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Abstract: The application of ceramic membranes in water treatment is becoming 

increasing attractive because of their long life time and excellent chemical, mechanical and 

thermal stability. However, fouling of ceramic membranes, especially hydraulically 

irreversible fouling, is still a critical aspect affecting the operational cost and energy 

consumption in water treatment plants. In this study, four ceramic membranes with pore 

sizes or molecular weight cut-off (MWCO) of 0.20 μm, 0.14 μm, 300 kDa and 50 kDa 

were compared during natural surface water filtration with respect to hydraulically 

irreversible fouling index (HIFI), foulant composition and narrowing of pore size due to 

the irreversible fouling. Our results showed that the hydraulically irreversible fouling index 

(HIFI) was proportional to the membrane pore size (r
2
=0.89) when the same feed water 

was filtrated. The UF membranes showed lower HIFI values than the MF membranes. Pore 

narrowing (internal fouling) was found to be a main fouling pattern of the hydraulically 

irreversible fouling. The internal fouling was caused by monolayer adsorption of foulants 

with different sizes that is dependent on the size of the membrane pore. 

 

Keywords: Ceramic membrane; natural organic matter; pore size distribution; LC-OCD; 

hydraulically irreversible fouling 

 

1. Introduction 

 In recent years, growing interest in the application of ceramic membranes in water 

treatment has emerged, due to their longer operational life and higher chemical, mechanical and 

thermal stability as compared to polymeric membranes [1, 2]. Although the capital costs of ceramic 

membranes are still higher than polymeric membranes, new technologies have been investigated to 

reduce the investment costs of the ceramic membrane systems, such as CeraMac
®
, a system housing 

up to 200 ceramic membrane modules in a single stainless steel vessel [3]. Ceramic membranes can 



  

3

be made to have fairly uniform pores in size, but defects, if occur in the ceramic membranes, will 

ruin the permeate water quality [4]. It is also reported that ceramic membranes offer a better 

permeate water quality and exhibit a lower trans-membrane pressure (TMP) increase than 

polymeric membranes due to their higher porosity and more uniform pores [5, 6]. However, fouling 

on ceramic membranes, especially the hydraulically irreversible fouling, can still be severe, with 

consequences for increased operational costs and energy consumption.  

 Ceramic membranes exhibit different fouling behaviours compared to polymeric 

membranes. Mueller et al. [7] observed less hydraulically irreversible fouling on a TiO2 membrane 

with Al2O3 support than on a polyethersulfone (PES) polymeric membrane during surface water 

filtration, probably due to less biopolymer fouling on the TiO2 membrane as determined by liquid 

chromatography with an organic carbon detector (LC-OCD). Hofs et al. [6] also reported less 

hydraulically irreversible fouling on ceramic membranes in comparison with a polymeric one, and 

they attribute this to a higher volume/area ratio on the tested ceramic membranes modules resulting 

in different hydraulic conditions. When filtrating algae organic matter (AOM) released from 

Microcystis aeruginosa, a dominant cyanobacterium in reservoirs or lakes during seasonal algae 

bloom, the hydrophilic fractions in AOM contribute to the hydraulically irreversible fouling on a 

ceramic membrane (ZrO2-TiO2) [8], while the hydrophobic fractions were mainly found in the 

irreversible fouling layer of a polymeric membrane (PES) [9].  

 Natural surface waters contain a matrix of organic matter and particles in both the 

nanometre or micrometre range. Humic substances [10-14] and biopolymers [15-21] in natural 

surface water have been intensively acknowledged as the main organic foulants on UF/MF 

membranes in both hydraulically reversible and irreversible fouling. Zheng et al. [22] identified 

organic matter larger than the UF pore size as the major foulants, which contribute to the cake layer 

formation, while only a small remaining portion (unquantified) remains as hydraulically irreversible 

fouling after backwash. Zhang et al. [23] reported that high molecular weight biopolymers greatly 
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contribute to the flux deterioration. Tian et al. and Kimura et al. observed correlation between 

biopolymers and the fouling in both UF [20] and MF [21] membranes. Moreover, Howe and Clark 

[24] found that the organic matter and particles in natural water ranging from 3 nm to 14 nm in size 

predominately contribute to the fouling of MF and UF membranes. The inorganic particles in the 

nanometre and micrometre range, existing in natural surface water, also exacerbate the membrane 

fouling by hindering the back diffusion of organic matter from the membrane surface [25, 26].  

