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a b s t r a c t
The treatment of leachate is a complex process that involves the use of various treatment methods 
in order to achieve acceptable quality levels. The objective of this study is to investigate the impact 
of transmembrane pressure (TMP) at a constant flow velocity (V = 2m/s) on the treatment of leachate 
from the controlled landfill of Oum Azza, Rabat, Morocco, as well as on the fouling mechanism of 
three ultrafiltration (UF) ceramic membranes (UF20, UF50, and UF100) with varying porosities of 
20, 50, and 100 nm. The experiments were conducted using a semi-industrial pilot plant provided 
by the French Company TIA (Techniques Industrielles Appliquées), which was equipped with a 
ceramic membrane. Two mathematical models, the Hermia model and the Bolton model, were 
used to identify the fouling mechanisms of the tested membranes. The Hermia model provides 
four equations that describe the four fouling modes, namely cake formation, intermediate blockage, 
pore constriction, and complete blockage. Furthermore, the Bolton model combines these fouling 
mechanisms to determine whether fouling is caused by adsorption, occlusion, or compression of 
the filter layer. The results indicate that the permeate and rejection of pollution indicators (chemi-
cal oxygen demand, 5-day biochemical oxygen demand, and total suspended solids) for the three 
tested membranes are affected by the TMP. The UF20 membrane showed the best rejection rates, 
followed by UF50 and finally UF100. For permeate flow, UF100  >  UF50  >  UF20. According to the 
Hermia model, the fouling of all three membranes was superficial, with the main fouling mecha-
nisms being cake formation or intermediate blockage. Application of the Bolton model equations 
revealed that fouling of the UF20 and UF50 membranes was described by the combined equation 
of cake formation and complete blockage. For the UF100 membrane, fouling was described by the 
combined equation of cake formation and intermediate blockage.

Keywords: �Ultrafiltration; Leachate; Ceramic membrane fouling; Modeling; Hermia model; Bolton 
model; Transmembrane pressure

1. Introduction

Leachate is a liquid that forms as a result of water per-
colating through waste in landfills and solubilizing both 
organic and inorganic compounds, especially after precipi-
tation [1]. It is typically characterized by its dark color and 

strong odor, as well as its high organic and inorganic loads. 
Leachate contains an aqueous solution that includes four 
categories of pollutants: dissolved organic matter (includ-
ing volatile fatty acids and more refractory organic matter 
such as humic substances), macro inorganic compounds 
(such as Ca2+, Mg2+, Na+, K+, NH4

+, Fe2+, Mn2+, and HCO3
–), 
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heavy metals (such as Cd2+, Cr3+, Cu2+, Pb2+, and Ni2+), aro-
matic hydrocarbons, phenols, and pesticides [2]. These 
pollutants can cause significant environmental harm due 
to their high levels of toxicity. Various methods have been 
explored to effectively treat landfill leachate, including bio-
logical treatment, chemical precipitation, chemical oxidation. 
Coagulation–flocculation, and membrane processes [3–8].

Several membrane solutions have been developed for 
the treatment of landfill leachate, including high-pressure 
techniques like reverse osmosis (RO) and nanofiltration 
(NF), which are effective in removing refractory chemi-
cal oxygen demand (COD). However, these techniques are 
generally considered too expensive for widespread use in 
most countries due to their high energy consumption [9]. 
On the other hand, low-pressure techniques such as micro-
filtration (MF) are less expensive but are not effective when 
used alone since they only remove colloids and suspended 
solids [10]. Ultrafiltration (UF), another low-pressure tech-
nique, can remove high molecular weight ingredients con-
taining both biodegradable organic macromolecules and 
non-biodegradable substances but allows salinity to pass 
through [11]. However, membrane fouling caused by the 
organic pollution load of leachate results in frequent shut-
downs for washing and reduces the lifespan of membranes. 
A thorough pretreatment can be implemented to address 
this issue. One promising method for removing suspended 
organic matter is UF, particularly with the use of new ceramic  
membranes.

Ceramic porous membranes have gained increasing 
popularity in industrial fields due to their high hydraulic 
permeability and narrow pore size distribution, superior 
to polymeric membranes with similar separation proper-
ties. They also exhibit exceptional chemical, mechanical, 
and thermal stability, the ability to undergo steam steriliza-
tion and backflushing, good erosion resistance, high fluxes 
per unit membrane area, high durability, resistance to bac-
terial attack and biological degradation, the potential for 
regeneration, and dry storage after cleaning [12–15]. These 
membranes are widely used in harsh environmental appli-
cations, such as oil/water separation, mining, textiles, pet-
rochemicals, pharmaceuticals and biotechnology, and the 
food and beverage industry [16,17].

