
Introduction

Recently, engineered nanoparticles have been widely 
used in numerous industrial products, resulting in an 
increasing discharge of nanoparticles into aquatic systems 

[1-2]. Engineered nanoparticles have been observed to 
be toxic to microbes, plants, animals, and ecosystems 
[3]. As a result, engineered nanoparticles represent an 
emerging category of foulants. More attention has been 
paid to how engineered nanoparticles will be removed by 
– and impact the performance of – wastewater treatment 
systems [4]. Ultrafiltration (UF) has been acknowledged 
as a promising technology for removing nanoparticles 
due to its high-quality effluent, reliability in operation, 
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Abstract

This research attempts to elucidate the effect of humic acid (HA) on TiO2 nanoparticle ultrafiltration 
(UF) membrane fouling, and quantitatively analyze the synergistic membrane fouling mechanisms using 
interaction energies. The extended Derjaguin-Landau-Verwey-Overbeek (xDLVO) theory was employed to 
analyze the interaction energies and predict UF membrane fouling. Membrane fouling effects were studied 
during the dead-end filtration of individual TiO2 and HA-TiO2 mixtures using two kinds of polymeric 
UF membranes. It was found that HA-TiO2 mixtures lead to greater flux declines than individual TiO2. 
For specific foulant, the hydrophobic PVDF membrane showed relative severe membrane fouling than 
hydrophilic PES membrane. As for the HA-TiO2 mixture, much higher irreversible fouling was observed 
compared with that of individual TiO2. Moreover, this study highlights the importance of HA concentration 
in synergistic fouling effects of the HA-TiO2 mixture. The increase of HA concentration caused an increase 
of contact angle and lower interaction energy, thus aggravating membrane fouling. Results illustrated that 
synergistic membrane fouling by TiO2 and HA could be successfully explained using the xDLVO analysis. 
The extent of membrane fouling turned out to be dominated by Lewis acid-base interaction.
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and small footprint [5-6]. However, membrane fouling 
remains a major obstacle for the widespread application 
of ultrafiltration, resulting in severe flux decline, reduced 
performance, and frequent membrane cleaning.

As an important emerging membrane foulant, the 
fouling behaviors of nanoparticles have attracted great 
attentions in recent years [7-10]. However, these studies 
on membrane fouling behaviors were merely worked with 
individual nanoparticles. In practice, more than one type 
of foulant co-exists, and apparently the complex fouling 
phenomenon cannot be fully understood by studying 
nanoparticles without other foulants. 

Natural organic matter (NOM) is ubiquitous in 
nearly all aquatic environments. Once released into the 
environment, nanoparticles can adsorb NOM to form 
complexes [11]. It is generally known that the adsorption 
of NOM modifies the surface properties of nanoparticles 
[12-13]. Therefore, the presence of NOM is expected 
to influence the membrane fouling mechanism. Earlier 
studies have observed a synergistic effect between NOM 
and common inorganic colloids on membrane fouling [14-
16]. Jermann et al. [15] found a significant stronger flux 
decline during the filtration of mixed solutions consisting 
of humic acid and kaolinite particles, in comparison with 
individual foulants. Compared with common inorganic 
particles, the high surface-area-to-volume ratio makes 
the behavior of nanoparticles during membrane filtration 
significantly different. As a consequence, the knowledge 
of NOM-colloid cannot be completely applicable to 
NOM-nanoparticle. However, to our best knowledge the 
synergistic fouling effect of nanoparticles and NOM has 
not been purely understood. 