 The membrane fouling pattern is different for membranes with different pore sizes, while 

only a few studies treated this aspect. Jin et al. [27] observed that, in an membrane bioreactor (MBR) 

system, the membrane pore size plays a more important role in the fouling potential than the 

organic composition, molecular weight distribution and zeta potential of the feed water. Mafirad et 

al. [28] found that the irreversible fouling was less on membrane with a smaller pore size in an 

MBR system for oily wastewater treatment. Similarly, membrane fouling caused by surface water 

or secondary effluent water is also influenced by the membrane pore size, which was reported in 

several studies [24, 29-31]. However, the effect of the pore size on hydraulically irreversible fouling 

during natural surface water filtration has not been yet systematically studied.  

 In this paper, the hydraulically irreversible fouling of four UF and MF ceramic membranes 

was systematically investigated upon constant flux filtration of a natural surface water. Organic 

matter in the feed water and on the membrane surface was characterized by LC-OCD to 

quantitatively elucidate the main organic fractions that lead to irreversible fouling on the 

membranes with various pore sizes. Permeate water from every tested membrane was reutilized as 

feed to study the adsorptive fouling (internal fouling) and its irreversibility on membrane fouling.  

 

2. Materials and methods 

 

2.1 Filtration setup and the fouling experiment protocol  
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 The filtration setup (Fig. 1) was designed for constant flux filtration experiments with a 

constant flux backwash option. The constant feed and backwash flow were driven by two pairs of 

programmable DUAL syringe pumps (New Era Pump Systems, Inc.). The DUAL syringe pump 

system has a continuous infusion mode, allowing one syringe pump to infuse when the other 

withdraws. Two solenoid valves (Bürkert) were applied to control the direction of the water flow. 

The syringe pumps and solenoid valves were controlled by a programmable logic controller. Two 

digital pressure meters were used to measure the pressure during filtration feed flow and backwash 

feed flow. Since the pressure of the permeate water and the backwash waste stream side was equal 

to atmospheric pressure, the pressure on these two pressure meters was the trans-membrane 

pressure (TMP), which was logged to a computer every 8 seconds. 

 Three operational phases were employed for this setup: filtration (production), forward 

flush (from feed vessel to backwash-waste vessel) and backwash. 

 

 

Figure 1 Scheme of the filtration setup. 

 

 The fouling experiments were composed of 12 cycles of the three operational phases in the 

following order: forward flush (9.4
 
m

 
h

-1
 for 1.5 min), filtration (60 L

 
m

-2 
h

-1
 for 15 min) and 

backwash with permeate water (120 L
 
m

-2 
h

-1
 for 3 min). The purpose of using a forward flush is to 
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purge the membrane module to remove the air or the backwash remaining liquid, and thus, a high 

crossflow velocity is not necessary. A moderate backwash flux of 120 L
 
m

-2 
h

-1
 was chosen because 

the syringe pumps were not designed to drive high flows and high pressures. It needs to be noted 

that a different backwash condition may result in different hydraulic reversible and irreversible 

fouling.  

 Between different filtration runs, the membrane was chemically cleaned by soaking it in a 

sodium hypochlorite solution (1%) for at least 24 hours to remove all the remaining organic 

foulants on the membranes. After the chemical cleaning, permeability of the ceramic membranes 

was completely restored and they could be used again for the next test. All the filtration cycles were 

carried out in dead-end filtration mode.  