However, the main issue with UF operation is concen-
tration polarization and membrane fouling, which can 
lead to decreased permeate flux.

Several mathematical models have been developed to 
describe the mechanisms of pore blockage and cake layer 
fouling caused by contaminants during the filtration pro-
cess [18]. One of these models is Hermia, which was mod-
ified by Hermia [19] and Field et al. [20] and proposes 
four equations to describe the mechanisms, namely pore 
constriction, complete blockage, intermediate blockage, 
and cake formation.

The evolution of research on fouling models has led 
to the development of more comprehensive models that 
explain both the initial membrane pore blockage and the 
subsequent cake layer. For example, Ho and Zydney [21] 
presented a combined model that considers both mecha-
nisms. Furthermore, Bolton et al. [22], by combining simple 
models in pairs, developed five models that consider dif-
ferent mechanisms: cake formation and complete blockage, 

cake formation and intermediate blockage, pore constric-
tion and complete blockage, intermediate blockage and 
pore constriction, and cake formation and pore constriction. 
These models represent a significant advancement in com-
prehending and predicting fouling in membrane filtration  
processes.

Several studies have used the Hermia model to inves-
tigate fouling mechanisms in UF processes. For example, 
Gomes et al. [23] investigated the separation and purifica-
tion of biodiesel produced by alkaline ethyl transesterifica-
tion, using ceramic UF membranes with different pore sizes 
(0.2  µm, 0.1  µm, 0.05  µm, and 20  kDa) and TMP (1.2 and 
3 bar). The Hermia model was used to identify the fouling 
mechanism, which was found to be complete pore block-
age. Tomczak and Gryta [24] studied the separation of oily 
wastewater generated during marine transportation using 
an ultrafiltration ceramic membrane (8 kDa) under various 
conditions, including temperature (303 and 323 K), tangen-
tial flow rate (2.9–8.2  m/s), and TMP (0.28–0.40  MPa). The 
Hermia model was also used in this study to evaluate the 
fouling phenomenon, and it was found that the cake for-
mation model was most consistent with the experimental 
data. Birrenbach et al. [25] investigated cross-flow ultra-
filtration of ovalbumin aggregates with a 50  nm cut-off 
ceramic membrane, monitoring flow at different TMP 
and concentrations. The most significant fouling mech-
anism observed was intermediate pore blockage, which 
was best described by the Hermia model. Finally, Aloulou 
et al. [26] determined the optimal conditions for the treat-
ment of industrial wastewater containing oil and heavy 
metals using a 150  kDa ultrafiltration ceramic membrane. 
The Hermia model was employed to estimate the fouling 
mechanism, and the results indicated that the decrease in 
permeate flux over time could be described by the cake fil-
tration model. Modeling and optimization revealed that the 
best operating conditions were an initial oil concentration 
of 117  g/L and a feed temperature of 60°C, under a TMP  
of 3.5 bar.

Collado et al. [27] studied the potential of a tubular 
ultrafiltration membrane composed of titanium-zirconia 
(ZrO2-TiO2) in the treatment of two distinct types of leach-
ates, one mature and the other young, from the La Zoreda 
landfill in Asturias, Spain. The experiments were carried 
out with a TMP of 1.6 bar and a transverse flow velocity of 
3.2 m/s. The results of the study revealed that COD removal 
for mature leachates was 49.6% at a volumetric concentra-
tion factor (VCF) of 1.7. In contrast, under the same con-
ditions, COD reduction for young leachates was 48%. In 
addition, the Hermia model demonstrated that the mem-
brane fouling mechanism is of the cake-forming type.

Shi et al. [28] conducted a study on sugarcane juice clar-
ification using a ceramic membrane with pore size of 20 nm. 
The researchers evaluated several pretreatment options, 
including heating the juice to different temperatures (60°C, 
75°C, and 90°C) with and without sedimentation, and using 
the evaporator-supplied juice at different pH values (7.2, 7.5 
and 7.8). In this study, the transmembrane pressure (TMP) 
was optimized between 0.1 and 0.3 MPa at a temperature of 
75°C and a flow velocity of 3.5 m/s. The results showed that 
the best juice quality was obtained at a TMP of 0.026  MPa 
and a pH of 7.5. According to use of Bolton’s combined 



757M. Farah et al. / Desalination and Water Treatment 316 (2023) 755–768

models, the fouling mechanism of partially clarified juice 
filtration results from a combination of cake filtration and 
complete blockage models. This study emphasizes the 
importance of considering both mechanisms when analyz-
ing fouling, as they can affect the quality of clarified juice.

