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The increasing use of engineered nanoparticles in customer products results in their accumulation in
water sources. In this experimental study, we investigated the role of surfactant type (cationic, anionic
and non-ionic) and concentration on fouling development, nanoparticle rejection and fouling irreversibil-
ity during dead-end ultrafiltration of model silica nanoparticles. Our work demonstrates that the type of
surfactant influences the nanoparticle stability, which in turn is responsible for differences in fouling
behavior of the nanoparticles. Moreover, the surfactant itself interacts with the PES-PVP membrane
and contributes to the fouling as well. We have shown that anionic SDS (sodium dodecylsulfate) does
not interact extensively with the negatively charged silica nanoparticles and does not change signifi-
cantly the surface charge and size of these nanoparticles. Adsorption of the cationic CTAB (cetyltrimethy-
lammonium bromide) onto the silica nanoparticles causes charge transition and nanoparticle
aggregation, whereas non-ionic TX-100 (Triton X-100) neutralizes the surface charge of the nanoparticles
but does not change significantly the nanoparticle size. The most severe fouling development was
observed for the silica nanoparticle – TX-100 system, where nanoparticles in the filtration cake formed
exhibited the lowest repulsive interactions. Rejection of the nanoparticles was also highest for the mix-
ture containing silica nanoparticles and TX-100.

� 2017 Elsevier Inc. All rights reserved.
1. Introduction

The rapid growth of nanotechnology has resulted in multiple
applications of engineered nanoparticles (NPs) [1]. The increasing
production of such inevitably leads to their accumulation in the
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aqueous environment after usage [2]. Over the last decades, mem-
brane technology has been proven to be effective in the removal of
colloidal particles such as proteins, natural organic matter (NOM)
and inorganic particles [3–5] from water sources. Stability of the
NPs plays a key role in theirmembranefiltration behavior using por-
ousmembranes[6–8]. Aggregation of nanoparticles in the bulk solu-
tion or at themembrane surface (due to concentration polarization)
changes the size distribution of the solutes, and thus the rate of
membrane pore blockage and porosity of the filtration cake formed
[8–10]. Due to the high surface-area-to-volume ratio of nanoparti-
cles, their stability is strongly related to their surface properties
[11]. Often, to improve the stability of such dispersions various
surface-active stabilizers (e.g. surfactants) are added [12–14]. The
effectiveness of nanoparticle stabilization is determined by the type
of the stabilizer, its affinity to the nanoparticles, and the concentra-
tion of both nanoparticles and stabilizers [11]. Adsorption of surfac-
tants onto the nanoparticle surface may enhance electrostatic or
steric repulsions between the nanoparticles, thereby reducing their
tendency towards aggregation [15–17]. Furthermore, the presence
of small non-adsorbing species (e.g. micelles) in the nanoparticle
suspension leads to additional depletion stabilization [18]. On the
other hand, adsorption of surfactants that only screens the surface
charge of nanoparticles without providing an additional stabiliza-
tion mechanism facilitates nanoparticle aggregation [19]. Further-
more, since adsorption of surfactants to NPs and micelle formation
are concentration dependent [20–22], the concentration of the sur-
factant in the feed solution will play an important role in the
nanoparticle stability as well.

Apart from nanoparticle stability, the presence of surface-active
compounds will also change the interactions between the nanopar-
ticles and the membrane. As a result, adsorption of the NPs onto the
membrane surface is promoted or reduced, depending on the affin-
ity between the surfactant and the membrane [23,24]. Despite the
much smaller size of the surfactant molecules in comparison to
the nanoparticles, they can form micelles that above the so-called
critical micellar concentration (CMC) can be much larger than the
NPs. Furthermore, surfactantsmayadsorbon themembraneor asso-
ciate on themembrane surface asmicelles or bi-layers above the so-
called critical association concentration (CAC). All these effects will
inevitably lead to more severe fouling when filtering suspensions
containing nanoparticles and surfactants.