Interactions assessment during filtration is significant 
to further understand membrane fouling. Therefore, 
a quantitative interfacial interaction analysis for 
understanding the fouling mechanism of nanoparticles in 
the presence of NOM needs to be studied. Recently, the 
extended Derjaguin-Landau-Verwey-Overbeek (xDLVO) 
theory has been successfully used to predict membrane 
fouling and analyze the fouling mechanism quantitatively 
[10, 17]. It is the summation of the Lifshitz/van der 
Waals interactions (LW), the electrical double-layer 
interactions (EL), and the Lewis acid-base interactions 
(AB). According to xDLVO theory, LW as well as AB 
interactions are also considered to contribute to membrane 
fouling mechanisms, and the effect of EL interaction is 
not a key factor influencing the total interaction. However, 
substantial efforts have been spent on the influence of 
electrostatic interactions during nanoparticle membrane 
fouling [7, 10-11]. Not much is known on the fouling 
mechanism of nanoparticles in the presence of NOM and 
whether the xDLVO approach is feasible to predict their 
membrane fouling.

In this study, ultrafiltration experiments and xDLVO 
theory were applied in order to examine the combined 
membrane fouling mechanism of nanoparticles and NOM. 
Among engineered nanoparticles, titanium dioxide (TiO2) 
is one of the most extensively applied nanoparticles and 
may occur at the highest concentration [18]. TiO2 and 

humic acid (HA) were employed in the experiment as 
representatives of nanoparticles and NOM, respectively. 
The present work is focused on the effect of the HA 
concentration on synergistic UF fouling, and on the 
possible description by the xDLVO theory. The results may 
allow for a further understanding of the synergistic fouling 
effect of nanoparticles and NOM on UF membrane.

Experimental  

Model Foulants and Membranes

TiO2 nanoparticles employed in this study were P25 
Evonik Degussa, with a phase composition of 18% rutile 
and 82% anatase. According to the manufacturer, this 
TiO2 has a purity of 99.5% and a primary particle size 
of 21 nm. The stock suspensions (1 g/L) were prepared 
by adding TiO2 powders into deionized (DI) water, 
and followed by sonicating for 15 min (200 W/L and  
50 KHz) using a sonication bath. HA supplied by Sigma 
Aldrich was selected as the representative of NOM 
substances. The stock HA solution of 1 g/L was prepared 
by dispersing the powdered HA in DI water and followed 
by filtration using a 0.45 μm nylon membrane to remove 
insoluble substances. To investigate the effect of HA 
concentration on membrane fouling of the HA-TiO2 
mixture, five HA-TiO2 mixture  samples containing HA 
concentrations of 0, 2, 3, 5, and 10 mg/L were prepared. 
The final concentration of TiO2 in all five water samples 
was 10 mg/L. The pH was adjusted to 7.5 with 0.1 M HCl 
and 0.1 M NaOH. The ionic strength was 10 mM by the 
addition of 0.1 M NaCl in all experiments.

 Two kinds of 100 kDa ultrafiltration membranes 
(Shanghaimosu Filtering Equipment Co. Ltd., Shanghai, 
China) made of polyethersulfone (PES) and polyvinylidene 
fluoride (PVDF) were employed for each experiment. PES 
membrane is a relatively hydrophilic membrane (water 
contact angle 43.6°±1.5°) and is negatively charged  
(= -30.27 mV); PVDF membrane is a relatively 
hydrophobic membrane (water contact angle 83.0°±2.9°) 
and the charge is about -24.57 mV. The PVDF mem- 
brane was immersed in 75% (v/v) alcohol for about 2 h to 
ensure the membrane was sufficiently wetted and degassed 
[19]. Before use, the two kinds of membrane were first 
soaked in DI water for 24 h, and then rinsed by filtering at 
least 2 L of pure water filtration at the pressure of 100 kPa 
to remove the impurities on membranes. 

Physicochemical Characterization

Contact angle measurement was performed using 
the sessile drop method with a goniometer (JC2000C 
Contact Angle Meter, Shanghai Zhongchen Experiment 
Equipment Co. Ltd., China), an instrument that has image 
analysis attachments, including video camera, monitor 
and image-analysis software. Three kinds of probe liquids 
selected for contact angle measurement were DI water, 
glycerol, and diiodomethane.  
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of cohesion offers insight into foulant stability as well as 
foulant deposition onto surfaces already covered by the 
same foulants. 