The objective of this study is to examine the effect of 
TMP and membrane porosity on permeate quality during 
leachate treatment. The tested ultrafiltration membranes 
are made of ceramic with porosities of 20, 50 and 100  nm. 
The identification of fouling mechanisms involved was car-
ried out using two mathematical models, the Hermia model 
and the Bolton model. For this purpose, the permeate flux 
was monitored over time, as well as the physico-chemical 
quality of the permeate. This work aims to provide infor-
mation on the fouling behavior of ceramic membranes as a 
function of TMP and to offer a better understanding of the 
effect of TMP on permeate quality during leachate treatment.

2. Materials and methods

2.1. Experimental method

2.1.1. Experimental feed solution

Leachate from the Oum Azza site was used in this study. 
The samples collected were transported to the laboratory 
for analysis and treatment within hours of collection. The 
physico-chemical characteristics of the leachates are pre-
sented in Table 1.

2.1.2. Membrane characterization

Experiments are performed on a UF laboratory 
pilot supplied by the French Company TIA (Techniques 
Industrielles Appliquées). It consists of a feeding tray with 
a capacity of 50 L and two pumps: one for circulation and 
the other for filtration (Fig. 1). The tangential velocity of 
recirculation is in the range 0.5–6 m/s. The TMP varies from 
0 to 10  bar. Table 2 gives the main characteristics of the 
UF membranes used.

2.1.3. UF operation on leachate solution

To investigate the influence of operating conditions on 
membrane fouling and permeate quality. UF experiments 
using three ultrafiltration membranes (UF20, UF50, and 
UF100) have carried out at constant velocity (CV) constant of 
2 m/s and different PTMs (1, 2, 3 and 4 bar). All experiments 

are performed at a temperature of 25°C. The retentate flow 
is recirculated into the feed tank and the permeate flow is 
monitored throughout the UF experiments as a function of 
time, a sample is taken at the beginning of the operation 
and then every 5  L of the permeate, a sample is taken for  
analysis.

2.1.4. Membrane cleaning procedure

After each UF operation, the membrane is subjected to 
a cleaning cycle that consists first of a rinse with tap water 
for 20 min then an alkaline cleaning with an aqueous NaOH 
solution (pH between 11 and 12) for 30  min and finally, 
after the rinse, a last acidic cleaning with an aqueous sulfuric 
acid solution (pH between 2 and 3) for 20 min followed by 
a final rinse of the membrane with tap water until the pH 
of the water becomes neutral. The procedure is repeated 
as many times as necessary until the initial permeability 
is recovered. All cleaning steps, including rinses, are per-
formed at a CV of 2 m/s and an TMP of 1 bar. Once the mem-
brane is cleaned, the water permeability is verified.

2.1.5. Analytical measurements

Permeate samples were collected and leachate parame-
ters were determined analytically using standard methods. 
The analyses of chemical oxygen demand (NF T90-101), 
5-d biochemical oxygen demand (BOD5 - NF T90-103) and 

Table 1
Physico-chemical and organic characterization of Oum Azza 
leachates

Parameter Value

pH 8.5 ± 0.2
T (°C) 18.6
Electric conductivity (mS/cm) 30 ± 3
Chemical oxygen demand (mg/L) 8,000 ± 2,000
5-d biochemical oxygen demand (mg/L) 4,500 ± 1,000
Total suspended solids (mg/L) 4,120 ± 1,000

 
Fig. 1. Diagram of the ultrafiltration pilot plant.

Table 2
Characteristics of the membranes

Characteristics UF20 UF50 UF100

Pore size (nm) 20 50 100
Nature Ceramic Ceramic Ceramic
Surface (m2) 0.35 0.35 0.24
Maximum pressure (bar) 10 10 10
Maximum temperature (°C) 100 100 100
pH range 3–11 3–11 3–11
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total suspended solids (TSS - NF T90-105-2) are conducted 
in accordance with the AFNOR Standard (1997) [29]:

COD assesses the total amount of oxygen required for 
the chemical oxidation reaction of organic matter in a water 
sample. This measurement is performed by exposing the 
sample to a potent oxidizing agent, typically a mixture of 
potassium dichromate and sulfuric acid, at a high tempera-
ture. The reduction in the color of the solution, resulting 
from the consumption of the oxidant, is then measured to 
calculate COD.