Literature on nanoparticle filtration in the presence of surfac-
tants is limited. Up toour knowledge,work that focuses on a system-
atic comparison of the surfactant types (cationic, anionic, non-ionic)
present in mixture of nanoparticles and role of the surfactant char-
acter on the nanoparticles filtration mechanism, is lacking. There-
fore, the aim of this study is to understand the role of the
surfactant typeonnanoparticlefiltration.Moreover, this publication
intents to reveal implications that may occur during application of
certain surfactant types during filtration of nanoparticles. Three
typesof industrially prominent surfactants areused: anionic sodium
dodecylsulphate (SDS), cationic cetyltrimethylammonium bromide
(CTAB), and non-ionic 2-[4-(2,4,4-trimethylpentan-2-yl)phenoxy]e
thanol (TritonX-100). A detailed investigation of feed solutionprop-
erties, combined with data from filtration experiments, allows
determination of relevant mechanisms responsible for membrane
fouling by nanoparticles in the presence of surfactants.
2. Materials and methods

2.1. Materials

Colloidal silica nanoparticles (Ludox TM-50) were used as
model nanoparticles that were purchased as a 50% w/w suspension
in water (Sigma Aldrich). Aqueous solutions of ACS grade NH4-
HCO3-(NH4)2CO3, HCl and NaOH (Sigma Aldrich) were used to
adjust the pH and ionic strength of the solutions, respectively.
Sodium dodecylsulfate (SDS), cetyltrimethylammonium bromide
(CTAB) and Triton X-100 (TX-100) were purchased from Sigma-
Aldrich. All solutions were prepared using ultrapure water (Milli-
Q, resistivity >18.2 MX cm); all chemicals were used without fur-
ther purification.
2.2. Membrane and membrane characterization

Commercially available inside-out polyethersulfone-polyvinyl
pyrrolidone (PES-PVP) ultrafiltration (UF) membranes supplied
by Pentair X-Flow BV (UFCLE type, MWCO 150 kDa) were used.
UF filtration modules with a filtration area of 100 cm2 were pre-
pared by potting 10 hollow fiber membranes (inner diameter
0.8 mm, 40 cm long) in a PE tube (outer diameter 8 mm) with
two-component polyurethane glue.

The membranes were characterized in terms of pure water per-
meability, inner surface charge and pore size distribution. The sur-
face potential of the inner membrane was determined via
streaming potential measurements using with a SurPASS electroki-
netic analyzer (Anton Paar GmbH). In the experiments, we used
1 mM KCl as a background electrolyte solution; the pH was
adjusted using aqueous 0.1 M NaOH and 0.1 M HCl solutions. The
zeta potential was calculated according to the Fairbrother-Mastin
equation [25]. The pore size distribution of the membranes was
measured by permporometry. This technique is based on the con-
trolled stepwise blocking of pores by condensation of a vapor,
linked with the simultaneous measurement of the oxygen flux
through the membrane [26]. Cyclohexane was used as the con-
densable vapor in our home made setup.
2.3. Characterization of nanoparticle – surfactant mixtures

The CMC values of cationic and anionic surfactants were deter-
mined using conductivity measurements of the solutions at 30 �C
in the presence of 1 mM ammonium bicarbonate buffer. The CMC
values were found as the intersection of the two slopes describing
conductivity rise with surfactant concentration before and after
micelle formation [27]. Conductivity was measured using a con-
ductometer Cond 3210 (WTW GmbH, Germany). The CMC of the
non-ionic TX-100 was determined using a force tensiometer K20
(Krüss GmbH, Germany) equipped with a Du Noüy ring. The CMC
value was obtained by plotting the logarithm of the obtained sur-
face tension versus the surfactant concentration. The CMC was
estimated from the intersection of the linear regression line
describing the decrease of the surface tension with the surfactant
concentration below the CMC and the line describing a constant
surface tension with increasing surfactant concentration above
the CMC.

The hydrodynamic diameter of the nanoparticles in the mixture
with surfactants was measured in batch mode using a DAWN-
Heleos-8 modified at an angle of 108�, to which a dynamic light
scattering (DLS) apparatus (NanoStar, Wyatt Technology Corpora-
tion, USA) was connected via a glass fiber cord. DLS measurements
were carried out at a wavelength of 658 nm at 30 ± 1 �C. DLS data
collection and analysis was performed using Astra� 6.1 software
(Wyatt Technology Corporation, USA).

Electrophoretic mobility measurements of the silica nanoparti-
cles were carried out via electrophoresis measurements using a
Malvern ZetaSizer 3000Hsa (Malvern Instruments, United King-
dom) to obtain the zeta potential of the nanoparticles and their
mixtures with surfactants. Both light scattering and zeta potential
measurements were conducted using a 50 mg/L nanoparticle solu-
tion prepared in various concentrations of investigated surfactants
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in 1 mM ammonium bicarbonate buffer solution. All experiments
were repeated at least three times.