Interaction Energy Analysis Using 
xDLVO Theory

Total interaction energy was determined from the sum 
of the Lifshitz-Van Der Waals (LW) and acid-base (AB) 
and electrostatic (EL) interactions, which can be written 
as:

       
TOT LW AB ELU U U U= + +                (4)

Each component of xDLVO interaction energies was 
obtained using LW-AB-EL relationship from surface 
tensions and zeta potential data that were measured 
experimentally [20]. 
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dd Gπ− ∆ ) is the Hamaker 
constant, d is the separation distance between the flat 
plate (membrane) and the sphere (foulant), d0 
(0.158±0.009 nm) is the minimum equilibrium cut-off 
distance, λ (0.6nm) is the characteristic decay length 
of AB interaction in water, εrε0 (6.95×10-10 C2 J-1 m-1 ) is 
the dielectric per-mittivity of water, κ (0.104 nm-1) is the 
inverse Debye screening length, ζm and ζf are the zeta 
potentials of membrane and foulant, 

0

LW
dG∆  is the LW 

adhesion energy per unit, and  is the AB adhesion 
energy per unit. 

 
Ultrafiltration Experiments 

 The dead-end ultrafiltration was conducted using 
a stirred cell operated at room temperature. The stirred 

Zeta potential and average size were determined using 
a streaming potential the DelsaNano C (Beckman Coulter, 
Germany) with dynamic light scattering (DLS) and a Zeta 
potential device. Each data value is an average of five 
measurements. All the measurements were performed at 
room temperature (20ºC). 

Surface Tension Parameters Analysis

Surface tension parameters (γLW, γ+, and γ- ) of 
membranes and foulants were determined by performing 
contact angle measurements and employing extended 
Young’s equation [20]. 

(1 cos ) 2( )TOT LW LW
l s l s l s lθ γ γ γ γ γ γ γ+ − − ++ = + +                              

(1a)

                      (1b)

                        (1c)

…where θ is the contact angle and γTOT is total surface 
tension, which is the sum of LW (apolar) and AB (polar) 
components, γLW is the LW component, γ+ is the electron 
acceptor parameter, and γ− is the electron donor parameter. 
The subscripts s and l correspond to the solid surface and 
the liquid, respectively. The surface tension components  
of solid surface (γs

LW, γs
+, and γs

-) can be calculated 
according to contact angle measured using three probe 
liquids with known surface tension parameters (γl

LW, 
γl

+, and γl
-). The surface tension parameters of the probe 

liquids are given in Table 1.
Surface tensions (γLW, γ+, γ-) can be employed to 

calculate the free energy per unit area. The free energy 
per unit area

 
signifies the interaction energy when the 

separation between two surfaces is close to the minimum 
equilibrium cutoff distance (0.158 nm), which was 
determined from the sum of LW and AB components. The 
LW and AB free energy per unit as expressed by Eq. (2a) 
and Eq. (2b) are:

0 3 1 2 32( - )( - )LW LW LW LW LW
dG γ γ γ γ∆ =

    (2a)
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0

- - - - - -
3 1 2 3 3 1 2 3 1 2 1 22 ( - ) 2 ( - )-2( )AB

dG γ γ γ γ γ γ γ γ γ γ γ γ+ + + + + +∆ = + + + +
      (2b)

If surfaces 1 and 2 are different materials (e.g., foulant 
and membrane), then the sum is the free energy of adhesion; 

0

LW
dG∆ is the LW adhesion energy and  is the AB 

adhesion energy. If the two surfaces are composed of 
identical materials (e.g., two identical foulants), then the 
sum is the free energy of cohesion 

0

CO
dG∆ . The free energy 

Probe liquids γLW γ+ γ- γTOT

DI water 21.8 25.5 25.5 72.8

Glycerol 34.0 3.9 57.4 64.0

Diiodomethane 50.8 0.0 0.0 50.8

Table 1. Surface tension parameters (mJ/m2) of the liquids used 
for contact angle measurement (20ºC).
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cell has an inner diameter of 8 cm providing an effective 
filtration area of 50.26 cm2 with an effective volume of 
300 mL, which was connected to a steel reservoir with  
a volume of 10 L. To avoid any possible automatic  
settling of the foulants, continuous stirring at a speed  
of 180 rpm was conducted throughout the experiments. 
The trans-membrane pressure was maintained at  
100 kPa, which was provided by a nitrogen gas cylinder. 

