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A B S T R AC T

Biofouling in water systems results in energy loss and potential contamination. In membrane 
treatments in particular, it often causes fl ux decline and increases tolerance to cleaning pro-
cedures. The effects of exposing bacterial cells to silver nanoparticles on their attachment in 
the initial stage of biofi lm formation and on moderating biofouling buildup in an ultrafi ltra-
tion membrane apparatus were studied. A high throughput screening method was used for 
assessing initial bacterial attachment and biofi lm formation for P. aeruginosa cells exposed to 
39 g/mL of Ag-NPs and compared to non-exposed cells, incubated for 2–48 h. Results showed 
that Ag-NPs steadily retarded biofi lm formation, compared to control cells, where the attached 
biomass increased over incubation time. To elucidate the infl uence of Ag-NPs on biofouling 
buildup in an UF apparatus, two procedures were examined: (a) cells, pre-exposed to Ag-NPs 
were fi ltered through a membrane prior to sequential fi ltration of growth medium, and (b) 
suspension of cells and growth medium were fi ltered through a membrane in the presence 
or absence of Ag-NPs. Exposed samples in both procedures resulted in lower fl ux decline 
compared to respective controls. Scanning electron micrographs of post-fi ltered membranes 
showed a biofi lm layer on the control membrane and scattered individual cells on Ag-NP-
exposed membrane.
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1. Introduction

Biofouling is the undesired deposition of microor-
ganisms and their secretions (extracellular polymeric 
substances, EPS) on various surfaces [1]. The phenom-
enon of biofouling is associated with the existence, 
properties and activity of biofi lm [2]. Biofouling in 
water systems results in loss of process performance 

and increased maintenance requirements and cost. In 
membrane fi ltration systems, biofouling results in fl ux 
decline and requires costly periodic cleaning or mem-
brane replacement [3,4]. Common treatments to prevent 
or remove biofouling include using oxidative disinfec-
tants or UV irradiation, minimizing nutrients in the 
feed or altering surface materials to prevent the devel-
opment of biofi lm, or clean-in-place (CIP) to remove 
mature biofi lm. However, limitations such as produc-
tion of byproducts, increased nutrient availability [5], 



A. Dror-Ehre et al. / Desalination and Water Treatment 48 (2012) 130–137 131

poor effi ciency against certain microorganisms, devel-
opment of tolerance, damage to structural materials and 
more, have given rise to alternative approaches. Bio-
logical strategies to control microbial attachment, such 
as inhibition of the quorum-sensing system or energy 
uncoupling, enzymatic disruption of extracellular poly-
saccharides, hydrolysis of cell walls and disruption of 
biofi lm by bacteriophages have created a new research 
niche in the control of membrane biofouling [6].

Another biofi lm control approach is direct pre-inter-
action of bacterial cells with silver nanoparticles (Ag-
NPs) in aqueous suspension, which has been shown 
to reduce biofi lm formation with model bacteria [7]. 
Nanoparticles (NPs) have unique and distinctive physi-
cochemical properties, including modifi ed structure 
and a large specifi c surface, in the range of 1–100 nm 
[8]. Ag-NPs are reported to exhibit strong antimicrobial 
activity, including inhibition of microorganism growth 
in suspension and on solid agar medium [9–11]. On the 
other hand, Ag-NPs might have a toxic infl uence on the 
environment [8,12].

In the water sector – membrane-separation tech-
nology in particular – low-fouling coated membranes 
constitute a growing research area and silver-coated 
membranes have been characterized as being able to 
prevent biofouling [4]. Incorporation of Ag-NPs into 
nanofi ltration (NF) and ultrafi ltration (UF) membranes 
made of polysulfone, polyamide and cellulose acetate, 
among other materials, as well as reverse osmosis (RO) 
membranes, has been shown to have anti-biofouling 
ability [4,5,13–15]. The nanocomposite membranes have 
been characterized mainly as slow biocide-releasing, 
and their main limitation is loss of silver which requires 
replenishment [4,15]. Recently, the impact of Ag-NPs 
on mature biofi lm was studied. A reduced biofi lm vol-
ume with no change in viability of bacterial cells was 
reported upon exposure of a 3-day-old biofi lm to Ag-
NPs [16]. The initial phase of biofi lm formation – the 
attachment of microbes to a surface – takes only a few 
hours [17]. This process is dictated mainly by the bacte-
rial species and its phenotypic and genotypic properties, 
surface composition and properties, and environmental 
factors [17]. For example, adhesive strains of Pseudomo-
nas aeruginosa have been reported to be hydrophobic 
while non-adhesive strains are hydrophilic. Moreover, 
adhesive strains reduce surface tension due to release of 
surface-active extracellular substances. Conversely, zeta 
potential and motility are not distinctive related to adhe-
sion [18]. Bacteria-secreted EPS have been mentioned as 
facilitators in the attachment to solid surfaces such as 
membranes [6].