BOD5 quantifies the amount of oxygen consumed by 
microorganisms during the decomposition of organic 
matter in water over a 5-day period. The water sample is 
incubated at a constant temperature, usually 20°C during 
this period. The decrease in dissolved oxygen over time is 
measured and used to determine BOD5.

TSS, it assesses the quantity of particles suspended 
in water. To achieve this, the sample is filtered through 
a specific filter, the retained particles are then dried and 
weighed. The obtained mass is then used to express the 
concentration of suspended solids in the water.

The retention (R) is calculated as a percentage accord-
ing to Eq. (1):

R
C C
C

p%� � �
�

�0

0

100 	 (1)

where Cp and C0 are permeate and initial concentrations, 
respectively.

3. Results and discussions

3.1. Effect of TMP on permeate flux and leachate parameters

3.1.1. On the permeate flux

The effects of TMP on permeate flux were exam-
ined for three different membranes at a CV of 2  m/s. The 
temporal evolution of the permeate flux is described in 
Fig. 2. In addition, Table 3 shows the limiting fluxes and 
flux drop rate for the three membranes at different TMP.

After analyzing Fig. 2 and Table 3, it is evident that the 
permeate flux experiences a decline over time for all three 
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Fig. 2. Variation of permeate flux as a function of time for the three membranes.
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UF membranes and various applied TMPs. This decline 
occurs in three stages: the first stage demonstrates a sig-
nificant drop in permeate flux due to concentration polar-
ization, followed by a gradual decrease in the second stage 
until the flux level matches the beginning of fouling. The 
third stage of the curve signifies a stagnant or limiting flux 
due to complete fouling. Additionally, Fig. 2 illustrates 
that the permeate flux obtained from the UF membranes is 
dependent on their porosity. As the membrane pore radius 
increases, the permeate flux increases in the following 
order: UF100 > UF50 > UF20.

The permeate flux and limit flux of all three membranes 
are influenced by the TMP. As the TMP increases, both the 
permeate flux and limit flux increase, resulting in a decrease 
in the drop in permeate flux. The limit flux is explained by 
the gel polarization model, which suggests that the con-
centration polarization phenomenon occurs when the feed 
solution containing suspended and soluble solids (colloids) 
passes through the membrane. This creates a viscous, gelat-
inous layer that adds resistance to the permeate flow, in 
addition to the membrane’s resistance [30]. The film model 
indicates that increasing the TMP improves the hydrody-
namic conditions, mitigating the concentration bias effect, 
and preventing the fouling layer’s formation. This leads to 
an increase in permeate flux and an improvement in the 
mass transfer coefficient [31,32]. The phenomenon can be 
explained by the following:

•	 The increase in pressure changes the structure of the 
particle deposit.

•	 The increase in pressure causes particles of different 
sizes to rise to the surface, forming a more compact and 
less porous cake.

•	 The increase in pressure favors the penetration of par-
ticles inside the pores of the membrane, which reduces 
their size [33,34].

Membrane fouling results from intricate physical and 
chemical interactions among various pollutants in the food 
supply and between these compounds and the membrane 
surface. These substances can bind, accumulate, or adsorb 
on membrane surfaces or within membrane pores due to 
mass transfer, leading to fouling. Various factors, such as 
the concentration and nature of the feed solution, tempera-
ture, membrane properties (surface morphology, hydro-
phobicity, charge, and molecular weight cutoff), mode of 
operation, and hydrodynamic conditions, including ini-
tial permeate flow rate and cross flow velocity, can collec-
tively influence overall membrane performance and fouling 

