1300 NTU, the membrane flux recovery rate and
irreversible membrane fouling of dead-end filtration are lower
than those of cross-flow filtration. At an influent turbidity of
1300 NTU, the stable filtration flux of cross-flow filtration is
13.52% higher than that of dead-end filtration, and irreversible
membrane fouling is only 81.98% of that of dead-end filtration.
Therefore, this study concludes that cross-flow filtration is the
superior choice for high-turbidity water treatment.

(3) At a constant influent turbidity (900 NTU), when the
pressure increases from 6.66 kPa to 33.33 kPa, irreversible
membrane fouling increases by 27.97%, and the cake layer
porosity decreases by 13.53%, but the stable filtration flux
increases by 116.91%. At a transmembrane pressure difference
of 13.33 kPa, although the filtration flux is 56.83% of that at
33.33 kPa, irreversible membrane fouling is only 62.25%, and
the membrane flux recovery rate is as high as 87.11%. There-
fore, in high-turbidity water treatment, transmembrane pres-
sure difference is the main factor causing membrane fouling
and improving membrane flux, and 13.33 kPa is the optimal
transmembrane pressure difference in this study.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(4) Analysis using the Hermia model reveals that at trans-
membrane pressure differences of 6.66 kPa, 13.33 kPa, 20.00
kPa, and 26.66 kPa, the blocking type is cake layer blocking.
When the transmembrane pressure difference increases to
33.33 kPa, the blocking type shifts to complete blocking. This
indicates that excessively high transmembrane pressure differ-
ences increase the impact of particles in the water on the
membrane, exacerbating membrane fouling. Therefore, it is
necessary to balance the relationship between membrane
fouling and filtration flux, seeking more low-carbon and envi-
ronmentally friendly process conditions.

(5) The research confirms FeCl; coagulant's ability to alle-
viate membrane fouling and improve flux stability through
controlled filter cake layer formation. With 15 mg per L FeCl;
addition, the engineered filter cake layer exhibited balanced
rejection-permeability characteristics, delivering 0.6852 m h™*
stable flux and 88.77% recovery rate. Fe®" at this dosage creates
compact flocs via charge neutralization/bridging mechanisms,
concurrently mitigating pore clogging by colloids and mini-
mizing flow resistance. In actual water treatment, coagulant-
enhanced systems achieved 17.68% higher HA removal than
non-coagulant controls, with synthetic water demonstrating
15% enhancement. These results establish a theoretical
framework for precise filter cake layer control in turbid water
purification.
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