This study examined the effect of exposing bacte-
rial cells to Ag-NPs, on their attachment in the initial 
stage of biofi lm formation and on moderating biofoul-

ing buildup in an UF membrane apparatus. P. aerugi-
nosa cells exposed to Ag-NPs were either (a) seeded on 
an UF membrane prior to sequential fi ltration of growth 
medium; investigating the biofouling buildup in a static 
bacterial layer and (b) suspension of cells and growth 
medium were fi ltered through a membrane in the pres-
ence or absence of Ag-NPs; investigating the biofouling 
buildup in a dynamic bacterial layer – a deposition that 
accumulates slowly on the membrane.

2. Materials and methods

2.1. Preparation and characterization of Ag-NPs

The synthesis of Ag-NPs is based on reducing metal 
ions in solution in the presence of a stabilizing agent, tri-
sodium citrate in this study. The preparation methods, 
characterization of particle size distribution, average 
particle size and morphology of the particles have been 
reported previously [7]. The colloidal stability of the par-
ticles was verifi ed by UV–Vis spectrometer (Varian Cary 
100 Bio), Zetasizer (Malvern Instruments Nano-zs) and 
by Tecnai F20 TEM (FEI, Eindhoven, The Netherlands).

2.2. Model bacteria and experiment suspensions

A derivative of P. aeruginosa PAO1 containing a 
gene encoding carbenicillin resistance (200 g/mL) and 
P. aeruginosa ATCC 27853 were used as model bacteria 
due to their ubiquitousness in water and their frequent 
presence in biofi lms. Carbenicillin is active against a 
wide spectrum of Gram-negative and Gram-positive 
bacteria [19] and was used in this study to reduce con-
tamination in the experimental system. Pure cultures of 
P. aeruginosa were grown overnight to an optical density 
(OD600) of ~0.1 in M9 medium consisting of (in 1 L): 200 
mL M9 salts (64 g Na2HPO4 7H2O, 15 g KH2PO4, 2.5 g 
NaCl, 5 g NH4Cl in 1 L), 2 mL 1 M MgSO4, 20 mL 20% 
(v/v) glucose, 100 L 1 M CaCl2. M9 was used due to the 
low fouling contribution of its components. The experi-
mental samples contained bacterial cells suspended in 
deionized (DI) water and Ag-NPs. A similar suspension 
without Ag-NPs was used as a control. The suspensions 
were thoroughly vortexed to allow good interaction 
between bacterial cells and particles. Each sample was 
serially diluted in DI water, plated on a LB agar plate and 
enumerated to determine the number of colony-forming 
units (CFU) before and after interaction with Ag-NPs.

2.3. Characteristics of bacterial cells – hydrophobicity 
assessment

To assess the change in hydrophobicity of bacte-
rial cells due to exposure to Ag-NPs, the procedure 
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 described by Rosenberg et al. [20] was generally fol-
lowed. Pure culture P. aeruginosa cells were grown over-
night in M9 and then exposed to Ag-NPs. Free Ag-NPs 
were separated by centrifugation at ~800g for 15 min, a 
condition in which the free Ag-NPs remain suspended 
and the pellet includes NPs attached to bacterial cells. 
The pellets (exposed and control) were resuspended in 
0.9% (w/v) NaCl and then 3 mL suspension and 600 L 
of hexadecane (Fluka Analytical 52210) were vortexed 
for 30 s in a glass tube. The mixtures were left for 15 
min, allowing the hexadecane phase to rise completely. 
Adherence to hexadecane (%) was measured at 600 nm.