Before each run of experiments, DI water was filtered 
through the membrane prior to the fouling experiment to 
stabilize the filtration system and flush the impurities in the 
membrane pore. When stable flux was achieved, the initial 
DI flux J0 was then measured. Then feed solution was 
introduced into the stirred-cell, and filtration was stopped 
when permeate flux leveled off. After the flux in the end 
of filtration (Je) was obtained, the fouled membranes were 
back-washed with DI applying a pressure of 100 kPa on 
the permeate side. Once the backwash was finished, DI was 
filtered to determine the water flux JW after the backwash. 
To describe the reversible and irreversible fouling in the 
filtration, the fouling indicators were calculated according 
to:

     (6a)

               (6b)

…where J0 is the flux at the start of the experiment, J 
is permeate flux at given filtration time, and JW is water 
flux after backwash. Total fouling (TF) was quantified 
according to the difference between the flux Je in the 
end of filtration and the initial flux J0. TF is the sum of 
irreversible (IF) and reversible fouling (RF). 

Results and Discussion

Physicochemical Characterization 
of Model Foulants 

Water contact angle (θW) of foulant usually can be a 
reliable indicator for its hydrophilic/hydrophobic property 
that is fundamentally linked with its surface functional 
groups. In Fig. 1, contact angles of TiO2 nanoparticles 
mixed with various concentrations of HA are plotted. The 
water contact angle (θW) of TiO2 was determined to be 
merely 6.4°, which provides the quantitative evaluation of 
its extremely hydrophilic nature. The result is consistent 
with the fact that TiO2 has a large amount of hydroxyl 
groups [12], resulting in interacting favorably with water. 
Water contact angles of HA-TiO2 mixture with various HA 
concentrations were in the 20~35° range, which has not 
been investigated. This indicates that the addition of HA 
led to an increase in the contact angle of TiO2 in water and 
made the HA-TiO2 mixture more hydrophobic. HA carries 
many functional groups, such as carboxylic (–COOH) 
and phenolic (–OH). These highly reactive polar groups 
tend to bound with hydroxyl groups on TiO2 surfaces [12], 
which can provide less hydroxyl groups and minimize 
contact with water molecules. 

Regarding zeta potentials, it can be seen from Fig. 2 
that the zeta potential values of TiO2 gradually decreased 
with increasing HA concentration. This indicates that 
HA adsorption could dominate the surface charges of 
the HA-TiO2 mixture and cause the HA-TiO2 mixture to 
be highly negatively charged. A decrease of hydroxyl 
groups for protonation after HA adsorption could be partly 
responsible for the decrease in zeta potential. Compared 
with TiO2 in the absence of HA, the HA-TiO2 mixture 
could be more stable in water, which was evidenced by the 
hydrodynamic sizes. The average value of hydrodynamic 
size for individual TiO2 was higher than that of the HA-
TiO2 mixture, and decreased when the HA concentration 
increased. This is consistent with the analysis on the 

Fig. 1. Contact angles of TiO2 nanoparticles with various 
concentrations of HA.

Fig. 2. Zeta potential and average size of TiO2 nanoparticles with 
various concentrations of HA.
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effect of HA adsorption on surface charge status of TiO2. 
It was reported earlier that HA addition brought greater 
electronegativity to the TiO2 surface, therefore resulting 
in stronger electrostatic repulsion and more stable 
suspensions [7].