propensity. Additionally, factors altering or impacting the 
hydrodynamic conditions of membrane modules and the 
properties of the feed solution can influence membrane 
performance and fouling, as indicated by various studies 
[35–37]. Nevertheless, TMP and flow speed remain pivotal 
in the fouling of ultrafiltration membranes. In the pre-gel 
phase of TMP, the flow rate exhibits a linear increase until it 
reaches a pressure-independent flow limit. However, the for-
mation of the fouling layer, especially under high pressures, 
leads to compression and subsequent reduction in flow. Flow 
velocity enhances hydrodynamic conditions, reducing the 
thickness of the concentration polarization layer. This reduc-
tion facilitates an efficient turnover of leachate, delaying 
concentration polarization and improving the mass transfer 
coefficient, ultimately resulting in an increase in permeate 
flux, fouling becomes a competition between flow velocity 
and TMP. To mitigate fouling, achieving a delicate balance 
between these two parameters is crucial. In our study, the 
applied circulation speed proved effective for TMPs of 1 
and 2  bars. However, at TMPs exceeding 2  bars, the TMP 
takes precedence, indicating the need to increase circula-
tion speed under such conditions. This finding aligns with 
research by Zait et al. [29], demonstrating that flow velocity 
and TMP significantly impact the flow limit, emphasizing 
an increased need for flow velocity at higher pressures.

3.1.2. On the treated leachate parameters

Fig. 3 gives the variation of COD, BOD5 and TSS rejec-
tion rate, conductivity and pH as a function of pressure for 
the three membranes tested.

According to the data presented in Fig. 3, the rejec-
tion rates of COD, BOD5 and TSS increase proportionally 
with increasing TMP, for the three membranes tested. For 
the 20  nm pore size membrane, the rejection rates reach 
80% for COD, 84% for BOD5 and 51% for TSS, respectively. 
For the 50  nm membrane, these rates are 71% for COD, 
77.27% for BOD5 and 45% for TSS, while for the 100  nm 
membrane, they are 68% for COD, 70.92% for BOD5 and 
41% for TSS. In addition, the rejection rate of COD, BOD5 
and TSS for the three membranes follows the following 
order: RUF20  >  RUF50  >  RUF100. These results indicate 
that the membrane porosity has a direct influence on the 
treatment efficiency and that the finer membranes have a 
better removal efficiency of organic pollutants and TSSs.

The results obtained in this study confirm that the TMP 
has an influence on the permeate flux and the discharge 
rates of COD, BOD5 and TSS, which is consistent with the 
results of previous studies. However, it should be noted 

Table 3
Flux limits and flux drop rate for the three membranes

TMP = 1 bar TMP = 2 bar TMP = 3 bar TMP = 4 bar

Flux limits 
(L/h·m2)

Flux drop
Flux limits 
(L/h·m2)

Flux drop
Flux limits 
(L/h·m2)

Flux drop
Flux limits 
(L/h·m2)

Flux 
drop

UF20 13.61 76.18% 34.19 51.78% 38.55 53.14% 41.19 55.93%
UF50 26.12 59.36% 42.99 49.84% 47.5 53.81% 55.09 54.47%
UF100 41.66 70.83% 94.8 58.91% 102.8 65.73% 114.9 65.52%
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Electric conductivity and pH as a function of pressure for the three membranes.
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that TMP has no impact on the conductivity of the treated 
solutions, since the membranes used are porous and allow 
mineral salts to pass through. On the other hand, a slight 
variation in pH was observed for the three ultrafiltration 
membranes [38,39].

3.2. Analysis of the fouling mechanisms of UF ceramic membranes 
based on Hermia and Bolton models

The identification of the fouling mechanism for the three 
membranes was conducted using two models: the Hermia 
model and the Bolton model. A comparison between these 
two models in describing the fouling mechanism was car-
ried out by applying the Levenberg–Marquardt method 
to calculate the coefficient of determination.

3.2.1. Fouling identification: Hermia model

The fouling mode was identified and compared using 
the Hermia models corresponding to cake formation (cf), 
intermediate blocking (ib), pore constriction (pc), and com-
plete blocking (cb), respectively [40,41]. The parameters 
associated with these fouling mechanisms (Kcf, Kib, Kpc, and 
Kcb) were optimized using the Levenberg–Marquardt least 
squares method, ensuring the determination of optimal 
conditions for each membrane. Subsequently, we analyze 
the permeate flux expressions related to the four fouling 
mechanisms of the Hermia model, as modified by Field 
et al. [20]. The flux expressions mentioned by Slimane 
et al. [42] are summarized in Table 4.

The parameters (Kcf, Kpc, Kib, and Kcb) associated with each 
fouling mechanism were optimized using the least squares 
method. The resulting expressions, obtained through the 
analytical resolution of the model, are presented in Eq. (2).