2.4. Biofi lm formation and quantifi cation

The effect of Ag-NPs on the initial attachment and 
formation of biofi lm was evaluated using a standard 
screening assay [21], which allows quantifi cation of 
attached biomass concurrently in various experimental 
conditions, as detailed in Dror-Ehre et al. [7]. Attached 
biomass was presented relative to wells containing DI 
water, which was considered as zero cell attachment. 
The experimental samples contained ~106  CFU/mL of 
P. aeruginosa cells suspended in growth medium (M9) in 
the presence or absence of Ag-NPs (treated and control). 
To attain a signifi cant decrease in formation of biofi lm, 
the treated cells were exposed, based on previous results 
[7], to 39 g/mL Ag-NPs and compared to non-exposed 
cells (control cells). Various incubation periods were 
used, in the range of 2–48 h, with a focus on the fi rst 8 h.

2.5. Membrane fi ltration unit

Formation of biofouling by bacterial cells exposed, 
or not, to Ag-NPs, was assessed in a membrane fi ltra-
tion apparatus by tracing the change in permeate nor-
mal fl ux (J/J0) versus time, where J is the permeate fl ux 
at time t and J0 is the permeate fl ux of ultrapure water 
for a clean membrane or permeate fl ux at time zero. 
Amicon bench-scale dead-end UF cells model 8400 and 
8050 (Millipore Corp., USA) operating at constant pres-
sure, were used. The volumes of the cells were 400 and 
50 mL and the effective membrane areas were 41.8 and 
13.4 cm2, respectively. Nitrogen (99.999%) was used to 
force solutions from a 5-L holding tank into the mem-
brane pressure cell. The accumulated permeate water 
weight with time was recorded by Balint software pro-
gram and the fl ux was calculated. A pressure regulator 
(Precision, SMC, Japan) was used to keep the pressure 
constant throughout the experimental procedure. The 
DI water was obtained from an RO water-purifi cation 
system equipped with photocatalytic UV lamp (Milli-
Q Direct system, Millipore); the resistivity of the water 
was 18 M cm at 25 oC.

2.6. Scanning electron microscopy (SEM)

For SEM imaging, membranes were gently removed 
from the UF cell at the end of experiments, cut to pieces 
of ~1 cm2 and prepared for observation. The membrane 
pieces were fi xed in 2.5% (v/v) glutaraldehyde, then 
rinsed three times in phosphate buffer saline (PBS) and 
three times in DI water, and air-dried. The specimens 
were glued to the SEM stub with carbon adhesive and 
sputter-coated with gold. Imaging was performed with 
a Quanta 200 FEG ESEM and analyzed with Oxford-
INCA.

3. Results and discussion

3.1. Characterization of Ag-NPs

The Ag-NPs formed stable dispersions and had a 
roughly spherical shape with a relatively narrow size 
distribution, verifi ed by TEM micrographs. Two batches 
of particles were used in the various experiments: type 
A (mean diameter of 8 ± 2.6 nm) and type B (mean diam-
eter of 9.8 ± 2.9 nm). Fig. 1 shows UV–Vis absorbance 
spectra (relative to DI water) of the Ag-NPs (type B, 25 
g/mL) before fi ltration (“feed” relates to a suspension 
of Ag-NPs, growth medium with bacterial cells and 
“blank” relates to a suspension of Ag-NPs and growth 
medium without bacterial cells), and after (“permeate”) 
fi ltration through a 0.01-m polycarbonate (PC) mem-
brane. All three groups presented a single broad peak 
in the typical Ag-NP range (390–420 nm [10]) indicat-
ing stable and uniform Ag-NPs, with permeate absor-
bance, as expected, lower than the feed. Permeate curve 

Fig. 1. UV–vis absorbance spectra of Ag-NPs in feed and 
permeate of UF thought 0.01 m PC membrane. The inset 
is a representative transmission electron microscopy (TEM) 
micrograph showing the shape and size of a few particles 
(bar = 20 nm).
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shows a slight red-shift movement, indicating change in 
the mean particle size. The change in the mean size is a 
result of both selective rejection of larger Ag-NPs and 
of nano-particles’ attached to the bacterial cells. ICP-MS 
(inductively coupled plasma mass spectrometry) analy-
sis of the concentration of Ag in the feed and permeate 
samples revealed over 85% rejection of the Ag-NPs from 
the membrane.