Surface Tension Parameters and Free Energy 
of Cohesion 

Table 2 lists the surface tension parameters of 
membranes and TiO2 nanoparticles mixed with various 
concentrations of HA. It could be observed that the 
two membranes made from different polymer material 
featured different polar and apolar characteristics. PVDF 
membrane had the higher γLW, meaning that PVDF 
membrane presented more apolar properties than the 
PES membrane. As can be obtained from the values of 
γ- , both membranes possessed larger γ- compared with γ+, 

suggesting that they have more electron donor functional 
groups. Furthermore, the γ- parameter of PVDF membrane 
is significantly smaller than that of PES membrane. It could 
be also found that all the foulants exhibited high electron 
donor components (γ−) and relatively low electron acceptor 
components (γ+), which was likely to lead to a low acid-
base surface tension (γAB). In addition, total surface tension 
(γTOT) of the HA-TiO2 mixture turned out to be smaller 
than that of individual TiO2, which originated from lower 
values of γAB. Because the zeta potential and contact angle 
of the HA-TiO2 mixture were altered with the increasing 
concentration of HA, the surface tension parameters could 
change as well. It was observed that both γ- and γ+ of the 
HA-TiO2 mixture decreased at higher HA concentration. 
In contrast, the change tendency of γLW with increasing HA 
concentration was irregular. Additionally, there was higher 
γ-/γ+ as the content of HA increased, which may be due to 
the increased level of deprotonation [21]. Increasing γ-/
γ+ functionality probably due to HA had a “charging-up” 
effect on TiO2. HA absorption on TiO2 surfaces would lead 

to the dissociation of –COOH and phenolic –OH groups, 
which could give rise to easier deprotonation. 

The free energy of cohesion 
0

CO
dG∆  represents the free 

energy (per unit area) when two surfaces of the same 
material are immersed in water and brought into contact 
[22]. The negative 

0

CO
dG∆  suggests hydrophobic (attractive 

to each other) and thermodynamically unstable states, 
while positive 

0

CO
dG∆  suggests hydrophilic (repulsive to 

each other) and stable states. Hence, it could be concluded 
from Table 2 that PES membrane and foulants were 
hydrophilic. The negative value for PVDF membrane 
suggested it was hydrophobic. Notably, the calculated free 
energy of cohesion of HA-TiO2 became significantly lower 
with the increase of HA concentration. This indicates that 
HA could disperse the TiO2 nanoparticles to some degree 
in water and enhance hydrophobicity of TiO2, which was 
also verified in the contact angle data. When in contact 
with the fouled membrane surface, the more hydrophobic 
HA-TiO2 mixture can exhibit a stronger attractive effect 
compared with TiO2, resulting in a higher level of 
membrane fouling. 

Interaction Energy Analysis

Table 3 shows the calculated LW, AB, EL, and  
total interaction energy between each foulant and 
membrane. According to xDLVO theory, a positive value 
of interactive energy between membrane and foulant 
represents resistance to membrane fouling, while a 
negative value represents an attractive effect that would 
aggravate membrane fouling [20]. As shown in Table 3, 
all the total interaction energies

 
between PES membrane 

and foulants were positive, whereas the total interaction 
energies between PVDF membrane and foulants 
exhibited negative. This indicates that PVDF membrane 
maybe suffered relatively more severe fouling than 
PES membrane. In other words, the strongest attractive 
interaction would occur between PVDF membrane and 
foulants. 