 The feed water, permeate and backwash water from the first three cycles (cycles 1-3) and 

the last three cycles (cycles 8-12) were collected and used to determine the fractions in the bulk 

organic matter that were responsible for irreversible fouling. The first three cycles represent the 

fouling stage with interaction between the new membrane and foulant, while the last three cycles 

represent the interaction between the fouled membrane and the foulant. The collected samples were 

immediately pasteurized (in a water bath at 69 °C for 30 minutes) and stored in a refrigerator (4 °C) 

before further characterization, to prevent a change in the organic matter due to biodegradation. 

 

2.2 Characterization of the surface water 

 Surface water was taken from the Schie Canal (Delft City, the Netherlands). The surface 

water was pre-treated by a 1 µm cartridge filter to remove coarse materials and most bacteria, and 

stored in a refrigerator (4°C) as feed water for maximum 24 h. Before using it for the filtration 

experiments, the feed water was placed outside the refrigerator for several hours to reach room 

temperature (about 20°C). The water quality parameters of the feed water are listed in Table 1. 
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Table 1 Water quality of Schie Canal water 
a
 

Parameter

s 

Values 
b
 

 Parameter

s 
Values 

b
 

 Parameter

s 
Values 

b
 

 Parameter

s 

Values 
b
 

pH 7.6±0.

2 

 Al 0.05±0.0

2 

 K 
12±1 

 SO4
2- 

145±6 

DOC 
12.±2 

 Fe 0.11±0.0

9 

 Ba 0.01±0.0

1 

 PO4
3- 

0.8±0.

3 

Ca 
117±7 

 Mn 0.02±0.1

0 

 Sr 0.45±0.0

3 

   

Na 47±3  Mg 19±1  Cl
 

92±5    
a
 Unit of each parameter is mg/l, except for pH 

b
 Average ± SD from triplicate measurements 

 

2.3 Organic matter characterization by LC-OCD  

 LC-OCD was performed to fractionate the bulk organic matter  in surface water into 5 

categories according to Huber et al. [32]: biopolymers, humic substances, building blocks, low 

molecular-weight acids, and low molecular-weight neutrals. The calculated fraction that remained 

on the chromatography column is considered to be hydrophobic fraction of the organic carbon 

expressed as hydrophobic organic carbon (HOC). Due to the unknown error that exists in the 

calculation method of HOC [33], the HOC fraction is not used in this study. In the measured 

samples, the HOC fractions count for approximately 10% of the total dissolved NOM. The NOM 

fraction is mostly composed of biopolymers and humic substances. The biopolymers exhibit a 

molecular weight (MW) range of >> 20 kDa, and the humic substances are in a range of 0.45-1.15 

kDa [32].  

 The hydraulic radius of organic matter was estimated using an empirical equation which 

holds for MW < 100 kDa [34]: 

498.0845.0 MWrh    (1) 

where, hr  is the estimated hydraulic radius (nm); MW is the mean molecular weight (kDa). 

 According to Eq. 1, the hydraulic diameter of humic substances is estimated ranging from 



  

8

1.1 to 1.8 nm, and the hydraulic diameter of biopolymers is > 7.5 nm. The estimated values agree 

with those reported in the literature. Schimpf and Petteys [35] reported that the hydrodynamic 

diameter of humic substances is around 1.0 nm, measured by flow field flow fractionation. 

Fluorescence correlation spectroscopy gives a direct measurement of the values of diffusion 

coefficients, and the hydraulic diameter of humic substances is estimated to be 1.6 - 2.0 nm by Lead 

et al. [36]. Its reported that calculations using Stokes’ law indicated the colloidal biopolymers in 

natural water are >10 nm [36, 37].   