The specimen was diluted 10-fold with DI water 
while preparing the grid for TEM observation, to avoid 
particle overlap during grid drying. The zeta potential 
value of the Ag-NPs was –38.8 mV, indicating stable 
colloids, and the size–distribution histogram was in 
the range of 2–18 nm. Our previous study showed less 
biofi lm formation when bacterial cells were exposed to 
similar particles [7].

3.2. Eff ect of Ag-NPs on initial att achment

A high throughput screening method (detailed in 
Section 2) was used for elucidating the effect of Ag-
NPs on the initial attachment and formation of biofi lm. 
Fig. 2 illustrates the effect of exposure to Ag-NPs on 
the amount of attached biomass produced by the cells. 
Attached biomass formed by exposed (treated) and 
non-exposed (control) cells, was evaluated in relative 
to DI water (zero attachment). The attached biomass 
originating from the treated bacterial cells was steady 
and similar to the assay threshold (DI water), whereas 
the attached biomass of the control cells increased 
over time. The growth curve of the surrounding non-
attached treated cells, under the same conditions used 
to grow the attached cells, is also presented in Fig. 2. 
The non-attached control cells reached the stationary 
phase in about 24 h. The inferior and limited treated 
attached biomass was steady in all incubation periods 
although cells were grown in the surrounding bulk 
suspension. It should be noted that the quantifi cation 
assay is unable to (a) distinguish between growth of 
biofi lm cells and new attachment of cells from the sur-
rounding suspension and (b) determine whether the 
attached cells were dead or alive. However, since the 
attachment phase is known to be relatively rapid [17], 
it is reasonable to interpret the increase in the control 
attached biomass as dominated by biofi lm growth 
rather than by adherence of new cells from the sur-
rounding bulk suspension. Moreover, similar adhe-
sion rates have been reported for dead and live cells 
[1]. Since the surface and experimental condition were 
similar for both treated and control tests; the difference 
in cells attachment may be related to interruption to 
microbial cell functioning, caused by the presence of 
Ag-NPs. Specifi cally, this may result in either inter-
ruption to the fi rst weak and transient attachment of 

cells to surface or interruption to the second stage of 
attachment, in which irreversible anchoring that pro-
duces fi rm cell–surface attachment take place [17]. 
This biofi lm assay is designed to leave only adherent 
bacteria in the wells, while removing cells that are not 
well-anchored. The mechanism that possibly disturbed 
the attachment (either reversible or irreversible) of the 
treated cells and the biofi lm growth that followed it is 
not clear. Previous studies demonstrated a stress state 
of Ag-NPs exposed cells [7]; thus limited anchoring 
due to inactivation of “biofi lm genes” resulting from 
the stress imposed by the Ag-NPs is a suggested but 
not yet confi rmed mechanism.

Bacterial cell properties are known to infl uence their 
attachment to surfaces [17,18] and hydrophobicity is one 
of the non-specifi c properties of bacterial cell that plays 
a major role in the attachment, with the more hydropho-
bic bacteria having a greater affi nity for hydrophobic 
surfaces (e.g. microtiter plates) [22]). The impact of Ag-
NPs on the hydrophobicity of the bacterial cell character-
istics was examined as a potential mechanism to explain 
the effect on initial attachment and biofi lm formation. 
Hydrophobicity of the cells was determined based on 
their adherence to hexadecane (detailed in Section 1). 
Results showed that control and treated cells (0 and 50 
g/mL type B Ag-NPs) separated from the non-inter-
acted Ag-NPs, presented 20 ± 3% and 23 ± 1% adher-
ence, respectively. The hydrophobic affi nities of the cells 
did not change due to interaction with Ag-NPs and it 
seems that hydrophobicity of the bacterial cells does not 
play an important role in the mechanism of action of Ag-
NPs, and other cell expressions are involved.