K C p
P
K C

h
K

CJ
e
K

J
hs s s s

cf ib pc cb� � � �
� �
� � � ��

, , ,
/2 0

1 2
0 	 (2)

Charfi et al. [40] provide a detailed description of all 
these parameters.

The graph in Figs. 4–6 illustrates the variation of per-
meate flux over time for the three tested membranes, both 
as measured experimentally and as modeled using the 4 
Hermia equations. This data is presented for each pres-
sure condition. Meanwhile, Table 5 provides the values for 
the modeling constants related to fouling and R-square for 
each of the three membranes under the four Hermia model-
ing equations. These constants are shown for each pressure 
condition as well.

The analysis of the results revealed that the cake-form-
ing fouling mode and intermediate blocking yielded the 
most favorable outcomes in terms of R-squared. Moreover, 
their modeled constants are significant and similar to 
those reported by Charfi et al. [40] and Kennedy et al. [43].

However, the model does not converge for the other 
two mechanisms, as indicated by the low R-squared values 
obtained. This suggests that the contribution of these types 
of fouling is negligible in our case, likely due to the small 
pore size of the membranes and the nature of the organic 
substances present in the leachate solution being treated, 
which promote fouling of the membrane surface [44].

The optimized parameter values indicate that the inter-
mediate and cake-forming mechanisms may either compete 
or complement each other. To gain a deeper understand-
ing of this phenomenon, flux modeling was conducted 
using the Bolton model.

3.2.2. Fouling identification: Bolton model

The combined models developed by Bolton et al. [22] 
incorporating two distinct fouling mechanisms such as 
cake formation and complete blocking, cake formation and 
intermediate blocking, complete blocking and pore con-
striction, and intermediate blocking and pore constriction, 
were also applied to consider the possibility of fouling 
mechanism combinations during the ultrafiltration of Oum 
Azza leachates.

Table 6 summarizes the flux expressions of the com-
bined models, derived from the volume expressions previ-
ously mentioned by Slimane et al. [42].

Figs. 7–9 give the variation of permeate flux obtained 
experimentally and modeled using Bolton model, as a func-
tion of time in each pressure for the three tested membranes. 
And Table 7 gives the values of the modeling constants 
for fouling and R-squared in each pressure for the three 
membranes and for the Bolton model.

Figs. 7–9 and Table 7 show the experimental results of 
permeate flux vs. time for the three membranes. The com-
bined models were fitting to these results, and the results 
show that the combined standard blocking and cake layer 
model did not converge.

The R-squared values obtained for the combined model 
of cake formation and complete blocking are the highest for 
both membranes (UF20 and UF50). However, for the UF100 
membrane, the R-squared values are higher for the com-
bined model of cake formation and intermediate blocking.

For the UF20 and UF50 membranes, the presence of 
molecules and suspended particles in the treated leachate 
that are similar or larger in size than the membrane pores 
promote complete blockage of the pores, resulting in cake 
formation.

Table 4
Flux expressions of the classical single models

Model Equations Characteristic 
parameters

Cake formation  
(cf)

J
J

K J t
�

�� �
0

0
2 1 2

2 1cf

/ Kcf (s/m2)

Intermediate 
blocking (ib)

J
J

K J t
�

�
0

0 1ib

Kib (m–1)

Pore constriction 
(pc)

J
J

K J t
�

�� �
4

2
0

0
1 2 2

pc
/ Kpc (m–1)

Complete 
blocking (cb)

J J K t� �� �0 exp cb Kcb (s–1)
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Fig. 5. Experiments and the four fouling mechanisms for the UF50 membrane in the Hermia model at different pressures.
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Fig. 4. Experiments and the four fouling mechanisms for the UF20 membrane in the Hermia model at different pressures.
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In the case of the UF100 membrane, the mechanisms 
of intermediate blocking and cake formation complement 
each other. This type of fouling occurs due to the accumu-
lation of retained material on the membrane surface caused 
by concentration polarization, progressively blocking the 
surface pores and leading to cake formation. These find-
ings are consistent with the work of Carbonell-Alcaina 

et al. [45] who also explained that concentration polariza-
tion initially decreases the permeate flux. Furthermore, 
membranes with smaller pores tend to retain more dis-
solved material, increasing the specific resistance of the  
cake [32,40].