 All samples for the LC-OCD measurement were pasteurized (in a water bath at 69°C for 30 

minutes), filtered by a 0.45 μm filter and then sent via UPS express in an insulated shipping 

container with ice bags from Delft University of Technology in the Netherlands to King Abdullah 

University of Science and Technology in Saudi Arabia for LC-OCD analysis. After 2–3 days 

shipping, the samples were stored in a refrigerator at 4 °C until the measurements were conducted. 

Due to the high dissolved organic carbon (DOC) concentration, samples were diluted six times 

before the analysis. The effect of pasteurisation on the chemical properties of the organic solutes is 

minor as recommended by the DOC-LABOR Dr. HUBER [38], manufacture of the LC-OCD 

analysis apparatus.  

 

2.4 Ceramic UF and MF membranes 

 Commercial single channel tubular ceramic membranes with a MWCO or pore size of 50 

kDa, 300 kDa, 0.14 μm and 0.20 μm were obtained from TAMI Industry (France). All the 

membranes consist of a TiO2 support layer, with an operational temperature of 350 °C and a pH 

range of 0-14. The dimensions of the membranes are similar, with a length of 250 mm, outer 

diameter of 10 mm and an inner diameter of 6 mm. The membrane area of each module is 0.0047 

m
2
. More information as provided by the manufacturer is shown in Table 2. 
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Table 2 Characteristics of the ceramic membranes  

  UF membranes  MF membranes 

MWCO/Pore size 
 

 

50 kDa 

/0.025 μm 

300 kDa 

/0.061 μm 
 0.14 μm 0.20 μm 

Active layer  ZrO2 ZrO2  TiO2&ZrO2 TiO2&ZrO2 

Support  TiO2 TiO2  TiO2 TiO2 

Specific flux (JS0), L
 
m

-2 
h

-1 
bar

-1
  160 500  6450 6740 

 

2.5 Characterization and quantification of hydraulically irreversible fouling 

 The irreversible organic foulant is regarded as the organic components that remain after the 

hydraulic backwash, regardless that different organic components may lead to filtration resistance 

to different extents. It was calculated from the organic carbon mass balance. The organic 

composition that contributed to the total fouling ( OCDLCTF  ), that was calculated from the LC-OCD 

results, was defined using Eq. 4:

fpermrawOCDLC VOCOCTF  )(   (4) 

where, OCDLCTF   is the total mass of organic foulants rejected by the membrane, expressed as the 

LC-OCD relative signal response multiplied by the volume  (Rel. Signal Response × ml); rawOC  is 

expressed as the LC-OCD relative signal response of the feed water representing its organic 

fractions with their concentration (Rel. Signal Response); permOC  is expressed as the LC-OCD 

relative signal response of the permeate water (Rel. Signal Response); fV  is the feed water volume 

(ml). 

 During the filtration, the permeate water was used for backwash, which contained certain 

organic matters (measured as permOC ). The organic composition of the reversible foulants was 

derived from the difference of organic contents between the backwash water and the permeate water. 

Therefore, the organic composition of the hydraulically reversible foulants was quantified using 

Eq.5: 

bwpermbwOCDLC VOCOCHRF  )(   (5) 
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where, OCDLCHRF   is the hydraulically reversible mass foulants on the membrane (Rel. Signal 

Response × ml); bwOC is expressed as the LC-OCD relative signal response of the backwash water 

(Rel. Signal Response); and bwV  is the backwash water volume (ml). 

 The organic composition of the hydraulically irreversible fouling was thus determined 

using: 

OCDLCOCDLCOCDLC HRFTFHIF     (6) 

where, OCDLCHIF   is the hydraulically irreversible mass foulants on the membrane (Rel. Signal 

Response × ml). 

 It is prudent to note that the calculated HIFLC-OCD is a relative HIF mass. The LC-OCD 

curves that were used for calculation show the dimensionless relative signal response, which, 

however, are strictly linearly correlated to organic concentration at certain elution time. Therefore, 

the relative HIF mass is represented by the relative signal response multiply by the volumes 

indicated above in the same section. 