3.3. Eff ect of Ag-NPs on creation of biofouling

The infl uence of exposure to Ag-NPs on develop-
ment of biofouling was assessed by tracing the change 
in the normal permeate fl ux (J/J0) with time in a UF 

Fig. 2. Attached biomass (relative to assay threshold) verses 
incubation time.
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 membrane cell (model 8400) operating at constant 
pressure and ambient temperature. Millipore cellu-
lose acetate 1-kDa UF membranes were used due to 
their low fl ux, allowing a long fi ltering period in a 
closed, undisturbed system. At the beginning of each 
test, the fi ltering system was well cleaned by fi ltering 
dilute sodium hypochlorite (3%) and ethanol (70%), 
and then DI water was fi ltered through the new clean 
membrane (duplicate) to determine J0. Ag-NP-exposed 
(treated sample) and non-exposed (control) P. aerugi-
nosa cells were seeded on the membranes by fi ltration 
of 15 mL of overnight incubated bacterial suspension; 
then 5 L of 1:25-diluted M9 medium was sequentially 
fi ltered, under constant pressure of 2 ± 0.03 bar, for 60 
h. The treated sample was duplicated with two dif-
ferent particle concentrations (15 and 30 g/mL Ag-
NPs type A). The control sample contained ~3.2  108 
CFU/mL and the treated sample contained ~5.4  108. 
The clean water fl ux was 7.8 and 8.4 LMH for control 
and treated samples, respectively. Fig. 3 presents the 
change in permeate fl ux (J/J0) with time. Up to 24 h 
of fi ltration, both treated and control samples showed 
similar permeate fl uxes. However thereafter, the fl ux 
of the control sample decreased to a greater extent 
than that of the treated samples. After 48 h of fi ltra-
tion, the 15 g/mL treated sample also showed fl ux 
decline, which might be a result of biofi lm that formed 
on the membrane surface initiated by the seeded bacte-
rial cells, or a result of system contamination. In either 
case, exposure to Ag-NPs moderated the fl ux decline.

In the next step another protocol was used to allow 
continuous interaction between the Ag-NPs and bacte-
rial cells and minimize contamination of the system. 
The experimental suspensions included the antibiotic 

Carbenicillin, P. aeruginosa PAO1 bacterial cells, M9 
and Ag-NPs (treated sample only) that were mixed into 
the holding tank and then continuously fed into the UF 
cell. P. aeruginosa PAO1 cells were used due to their 
resistance to Carbenicillin. The layer deposited on the 
membrane using this technique accumulated dynami-
cally with online active interaction between particles 
and bacterial cells, in contrast to the static seeded bacte-
rial layer and pre-interaction, in the previous protocol. 
Experiments were performed in a ~3 times larger sur-
face area UF unit (model 8050) and smaller pore size 
ratings membranes (Sterlitech 0.01-m PC UF mem-
brane) to minimize peripheral surface artifacts and to 
maintain low fl ow rates, respectively. Poly carbonate 
(PC) membranes were used since their pore sizes are 
specifi c and uniform and they showed less background 
interruption in microscopic observation. The pressure 
was kept constant at 0.78 ± 0.01 bar and J0 as initial fl ux 
at time zero was 6.6 and 6 LMH for control and treated 
samples, respectively. The system was cleaned as in 
the previous test. The control experimental suspension 
contained 10 mL overnight bacterial cells at an OD600 
of 0.117 (4.8 107 CFU), 100 mL M9 (1:10 dilution), 1 
mL Carbenicillin and DI water fi lled to 5 L. The treated 
suspension contained an additional 450 mL of Ag-NPs 
type B (9 g/mL), with mean size of about the same size 
as the membrane pore. The number of Ag-NPs in the 5 
L holding tank was estimated at 5 1012 (109 particles/
mL) using Ag density and particles’ mean size and con-
centration. Rejection of Ag-NPs from the membrane 
was 85% according to ICP analysis of permeate and 
feed water, leaving approximately 1.5 108 particles/
mL in the permeate fl ow. Note that NP rejection refl ects 
membrane rejection as well as secondary rejection by 
attachment of NPs to bacterial cells.