Interestingly, membrane fouling decreases as the mem-
brane pore size increases. These results align with the 
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Fig. 6. Experiments and the four fouling mechanisms for the UF100 membrane in the Hermia model at different pressures.

Table 5
Fouling modeling constants for the three membranes

P n = 0 R-square n = 1 R-square n = 1.5 R-square n = 2 R-square

UF20 1 Kcf = 4.43·106 0.98 Kib = 36.77 0.87 Kpc = 0.101 0.75 Kcb = 2.77·10–4 0.55
2 Kcf = 1.29·106 0.67 Kib = 15.8 0.41 Kpc = 0.054 0.23 Kcb = 1.88·10–4 0.02
3 Kcf = 1.14·106 0.77 Kib = 15.93 0.55 Kpc = 0.058 0.40 Kcb = 2.17·10–4 0.21
4 Kcf = 1.13·106 0.71 Kib = 16.99 0.44 Kpc = 0.065 0.25 Kcb = 2.84·10–4 0.01

UF50 1 Kcf = 1.89·106 0.88 Kib = 19.66 0.70 Kpc = 0.062 0.55 Kcb = 1.95·10–4 0.35
2 Kcf = 1.04·106 0.57 Kib = 15.33 0.25 Kpc = 0.058 0.05 Kcb = 1.21·10–4 0.02
3 Kcf = 9.92·105 0.87 Kib = 17.84 0.70 Kpc = 0.074 0.57 Kcb = 3.1·10–4 0.40
4 Kcf = 8.24·105 0.87 Kib = 17.45 0.70 Kpc = 0.079 0.57 Kcb = 3.6·10–4 0.40

UF100 1 Kcf = 7.59·105 0.99 Kib = 16.89 0.91 Kpc = 0.077 0.81 Kcb = 3.45·10–4 0.66
2 Kcf = 3.32·105 0.78 Kib = 12.03 0.50 Kpc = 0.07 0.28 Kcb = 4.02·10–4 0.01
3 Kcf = 2.63·105 0.95 Kib = 12.49 0.82 Kpc = 0.083 0.68 Kcb = 5.46·10–4 0.47
4 Kcf = 2.2·105 0.97 Kib = 12.1 0.89 Kpc = 0.087 0.79 Kcb = 6.13·10–4 0.63
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Table 6
Flux expressions of the combined models

Model Equations Characteristic parameters
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Fig. 7. Fitting of combined Bolton model to experimental results for UF20 membrane at different pressures.
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Fig. 8. Fitting of combined Bolton model to experimental results for UF50 membrane at different pressures.
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Fig. 9. Fitting of combined Bolton model to experimental results for UF100 membrane at different pressures.
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findings of Gomes et al. [46]. Li et al. [47] also observed the 
simultaneous occurrence of intermediate blocking and cake 
layer formation during the ultrafiltration process of river 
water that underwent combined coagulation/ultrafiltra-
tion treatment under various conditions.

In conclusion, while the Hermia model displays a larger 
deviation from experimental values concerning fouling 
mechanisms and flow compared to the Bolton model, we 
tend to favor the Bolton model for providing a more com-
prehensive explanation of membrane fouling. This pref-
erence stems from the complexity of the leachate, a liquid 
containing various pollutants of different sizes, suggest-
ing the involvement of multiple mechanisms in explaining 
fouling. The study’s results indicate that membrane fouling 
initiates with an intermediate blockage, where particles of 
intermediate size partially obstruct membrane pores. This 
results in a gradual reduction in membrane permeability, 
followed by the formation of a cake in which particles or 
solutes accumulate on the surface of the membrane, creating  
a thick layer.

Moreover, the critical flow is not maintained as effec-
tively in the modeled values as in the experimental values, 
which can be considered a limitation in applying the two 
models to real-world conditions. This discrepancy can be 
attributed to the surface area of the membrane used in our 
laboratory pilot and the high loading of the treated effluent, 
leading to rapid fouling of the membrane.

4. Conclusion

Leachates pose a persistent environmental problem that 
can cause harmful and toxic damage to human health and 
ecosystems. Therefore, it is crucial to treat leachates to elim-
inate organic pollutants and reduce salinity, thus prevent-
ing any negative impact on the environment and public  
health.

This study aims to investigate the efficacy of utilizing 
three ceramic membranes with different pore sizes (20, 50, 
and 100  nm) in the treatment of leachates using a semi-
batch configuration at different transmembrane pressures 
and 2 m/s circulation velocity.