 By using the syringe pumps and the programmable logic controller in the filtration setup 

that is described in Section 2.1, the volumes of backwash water and permeate water were known 

precisely. It ensures accurate mass calculations based on the concentrations and volumes. 

 

2.6 Fouling experiment with permeate water  

 Internal fouling arises from the adsorption of organic matters that are smaller than the 

membrane pore size leading to the pore narrowing [16]. To determine internal fouling and its effect 

on hydraulically irreversible fouling, additional fouling experiments were carried out with the 

permeate water of the individual membranes. The permeate water was collected from each 

membrane after three cycles of filtration. Subsequently, the permeate water was filtrated again with 

the same membrane after it had been chemically cleaned. The filtration protocol and chemical 
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cleaning procedure followed the fouling experiments protocol given in Section 2.1.  

 Particles that are larger than pore size were assumed not to be present in the permeate 

water, because the ceramic membranes are assumed to have a narrow pore size distribution. 

Although the largest pore sizes of the 0.20 μm and 0.14 μm MF membranes were measured as 0.6 

and 1.0 μm, respectively, the majority (approximately 80%) of the pore sizes of the 0.20 μm and 

0.14 μm MF membranes were narrowly distributed in the range of 0.187–0.193 μm and 0.127–

0.130 μm, respectively (Supplementary Data, Fig. S2). In addition, minor defects were detected in 

the 50 kDa UF membrane according to its molecular weight cut-off measurement (Supplementary 

Data, Fig. S4), which may allow a small fraction of larger molecular organic matters than their pore 

sizes to exist in their permeate water.  

 

2.7 Calculation of membrane pore sizes 

 A strong simplified method for membrane pore size estimation is to calculate the molecular 

diameter of the dextran with a molecular weight equal to the MWCO of the membrane [42, 43]. 

Although this simplified method is widely adopted, the method does not include the role of 

diffusion and steric exclusion in the separation process.  

 When considering the filtration mechanisms including diffusion and steric exclusion, the 

solute permeability ratio is believed to be primarily determined by the ratio of pore size to solute 

size [39]. Based on this theory, the Ferry-Faxen equation [39] is derived to estimate the mean pore 

radius of membranes: 
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where, R  is the retention of a standard dextran; hr  is the hydraulic radius of dextran (nm); pr  is the 

pore radius of UF membranes (nm). Combining Eq. 1 and Eq. 2, the pore radius of the UF 

membranes can be determined by obtaining 90 percentile retention of the dextran with a molecular 
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weight equal to the MWCO of the membrane (in kDa) [40], as calculated by:  

498.077.110.2 MWCOrr hp 
  (3) 

 When deriving the Eq. 2, it is assumed that the solute molecules are spherical and they are 

located along the centre of the pore axis. The solution in the pore is assumed to be sufficiently 

dilute that each molecule crosses the membrane independently [39, 41]. 

 

2.8 Calculation and measurement of pore narrowing due to internal fouling 

 Pore narrowing caused by internal fouling was indirectly determined from the fouling 

profile during the permeate water filtration as described above in Section 2.6. Because particles and 

organic matters that are smaller than the pore size are mainly present in the permeate water of 

individual membrane, the increase in filtration resistance during permeate water filtration was 

considered to be mainly due to pore narrowing rather than cake layer growth. The pore radius ( pr ) 

evolution during the filtration can be calculated using the Hagen-Poiseuille equation [44-47]: 

41
5108

















Pn

QL
rp




  (7)  

where, L  is the pore length (m); Q  is the fluid flow (m
3
 s

-1
); n  is the number of pores; pr  is the 

hydrodynamic pore radius (m) and nL  is the fitting parameter based on the clean membrane. 