Materials γLW γ- γ+ γ-/γ+ γAB γTOT
0

CO
dG∆

Membranes

PES 34.56 40.40 0.41 8.15 42.71 98.54 20.11 

PVDF 37.55 2.79 0.76 2.77 40.32 3.67 -60.73 

Foulants

TiO2 49.87 45.14 1.64 27.52 17.21 67.08 13.71 

TiO2 + 2 mg/L HA 49.97 42.74 0.93 45.96 12.61 62.58 12.79 

TiO2 + 3 mg/L HA 49.35 40.23 0.71 56.66 10.69 60.04 10.66 

TiO2 + 5 mg/L HA 48.90 39.56 0.60 65.93 9.74 58.64 10.40 

TiO2 + 10 mg/L HA 48.83 36.40 0.42 86.67  7.82 56.65 6.56 

Table 2. Surface tension parameters and free energy of cohesion (mJ/m2) of membranes and TiO2 nanoparticles with various concentrations 
of HA.
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The composition of interaction energy clearly showed 
that LW interaction energy between different membranes 
and foulants were negative, which means LW interaction 
energy had an effect of facilitating PES and PVDF 
membrane fouling. Notably, AB interaction energies 
between PES membrane and foulants were positive. This 
indicates that the foulant approaching PES membrane 
surface not only experienced an attractive energy, but 
also needed to overcome repulsive interaction energy. 
In contrast, AB interaction energies between PVDF 
membrane and foulants were negative, which implies 
that AB interaction could aggravate PVDF membrane 
fouling. EL interaction energy had less influence on the 
composition of total interaction energy, which is consistent 
with another study [17]. It can thus be concluded that AB 
interaction energy played a more important role than LW 
and EL interaction energy at short distances. The AB 
interaction energy determined the adhesion process of 
foulants onto the membrane surface and thus influenced 
the extent of membrane fouling.

 The hydrophilic or hydrophobic properties of surfaces 
can be derived from AB interaction energies. Surfaces with 
positive AB interaction energies are termed hydrophilic, as 
foulant-water interactions are favored over polar foulant-
foulant interactions. It was observed that AB interaction 
energy of HA-TiO2 mixture decreased with increasing 
HA content, which is in accordance with the variation 
tendency of 

0

CO
dG∆ . Owing to the dominant role of AB 

interaction energy, total interaction energies also had a 
similar tendency. TiO2 in the absence of HA is considered 
relatively less fouling with the both membrane than the 
HA-TiO2 mixture. Additionally, for both PES and PVDF 
membranes, the total interaction energies were decreased 
with an increase of HA concentration, which could cause 
more severe membrane fouling. The total interaction 
energies between the membrane and TiO2 in the presence 

of 10 mg/L HA approached the lowest value, indicating 
the highest level of membrane fouling. 

Filtration Behavior

To verify the interaction energy predictions, the 
flux decline and fouling reversibility of membranes for 
individual and premixed foulants were studied. The 
flux decline trends of two membranes for individual 
TiO2 nanoparticles and HA-TiO2 mixtures are shown in 
Fig. 3.  Comparing the flux reduction of foulants with 
PES membrane to that with PVDF membrane, it can 
be concluded that foulants are favorable for depositing 
on PVDF membrane, which accords with the xDLVO 
predictions. The total interaction energies between PES 
membrane and foulants were strongly repulsive, but all the 
total interactions between PVDF membrane and foulants 
systems were attractive. Therefore, for a specific foulant, 
the hydrophobic PVDF membrane would suffer more 
severe fouling than the hydrophilic PES membrane.

  For both PVDF and PES membranes, the fouling 
propensity of foulants was in the same order. It can 
be observed that individual TiO2 causes only a minor 
flux decline. The minor reduction in normalized flux 
of nanoparticles without an organic background is in 
agreement with results from Springer et al. [23], Jermann 
et al. [24], and Tian et al. [25]. However, the mixtures of 
TiO2 and HA lead to greater flux decreases than that of the 
individually filtered TiO2. Additionally, the flux decline of 
HA-TiO2 mixtures became faster with an increase of the 
HA concentration, which corresponded to the calculated 
interaction energy. A lower interaction energy would 
therefore result in an aggravation of membrane fouling. 
Based on xDLVO predictions, TiO2 in the presence of 
10 mg/L HA exhibited the lowest interaction energy, 
indicating the greatest membrane fouling. The results 