The results indicate:

•	 increasing TMP improves permeate flux and organic 
pollutant rejection for the three membranes tested;

•	 that the maximum rejection rates are 80%, 71% and 68% 
for COD, 84%, 77.27%, and 70.92% for BOD5, and 51%, 
45%, and 41% for TSS for UF20, UF50 and UF100 mem-
branes, respectively;

•	 fouling analysis conducted using the Hermia and Bolton 
model reveals that the observed fouling is superficial for 
the three membranes tested;

•	 Hermia model, fouling in all three UF membranes is 
attributed to cake formation or intermediate blockage. 
However, the Bolton model describes fouling of the UF20 
and UF50 membranes through a combined equation 

Table 7
Modeling constants for the fouling of Bolton models for the three membranes

P Kcf–Kcb R-square Kcf–Kib R-square Kpc–Kcb R-square Kpc–Kib R-square

UF20 1 Kcf = 5.25·108

Kcb = 4.53·10–3

0.98 Kcf = 4.44·106

Kib = 0.05
0.94 Kpc = 22.8

Kcb = 3.34·10–5

0.73 Kpc = 0.01
Kib = 36.73

0.87

2 Kcf = 2.95·108

Kcb = 2.88·10–3

0.78 Kcf = 1.30·106

Kib = 0.0317
0.66 Kpc = 11

Kcb = 2.11·10–5

0.17 Kpc = 0.01
Kib = 15.8

0.37

3 Kcf = 1.35·108

Kcb = 2.53·10–3

0.83 Kcf = 1.14·106

Kib = 0.0266
0.75 Kpc = 11.9

Kcb = 9.5·10–6

0.36 Kpc = 0.01
Kib = 15.93

0.52

4 Kcf = 5.84E7
Kcb = 2.18·10–3

0.74 Kcf = 1.13·106

Kib = 0.0199
0.69 Kpc = 12.6

Kcb = 4.56·10–6

0.20 Kpc = 0.01
Kib = 16.99

0.40

UF50 1 Kcf = 3.78·108

Kcb = 3.22·10–3

0.88 Kcf = 1.89·106

Kib = 0.042
0.87 Kpc = 13.1

Kcb = 1.98·10–5

0.51 Kpc = 0.01
Kib = 19.66

0.68

2 Kcf = 1.6·108

Kcb = 2.79·10–3

0.68 Kcf = 1.04·106

Kib = 0.0301
0.53 Kpc = 10.1

Kcb = 1.46·10–5

0.04 Kpc = 0.01
Kib = 15.33

0.20

3 Kcf = 5.1·107

Kcb = 2.38·10–3

0.88 Kcf = 9.92·105

Kib = 0.0235
0.86 Kpc = 11.5

Kcb = 7.38·10–6

0.48 Kpc = 0.01
Kib = 17.84

0.68

4 Kcf = 2.36·107

Kcb = 2.01·10–3

0.88 Kcf = 8.24·105

Kib = 0.0186
0.86 Kpc = 11.7

Kcb = 3.79·10–6

0.49 Kpc = 0.01
Kib = 17.45

0.68

UF100 1 Kcf = 2.65·107

Kcb = 2.85·10–3

0.96 Kcf = 7.6·105

Kib = 0.0333
0.98 Kpc = 12.3

Kcb = 1.19·10–5

0.80 Kpc = 0.01
Kib = 16.89

0.90

2 Kcf = 8.16·106

Kcb = 2.68·10–3

0.71 Kcf = 3.45·105

Kib = 0.0279
0.76 Kpc = 8.77

Kcb = 9.08·10–6

0.23 Kpc = 0.01
Kib = 12.09

0.47

3 Kcf = 2.12·106

Kcb = 2.24·10–3

0.89 Kcf = 2.69·105

Kib = 0.0213
0.95 Kpc = 10.9

Kcb = 5.07·10–6

0.62 Kpc = 0.01
Kib = 12.49

0.80

4 Kcf = 8.4·105

Kcb = 1.77·10–3

0.91 Kcf = 2.2·105

Kib = 0.0175
0.97 Kpc = 11.2

Kcb = 3.29·10–6

0.73 Kpc = 0.01
Kib = 12.1

0.88
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that considers both cake formation and complete block-
age. In contrast, fouling of the UF100 membrane is 
described by a combined equation that considers cake 
formation and intermediate blockage.
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