 To validate the calculated pore size narrowing, the pore size distributions of both the clean 

and fouled MF membranes were measured by capillary flow porometry (Porolux 1000, IBFT 

GmbH, Germany). Due to the limitation of the applied pressure during the capillary flow 

porometry, this instrument could not be applied to determine the pore size of the UF membranes, 

and thus only theoretical calculation values were employed. A wetting liquid, Porefil (Benelux 

Scientific B.V., The Netherlands), was pressed through the pores of the membranes, while the flow 

rate and feed pressure were recorded in time. The pore size distribution was automatically 

calculated based on the Young-Laplace equation: 
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P

SF
D




 cos4
   (8) 

where, D is the diameter of the membrane pore (m), P is the applied pressure (bar), σ is the surface 

tension of the liquid (N/m), φ is the contact angle of the liquid on the material surface, and SF is the 

shape factor.  

 

2.9 Fouling resistance and the hydraulically irreversible fouling index  

 To compare the irreversible fouling of the ceramic membranes with various pore sizes, the 

fouling resistance and hydraulically irreversible fouling index (HIFI) were calculated.  

 The filtration resistance was calculated by: 

J

PP

J

P
R

f













0

  (9)  

where R is the filtration resistance (m
-1

); ΔP is the trans-membrane pressure (N m
-2

); ΔP0 is the 

trans-membrane pressure of the clean membrane;  ΔPf is the pressure difference due to fouling; η is 

the dynamic viscosity (N s m
-2

), calculated by 
5.13 )5.42/(10497   t [48]; J is the flux (m

3
 m

-2
 s

-1
) 

and t is the feed water temperature (°C). 

 A model based on a resistance-in-series approach was used to determine the HIFI (m
2
 L

-1
) 

as follows [49]: 

  VHIFI
J s

1
'

1
   (10) 

where, 
'

sJ  is the normalised specific flux, defined as PP  /0 , when the filtration is under constant 

flux and V is the specific volume (permeate volume/membrane area). This fouling index is not 

attributed to a specific mechanism so the model can be valid regardless of whether cake filtration, 

pore constriction, or a combination of fouling mechanisms is occurring. The derivation of the Eq. 

10 is reported in the reference [49]. If the rate of increase in resistance is linearly proportional to V 

(i.e. a plot of (1/Js′) versus (V) data is linear), the HIFI can be quantified using linear regression. 
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However, the rate of resistance increase might be a non-linear function of V. In that case, the HIFI 

can be determined using a 2-point method; i.e., instead of using all performance data, the first and 

the last points can be used to determine the average rate of increase in resistance [49]. In this study, 

the 2-point method was used.  

 

3. Results and discussion 

 

3.1 Organic characterization of hydraulically irreversible foulants 

 The mass balance calculations based on the LC-OCD analysis quantitatively illustrate the 

organic irreversible foulants during the first three cycles and the last three cycles (Fig. 2). On each 

tested membrane, both biopolymers and humic substances were found in the hydraulically 

irreversible foulants. The humic substance fraction is also evidenced by its UV absorbance 

simultaneously measured by the UV detector in the LC-OCD apparatus (Supplementary Data, Fig. 

S1). A higher amount of humic substances was observed in the hydraulically irreversible foulants 

than biopolymers. This is consistent with the observation of Mueller et al. [7]. They noted that 

humic substances have higher propensity than biopolymers to foul the ceramic membranes, while 

the opposite trend was observed for polymeric membranes.  

 As compared to the first three cycles, less amount of humic substances and biopolymers 

were identified as irreversible foulant during the last three cycles using the mass balance method. 

This could be partially explained by the adsorptive fouling mechanism that is more apparent at the 

beginning of the filtration process indicated by the first three cycles [24, 50]. Throughout the 

filtration process, less adsorption sites were available on the membrane [11, 50, 51]. Consequently, 

the accumulation of  organic foulants on the membrane decreased over time. In addition, the 

backwash in later cycles may also remove a fraction of reversible foulants from the previous cycles. 