2.4. Filtration experiments

All feed solutions were prepared from a 1 mM ammonium
bicarbonate buffer solution (Milli-Q water, pH 8) containing
50 mg/L of silica nanoparticles. The concentration of surfactants
in the feed solutions was varied from 0.125 mM to 8 mM. The sur-
factant concentrations were chosen such to cover CMCs of all three
surfactants in order to investigate the filtration behavior of silica
nanoparticles below and above the CMC. The temperature of the
feed solution was maintained at 30 �C by immersing the feed ves-
sel in a temperature-controlled stirred water bath. Filtration exper-
iments were started 24 h after the feed solution was prepared in
dead-end filtration mode using an ‘OSMO Inspector’ filtration
setup developed and automated by Convergence Industry B.V.
(Enschede, The Netherlands). The schematic diagram of the filtra-
tion setup is given in Fig. 1.

The system contains a feed and a backwash pump (Liquiport�

NF100, KNF, USA). By means of solenoid switching valves (Plast-
o-matic Valves, Inc. USA), the water from the backwash tank can
be fed either to the feed or the permeate side of the membrane,
enabling the integration of automatic pure water flux experiments.
Two high-precision mass flow controllers (Cori-FlowTM model
M15, Bronkhorst Cori-Tech, The Netherlands) are installed to mea-
sure and control the feed and backwash fluxes. Prior to filtration,
the membranes were immersed in a 20 wt% ethanol solution for
at least 24 h to remove conservation chemicals and to wet all the
pores. After this, ultrapure water was filtered across the membrane
modules at 2 bars for 10 min.

The OSMO software was programmed to perform single
filtration-backwash experiments at a flux of 100 L/m h. The sche-
matic description of the filtration-backwash experiment is shown
in Fig. 2.
Fig. 1. Schematic diagram of the OSMO Inspector filtration setup. Feed and BW are feed
the feed and backwash flows. The pressure of the feed, the backwash, the permeate and
feed and downstream of the backwash pump is monitored as well.
Firstly, at the beginning of each filtration experiment, the
pure water permeability for each module was measured for
10 min at a flux of 100 L/m h (I). As a result of the applied pot-
ting procedure, the obtained permeabilities for the individual
modules varied slightly due to small variations in the membrane
surface area. Secondly, a feed solution containing silica nanopar-
ticles and surfactants was introduced into the lumen of the
fibers by a forward flush (II) that was carried out for 1 min. In
the third step, the solenoid valve was switched to close the
retentate outlet of the module and dead-end filtration (III) was
started. The filtration was carried out under a flux of 100 L/
m�h for one hour. After filtration, the shell side of the module
was flushed with water (IV) for 1 min in order to remove the
retentate present and to prepare the module for backwash (V),
which was carried out for 30 min at 250 L/m h. Relatively long
backwash times were applied to remove surfactant residues
adsorbed to the membrane surface. After the backwash step,
the lumen of the fibers was flushed (VI) with water for 1 min.
In the last step, the permeability of the membrane (VII) was
measured once again in order to calculate flux recovery. Each fil-
tration experiment was repeated at least three times.

2.5. Data processing

Deposition of the nanoparticles on the membrane surface or
inside the porous structure of the membrane leads to an increase
of the filtration resistance, which can be calculated from Eq. (1):

R ¼ DP
g � J ð1Þ

where R (1/m) is the hydraulic resistance, DP (Pa) is the transmem-
brane pressure, g (Pa�s) is the viscosity and J (m3/m2�s) is the flux.

The rejection of the solute by the membrane is defined by Eq.
(2):
and backwash water reservoirs, respectively. Two mass flow controllers (FC) control
the retentate is measured using pressure indicator (PI). The temperature (T) in the



Table 1
Properties of the applied membrane.

Membrane

Type Material MWCO* [kDa] Clean water permeability [L/m2�h�bar] Pore diameter [nm] Zeta potential at pH 8 [mV]

Pentair X-Flow UFCLE PES/PVP 150 1 ± 0.1�103 24 ± 5 �24.9 ± 3.4

* Manufacturer’s data.