Once the fi ltration process started, the foulants 
held in the holding tank slowly began to arrive at the 
membrane surface. Some small particles were able 
to pass through the membrane pore while other con-
stricted the fl ow through the membrane by complete, 
intermediate or internal blockage of the pores. These 
particles could later on accumulate on preceded depo-
sition and forming fi lter cake, as well. Particles larger 
than the membrane pore were either accumulated on 
the membrane surface forming a fi lter cake or blocking 
the pore entrance. The potential foulants in the control 
and treated sample are different. Ignoring the growth 
medium components and the antibiotic that showed 
negligible fl ux decline and are equal in both samples, 
the control sample held bacterial cells that are larger 
than the membrane pore while the treated sample held 
the same bacterial cells (yet, interacted with Ag-NPs) 
and free Ag-NPs that are two orders smaller than the 
cells and are about the same size as the membrane pore. 
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Fig. 3. Normalized permeate fl ux (J/J0) verses time for non-
exposed or pre-exposed cells to Ag-NPs prior to sequential 
fi ltration.
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In both samples a time-dependent accumulated resis-
tance to the water fl ow was built. Fig. 4 presents the nor-
mal resistance fi rst derivative with time. The resistance 
at time zero and time t were derived from the respective 
fl ux data using Darcy’s law. This law describes the fl uid 
fl ow through a permeable media as a direct function of 
surface area and pressure and reverse function of fl uid 
viscosity and resistance. In a constant pressure, area and 
viscosity, the resistance can be calculated as an inverse 
ratio of the fl ux. The fi rst derivative dR/dt obtained by 
polynomials (order 4–5) smooth of numerical differen-
tiation of the resistance. Fig. 4 shows similar resistance 
between control and treated samples in the fi rst 6 h of 
fi ltration. This period is the time required to form the 
control biofi lm (see Fig. 2). After about 6 hof fi ltration 
the change in the resistance built by the control sample 
started to increase to a greater extent compared to that 
of the more moderated change in the resistance of the 
treated sample.

The resistance derived from membrane blocking was 
previously mentioned to be infl uenced by three major 
factors: the amount of particles simultaneously arriving 
at the membrane surface, the amount of particle accumu-
lation, and the fi ltration rate [23]. Complementary sub-
factors as arrival timing, availability of bare membrane 
surface, crowding produced by previous deposition or 
neighboring particles, accessibility and opportunity to 
migrate to the membrane pore, particle motion and oth-
ers, are also associated with the membrane blocking and 
thus the three factors are not completely independent. 
As foulants accumulate, the resistance is constantly 
changing reducing the fl ux. Four classic modeling laws, 
originally developed by Hermia [24] for dead-end fi ltra-
tion process, are widely used to explain the fl ux behav-
ior under constant pressure fi ltration. The laws describe 

four fouling mechanisms: cake fi ltration and intermedi-
ate or standard or complete blocking. Table 1 summa-
rizes the potential foulant components and blocking 
mechanisms of the two tested suspensions.

In addition to the foulants present in Table 1, EPS 
produced by cells and bacterial cells co-deposited on 
the membrane tend to form a biofi lm layer with the 
EPS fi lling the voids between the cells. This interaction 
may reduce the portion of membrane area that is avail-
able for “bare” fi ltration and accelerate the formation of 
a cake layer. Our previous study showed that Ag-NPs 
interacted bacterial cells formed less biofi lm compared 
to non-interacted cells [7]. And indeed, although the 
treated sample presents, according to Table 1, a higher 
fouling potential, results show moderated hydraulic 
resistance that could be attributed to moderate biofi lm 
formation. All four fi ltration laws can be written in one 
form, providing a convenient and commonly used sin-
gle equation to determine fi tting of experimental data to 
one of the four blocking mechanisms. The form is a time 
(t)-dependent behavior of cumulative fi ltrate volume (v) 
as follows:

d t

d

dt
d

n2

2v
k( ( )) v

=  (1)

The parameters n and k are empirical parameters 
that characterize the fouling mechanism and allow com-
paring the effect of various factors such as membrane 
characteristics and nature of foulants. The blocking law 
exponent, n, defi nes the fouling mechanisms and the 
blocking coeffi cient, k, is associated with the mechanism. 
For example, surface area and foulants’ concentration, 
diameter and density defi ne the complete blocking coef-
fi cient [25]. In this study, two greatly different particle 
sizes with dissimilar effect on the permeability of the 
membrane were simultaneously fi ltered, and more than 
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Fig. 4. First derivative of normalized resistance verses 
time for a suspension of cells and growth medium fi ltered 
through a membrane in the presence or absence of Ag-NPs.