This may lead to decreased calculate amount of HIF in the last 3 cycles, as observed in Fig. 2.  
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 Figure 2 Organic compositions of the HIF on the a) 0.20 μm, b) 0.14 μm, c) 300 kDa and d) 50 

kDa ceramic membranes. Calculated with mass balance by Eq. 6. (▬ First 3 cycles; ▬ Last 3 

cycles) 

 

3.2 Pore narrowing (internal fouling) as a mechanism for hydraulically irreversible fouling 

 The organic matter in surface water causes membrane fouling in different ways (internal 

fouling or cake layer formation), depending on the pore size of the membranes. In order to 

distinguish between the contributions of either internal pore fouling or cake layer formation on the 

fouling resistance during filtration, additional experiments were carried out. The fouling resistance 

during permeate water filtration represented the internal fouling resistance, with negligible cake 

layer resistance, since it was caused by foulants that were mainly smaller than the pore size 

(Supplementary Data, Fig. S3). The difference between the internal fouling resistance and the 
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fouling resistance in surface water filtration represented the fouling resistance due to cake formation 

and pore blocking. It was found that during surface water filtration, the hydraulic backwash could 

partially decrease the fouling resistance, while the fouling resistance increase during the permeate 

water filtration could not be recovered by the hydraulic backwash of the membranes, except for the 

50 kDa membrane (Fig. 3). Therefore, it was concluded that the organic matter that is smaller than 

the pore size had a great potential to foul the membranes irreversibly by pore narrowing.  

 As mentioned above, the hydraulic backwash on the 50 kDa membrane was able to partially 

recover the fouling resistance during the permeate water filtration. This is likely due to the possible 

manufacturing defects on the 50 kDa membrane, as determined from the MWCO measurements 

(Supplementary Data, Fig. S4).  The defects appeared to be minor, since there was always a 90% 

rejection of molecules larger than 50 kDa. Consequently, small amounts of large particles were 

present in the permeate water of 50 kDa UF, causing slight cake-layer fouling when filtrating the 

permeate water. However, no obvious defect was detected on the 0.20 µm, 0.14 µm and 300 kDa 

ceramic membranes, as evidenced by the pore size distribution and MWCO measurements 

(Supplementary Data, Fig. S2 & Fig. S4).  
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Figure 3 Fouling resistance during the raw water filtration and permeate water filtration. Both 

filtration experiments were carried out with 60 L m
-2

 h
-1

 constant flux with forward flush (60 L m
-2

 

h
-1

 for 1.5 min), filtrate (for 15 min) and backwash with permeate water (120 L m
-2

 h
-1

 for 3 min). 

(○ Filtration of surface water; □ Filtration of permeate water) 

 

  The assumption that cake layer formation is negligible during permeate water filtration 

makes it possible to calculate the extent of pore size narrowing on each membrane using the Hagen-

Poiseuille equation (Eq. 7). The pore radius reductions of the 0.20 µm and 0.14 µm MF membranes 

were 19.5 nm and 12 nm, respectively, according to the calculation using Eq. 7. These values were 

also validated using the capillary flow porometry measurements and the measured pore radius 

reductions were 9.2±1.7 nm and 10.5±1.5 nm, respectively (Table 3). The measured values were of 

the same order of magnitude as the calculated ones. For the 300 kDa and 50 kDa UF membranes, 

the pore radius reduction was 2.6 and 1.4 nm, respectively (Eq. 7). The defects on the 50 kDa 

membrane might have led to a slight underestimation of its pore radius reduction. The pore radius 
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reduction of the ceramic UF membranes due to the adsorbed organic matter was of the same order 

of magnitude as molecular length of the humic substances, indicating that a monolayer of humic 

substances was formed due to the internal fouling. However, in the ceramic MF membranes, the 

monolayer of internal irreversible fouling was mainly composed of a monolayer of biopolymers or 

combination of biopolymers and humic substances, according to their pore size reduction. 