PES membrane-foulant 0( )LW
mlfU d 0( )AB

mlfU d 0( )EL
mlfU d 0( )xDLVO

mlfU d

TiO2 -5.79 24.52 0.21 18.94

TiO2 + 2 mg/L HA -5.81 23.75 0.21 18.15

TiO2 + 3 mg/L HA -5.70 22.35 0.17 16.82

TiO2 + 5 mg/L HA -5.62 22.06 0.03 16.47

TiO2 + 10 mg/L HA -5.61 20.13 -0.02 14.50

PVDF membrane-foulant 0( )LW
mlfU d 0( )AB

mlfU d 0( )EL
mlfU d 0( )xDLVO

mlfU d

TiO2 -6.98 -11.53 0.05 -18.46

TiO2 + 2 mg/L HA -7.00 -15.18 0.03 -22.15

TiO2 + 3 mg/L HA -6.87 -17.63 -0.09 -24.59

TiO2 + 5 mg/L HA -6.78 -18.53 -0.36 -25.67

TiO2 + 10 mg/L HA -6.77 -21.53 -0.44 -28.74

Table 3. Interaction energy (mJ/m2) between foulants and membranes.
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indicate that the membrane fouling was significantly 
influenced by the HA concentration, and fouling potential 
could be explained by the xDLVO theory. 

The irreversible and reversible fouling values in 
the entire filtration process are shown in Fig. 4. Higher 
irreversible fouling (IF) indicates that only a small part 
of the overall filtration resistance can be removed by 
back-washing [24]. As could been seen, the irreversible 
fouling (IF) of the PVDF membrane was higher than 
that of the PES membrane. Because the total interaction 
energies of PVDF membrane-foulant interactions were 
negative and PES membrane-foulant interactions were 
positive, it is difficult to remove foulants from PVDF 
membrane surface by back-washing, which gives rise  
to the much higher IF than PES membrane. Individual 
TiO2 nanoparticles showed a relatively higher reversible 
fouling (RF) than irreversible fouling (IF). However,  
when the HA was added, synergistic fouling effect 
was observed between HA and TiO2 nanoparticles, as 
evidenced by a considerably greater irreversible fouling. 
Additionally, the increase trend of the IF at higher HA 
concentration could also be observed, indicating that HA 
plays a critical role in synergistic irreversible fouling effect 

of the HA-TiO2 mixture. Because the interaction energies 
become lower with increasing HA concentration, the 
foulants are removed more uneasily from the membrane 
surface at higher HA concentration. This implied that 
the irreversible fouling is mainly linked with interaction 
energies between membranes and foulants. In contrast, 
with the increase of HA concentration from 2 mg/L to 10 
mg/L, only a little change in reversible fouling (RF) was 
observed. 

Conclusions

The results provide evidence for a synergistic 
membrane fouling effect of HA and TiO2 nanoparticles 
during ultrafiltration. The fouling mechanism of HA-
TiO2 mixture was determined by interaction energies, 
and fouling potential could be well explained by the 
xDLVO theory. The AB interfacial interaction played  
a dominant role in three interfacial interactions. It has  
been found that HA absorption can influence the  
properties of TiO2 nanoparticles. As a result, HA-TiO2 
mixtures lead to greater flux decreases than that of 
individual TiO2, and the flux decline became greater 

Fig. 3. Flux decline profiles of a) PES and b) PVDF membranes 
for individual TiO2 and HA-TiO2 mixtures.

Fig. 4. Relative fouling of (a) PES and (b) PVDF membranes for 
individual TiO2 and HA-TiO2 mixtures.
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with an increase of HA concentration. Membrane fouling 
experiments had been performed using two commercial 
polymeric UF membranes. It was shown that the fouling 
severity of PVDF membrane was higher than that of the 
PES membrane, which was consist with the predictions of 
the xDLVO approach.

Our study results may improve predictions of UF 
membrane fouling by nanoparticles in natural waters. 
Further studies on NOM-nanoparticle interactions 
using various kinds of nanoparticles and NOM may be 
conducted to extend the knowledge on the role of NOM-
nanoparticle interactions in UF fouling.
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