Table 1
Estimate summary of potential foulant components and 
fi ltration mechanisms

 Controla Treateda

Arriving  105 bacterial 105 bacterial
particles cells cells, 109 Ag-NPs

Accumulation  105 bacterial 105 bacterial cells,
particles  cells 7.6  108 Ag-NPsb

Potential  Complete Pore constriction (complete,
mechanisms blocking,  intermediate and standard),
 Cake fi ltration cake fi ltration

aAt each 1 mL suspension. 
bBased on 85% rejection of particles and assuming attachment of 
100 particles per each bacterial cell.
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microscopy (SEM) observation as detailed in Section 2. 
Fig. 6 presents representative SEM images of control 
and treated membrane surface after 106 h of sequen-
tial fi ltering through a 0.01-m PC membrane. Image 
(A) shows, at this time, a layer of control cells intercon-
nected with EPS, a typical image of biofi lm cake [30]. 
The SEM picture is consistent with the cake fi ltration 
model presented in Fig. 5 for the control sample. Image 
(B) shows the treated membrane surface at the same 
magnifi cation. The treated cells do not create a layer on 
the surface and interconnection between cells was not 
observed, however, deposition of NPs was observed. 
Energy-dispersive X-ray (EDX) spectroscopy, which 
enables determining the chemical composition of the 
deposition area, showed the presence of Ag. Other ele-
ments, such as Cl, P, Na, K, and other trace elements 
originating from the M9 medium were present on the 
control membrane as well as on the treated membrane. 
Image (B) demonstrates the absence of biofi lm layer 
and the presence of two different particle deposition 
types (NPs and bacterial cells); resulting in a complex 
combined fouling mechanism. Indeed, the experimen-
tal treated data do not fi t any of the individual classic 
models. Image (C) shows a higher magnifi cation of the 
treated membrane surface and presents a lysed cell or 
traces of cells that were detached from the membrane 
during rinsing. Image (D) zooms in on one of the NPs 
deposition area.

one major fi ltration blocking mechanism is relevant. In 
such a case an exact matching to Hermia’s four models 
is not expected, yet, the data was analyzed using this 
model (Eq. (1)) to compare the two samples and to dem-
onstrate a different fouling state. Fig. 5 illustrates the 
second derivative (d2t/dV2) versus the fi rst derivative 
(dt/dV) for both treated and control membranes. Sev-
eral values of the second derivative were negative due 
to the low fl ow. Since the coeffi cient k describes physical 
characteristics such as foulant diameter, negative values 
are an artifact thus were deleted.

The control sample presents a horizontal line indi-
cating constant second derivative, i.e. n = 0, that cor-
responds in that model to cake fi ltration results of the 
developed biofi lm layer. A previous study that used this 
model to interpret biofouling mechanisms showed con-
sisting results, indicated of intermediate blocking in the 
very early initial stage followed by cake fi ltration mech-
anism toward the later stages of fi ltration [26].

On the other hand, a scatted pattern is observed for 
the treated sample that does not fi t the behavior of any of 
the individual four blocking fi ltration laws. Additional 
more complicated models were developed to consider 
the effect of deposition of different particles size and the 
combined effect of two fouling mechanisms [23,27,28]. 
These models could be further developed to fi t and 
explain the behavior of Ag-NPs interacted with bacterial 
cells. Blankert et al. [29] presented another approach to 
analyze combined fouling mechanisms, using the block-
ing laws as a resistance model instead of fl ow model, 
describing the total resistance as a function of the foul-
ing state. This approach may also assist to elucidate the 
fouling mechanisms of bacterial cells interacted with 
Ag-NPs.

To further support the assumption of moderated 
biofi lm formation in the treated sample, the treated 
and control membranes were gently removed from the 
UF cell at the end of the experiments (~4 days), cut to 
pieces of ~1 cm2 and prepared for scanning electron 
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Fig. 5. The d2t/dV2 versus dt/dV for treated and control sam-
ples (mL/h).

Fig. 6. SEM images of P. aeruginosa fi ltered through a PC 
membrane. Image (A) shows a layer of control cells; image 
(B) shows the treated sample at the same magnifi cation. 
Images (C) and (D) are higher magnifi cations of Ag-NPs 
dense deposition area on the treated membrane. Scale bars 
are: (A,B) 5 m, (C) 1 m and (D) 500 nm.
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4. Conclusions

To conclude:

• Exposure of bacterial cells to Ag-NPs results in less 
attached biomass.

•  Exposure of bacterial cells to Ag-NPs results in lower 
biofouling buildup

•  A combined blocking fi ltration model is required to 
determine the exact blocking laws that are involved 
in the process.
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