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a b s t r a c t

In this study, the interfacial interactions between sludge flocs and a rough membrane surface in a sub-
merged membrane bioreactor were investigated. Models describing these interfacial interactions were
firstly proposed based on the surface element integration (SEI) method. Surface properties of sludge flocs
and membrane were experimentally determined to simulate the models through composite Simpson’s
rule. It was found that, roughness on membrane surface significantly decreased interaction strength,
which enabled the sludge flocs to more easily attach on and detach from the rough membrane surface.
Further analysis showed that the value of total interaction energy increased with asperity radius, while
the strength of total interaction energy decreased with asperity height. Results also demonstrated that
increase in floc size would significantly decrease the attractive specific total interaction with rough
membrane surface. It was revealed that there existed a critical asperity radius above which the total
interaction energy in certain separation distance coverage was continuously repulsive, facilitating
membrane fouling control in MBRs. This study demonstrated the possibility to mitigate membrane
fouling by ‘‘tailoring’’ membrane surface roughness.

� 2015 Elsevier Inc. All rights reserved.

1. Introduction

Membrane bioreactor (MBR), which integrates membrane sepa-
ration with biological treatment, has been increasingly used for
treatment of varied wastewaters [1–4]. However, the economy
and practicability of MBR have been greatly impeded by mem-
brane fouling [5–7]. Therefore, exploring the mechanisms, factors
and control strategies of membrane fouling is still the primary

research interest in MBR to research community although remark-
able efforts have been made.

It is well accepted that membrane fouling in MBRs is resulted
from the interactions between sludge suspension and membrane
[5,8]. As one of the most important interactions, interfacial interac-
tions between sludge and membrane directly determines foulants
adhesion and cake layer formation, and thus highly influences
membrane fouling in MBRs [8–10]. The interfacial interactions
accounting for attractive Vander Waals (LW), attractive acid-base
(AB) and repulsive electrostatic double layer (EL) interactions, have
been traditionally described by the extended Derjaguin–Landau–
Verwey–Overbeek (XDLVO) theory [11,12]. Sludge suspension in
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MBRs is a collection of various materials (foulants) mainly includ-
ing sludge flocs, colloids, biopolymer matters (such as extracellular
polymeric substances (EPS), soluble microbial products (SMP) and
biopolymer clusters (BPC)), inert particles and metals. Investigat-
ing the interfacial interactions between these foulants and mem-
brane may give significant insights into membrane fouling. Many
studies have investigated the interactions between foulants and
membrane in MBRs. By using XDLVO analysis, Feng et al. [9] found
that a dominating strain (Klebsiella oxytoca) in cake layer had
stronger attractive interactions with polypropylene (PP) mem-
brane than polyvinylidenefluoride (PVDF) membrane in a MBR.
Hong et al. [13] reported that, as compared to large floc, small floc
would adhere to membrane more easily in a MBR due to its higher
attractive specific interaction energy (interaction energy per unit
mass). Zhang et al. [14] found that, by adding polyvinyl alcohol
(PVA) into membrane casting solution, the prepared modified
PVDF/polyethersulfone (PES) blend membrane possessed
enhanced energy barrier with SMP, which therefore reduced the
adsorption of foulants in a MBR. Meanwhile, XDLVO theory has
been also applied to describe attachment of model foulants or bio-
polymers on different kinds of membranes [15–18]. These studies
significantly improved the understandings of membrane fouling
mechanisms.

However, most previous studies on interfacial interactions were
carried out based on the assumption of infinite smooth membrane
surface. Actually, membrane surface is far from ‘‘smooth’’. Atomic
force microcopy (AFM) scans have shown that most commercial
membranes were significantly varied in surface roughness/mor-
phology in nanometer scale [19–22]. It has been reported that
membrane surface roughness could strongly affect interfacial
interactions between colloids [19,23], SMP [20] and membranes.
Meanwhile, for MBR systems, sludge flocs generally account for
more than 90% of total biomass, and thus are the predominated
components in sludge suspension [8]. While roughness is a pri-
mary parameter of surface morphology, and may exert profound
impacts on membrane fouling, the information regarding how
membrane surface roughness affects interfacial interactions
between sludge flocs and membrane in MBRs is still very limited.
To our knowledge, no study has quantitatively assessed the inter-
actions between sludge flocs and rough membrane surface. There-
fore, it is quite necessary to investigate effects of membrane
surface roughness, which will be helpful to understand membrane
fouling mechanisms, and also facilitate to control membrane foul-
ing in MBRs.

With the above in view, this study aims to investigate influ-
ences of membrane surface roughness on interfacial interactions
in a MBR system. Accordingly, the surface element integration
(SEI) combined with composite Simpson’s rule were firstly used
to model and calculate the interfacial interactions between a
sludge floc and rough membrane surface. A lab-scale MBR was con-
tinuously run to supply samples of sludge and membrane. The sur-
face properties (zeta potential, contact angle, and roughness) of
virgin membrane and sludge were experimental determined. The
effects of factors including asperity radius, asperity height and floc
size on interfacial interactions between a sludge floc and mem-
brane surface were analyzed.

2. Material and methods

2.1. Experimental setup and operation

A submerged MBR (SMBR) setup with a working volume of 65 L
(Fig. 1) was continuously operated for treatment of synthetic
municipal wastewater in this study. The composition of synthetic
wastewater could refer to our previous study [24]. A membrane

model containing five membrane elements (each has 0.02 m2

effective filtration area) was vertically placed in the bioreactor.
The membrane (0.3 lm normalized pore size) was made of PVDF
material, and provided by Shanghai SINAP Co. Ltd. Aeration rate
at level of 180 m3

air=m3
permeate was achieved by an air blower to sup-

ply oxygen for microbial growth and shear stress for fouling miti-
gation. A peristaltic pump operated in intermittent suction mode
(4-min-on and 1-min-off) was used to obtain permeate. Membrane
flux and hydraulic retention time (HRT) was controlled at
30 L m�2 h�1 (LMH) and 5.5 h, respectively. Mixed sludge sus-
pended solids (MLSS) concentration was controlled at range of
10–14 g/L by sludge discharge during the experimental period.

2.2. XDLVO approach

Interfacial interactions including LW, EL and AB interaction
between a sludge floc and a membrane in water can be described
by XDLVO theory [12]. The individual XDLVO interaction energy
per unit area (DGLW ;DGAB and DGELðDÞ) between two infinite planar
surfaces is given by:
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where D is the separation distance between two planar surfaces; AH

(¼ �12pD2
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) is Hamaker constant; Contact of two planar sur-

faces is assumed to occur at a hypothetical minimum equilibrium
cut-off distance (minimum separation distance (D0), assigned to
be 0.158 nm) [25]; kð¼ 0:6 nmÞ is the decay length of AB energy
in water; ere0 is the permittivity of sludge suspension; ff and fm

are the surface zeta potential of floc and membrane, respectively;
j is the reciprocal Debye length; DGLW
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and DGEL
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are the LW,

AB and EL interaction energy per unit area between two infinite pla-
nar surfaces at the minimum separation distance (D0), respectively,
which are given by Eqs. 4–6, respectively.
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Fig. 1. Schematic diagram of SMBR setup.
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