Table 3 Pore radius of the clean membranes and fouled membranes after hydraulic backwash 

 

 MF membranes  UF membranes 

 

 
0.20 μm 0.14 μm  300 kDa 50 kDa 

rp of clean membrane, nm 
a
  95.5±1.0 64.5±1.0  30.5 

b
 12.5 

b
 

Measured rp of fouled membrane, nm 
a
  86.3±0.7 54.0±0.5  - - 

Calculated 
c
 rp of fouled membrane, nm   76.0 52.5  27.9 11.1 

a
 Average ± SD from triplicate measurements 

b
 Calculated based on MWCO using Eq. 3 

c  
Calculated from resistance increase during permeate water filtration 

3.3 Irreversible fouling indices on the membranes with various pore sizes  

 The hydraulically irreversible fouling indices (HIFI) of the four ceramic membranes were 

calculated (Eq. 10) based on the operation data in 12 filtration cycles. A correlation was found 

between the HIFI values and the membrane pore sizes. The results in Table 4 show that the HIFI 

values were proportional to the membrane pore size (r
2
=0.89) when the same feed water was 

filtrated by these four membranes with different pore sizes. This is probably because less organic 

matter can enter the membrane pore and form internal fouling, which is mainly hydraulically 

irreversible fouling.  

 

Table 4 Hydraulically irreversible fouling indices (HIFI) of the MF and UF membranes during the 

operation of 12 cycles 

  UF membranes  MF membranes 

MWCO/Pore size 
 

 
50 kDa/0.025 μm 300 kDa/0.061 μm  0.14 μm 0.20 μm 

HIFI, m
2
 L

-1
  0.0026 0.0072  0.0252 0.0297 
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 A different trend was reported by Qu et al. [52] who concluded that a more severe 

irreversible fouling was found on membranes with a tighter pore size. This is probably because a 

different feed solution was used with extracellular algae organic matter (AOM) from Microcystis 

aeruginosa. The AOM consists of organic matters of larger molecular weight than 30 kDa [53], 

while the surface water used in this study contains organic matter of wide molecular weight 

distribution. Consequently, the difference in feed solutions modifies the fouling mechanisms with 

regard to internal fouling and cake layer formation. In addition, the hydraulic irreversible fouling is 

strongly related to the operational conditions of both filtration flux and backwash flux. The different 

operational conditions in both studies may also lead to diverted fouling behaviour.  

 

4. Conclusions 

 In this work, the hydraulically irreversible fouling on ceramic MF/UF membranes was 

studied using natural surface water. The composition of hydraulically irreversible foulants and the 

irreversible fouling index (HIFI) were compared among the tested membranes. The following 

conclusions were drawn: 

 1) With the help of mass balance calculations based on LC-OCD analysis, it was possible to 

quantitatively illustrate the organic composition of the irreversible foulants. It showed that humic 

substances and biopolymers in the surface water were the main fractions of the irreversible foulants. 

 2) Humic substances and biopolymers resulted in different fouling behaviours on 

membranes with various pore sizes with regards to internal fouling and cake layer formation.

Internal fouling of the ceramic MF membranes mainly resulted from the monolayer adsorption of 

biopolymers, while the internal fouling on UF membranes was due to the monolayer adsorption of 

humic substances. Pore narrowing (internal fouling) was found to be a main contributor to 

hydraulically irreversible fouling. 

 3) Membranes with tighter pores showed less irreversible fouling potential (low HIFI 
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values) compared to the ones with opener pores, because less organic matter can enter the 

membrane pore and form internal fouling, which is mainly irreversible. 
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Highlights: 

 The tighter ceramic membrane shows lower hydraulically irreversible fouling. 

 Low concentrations of humics and biopolymers already lead to irreversible fouling. 

 The internal fouling in UF/MF is mainly hydraulically irreversible. 

 The internal fouling is caused by monolayer adsorption.  

 The monolayers in UF and MF membranes comprise different foulants of various sizes. 

 