Fig. 2. Single filtration-backwash cycle (adapted from van de Ven et al. [28]). I – pure water permeation, II – forward flush with feed solution, III – filtration, IV – flush of the
shell side, V – backwash, VI – forward flush with water, VII – pure water permeation.
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r ¼ 1� Cp

Cf
ð2Þ

where r is the rejection (-), CP is the concentration of the solute in
the permeate sample (mg/L), and Cf is the concentration of the
solute in the feed solution (mg/L). For a single filtration experiment
6 permeate samples were collected during the filtration. In order to
evaluate the nanoparticle rejection, concentrations of nanoparticles
in the feed and permeate samples were determined using Induc-
tively Coupled Plasma Mass Spectrometry (ICP-MS; Thermo Fisher
Xseries 2). Since rejections obtained were more or less constant
during a single filtration experiment, we report average rejection
values, which are obtained from averaging rejections calculated
from 6 collected permeate samples in 3 repeated filtration runs
(in total 18 permeate samples per rejection point).

The total fouling rate describes the fouling development as
defined in the improved flux-step method developed by van der
Marel et al. [29]. The fouling rate was calculated according to Eq.
(3).

Ftot ¼ Pend � Pinitial

g � J � Dt ð3Þ

where R (1/m) is the hydraulic resistance, Pinitial (Pa) is the initial
transmembrane pressure, Pend (Pa) is the final transmembrane pres-
sure, g (Pa�s) is the viscosity, J (m3/m2�s) is the flux and Dt (s) is the
filtration time.

The permeability recovery PR is used to describe irreversibility
of the fouling and is defined as:

PR ¼ Rm

Rmbw
ð4Þ

where PR (-) is the permeability recovery, Rm (1/m) is the hydraulic
resistance of the membrane before filtration (step I in Fig. 2) and
Rmbw (1/m) is the hydraulic resistance of the membrane after the
backwash step (step VII in Fig. 2).
3. Results and discussion

3.1. Membrane characteristics

The properties of the UF membrane used are listed in Table 1.
The Molecular Weight Cut-Off (MWCO) reported by the manufac-
turer was 150 kDa. The experimentally determined pure water
permeability measured was 1000 ± 100 L/m2 h bar. According to
the permporometry measurements, the mean pore diameter of this
membrane was found to be 24 ± 5 nm. Streaming potential mea-
surements showed that the inner surface of the membrane had a
zeta potential of �24 ± 3 mV at pH 8.

3.2. Feed solution characteristics

The properties of the surfactants applied are listed in Table 2.
The experimentally determined CMC the values are comparable
to values reported in literature [27]. Above the CMC, surfactants
form micelles, which varies in size for each surfactant type, as
shown in Table 2. The Krafft temperature is the minimum temper-
ature at which surfactants can form micelles. Since for CTAB this
temperature is quite high (25 �C), we carried out all our experi-
ments at 30 �C to ensure that all surfactants can form micelles.

Since surfactants are surface active molecules, they can adsorb
onto nanoparticles and change their surface properties, such as
charge. Correspondingly, this can lead to increased or reduced
stability of the nanoparticles in a suspension, depending on
whether the surfactants enhance or reduce repulsive interactions
between the nanoparticles. The surface zeta potential and the



Table 2
Properties of the applied surfactants at 30 �C.

Surfactant Type Mw

[g/mol]
CMC
[mM]

Micelle diameter
[nm]

Krafft temp.
[�C]

SDS Anionic 288 7.49 3.7 [30] 18 [31]
CTAB Cationic 364 0.99 7 [32] 25 [33]
TX-100 Non-anionic 647 0.25 7.4 [34] <0 [35]

Fig. 3. Zeta potential (a) and hydrodynamic diameter (b) of silica nanoparticles as a function of the CTAB, TX-100 or SDS surfactant concentration at pH 8 at 30 �C. The stars
represents pure surfactant suspension at 16 mM.

312 K.W. Trzaskus et al. / Journal of Colloid and Interface Science 506 (2017) 308–318
hydrodynamic diameter of the silica nanoparticles as a function of
the surfactant concentration at pH 8 are shown in Fig. 3a and b,
respectively. To take into account the behavior of the pure surfac-
tants, zeta potential measurements were also conducted with pure
surfactant suspensions at a concentration of 16 mM, which are rep-
resented as star symbols in Fig. 3a.

As Fig. 3a shows, the zeta potential of the silica nanoparticles
becomes slightly more negative in the presence of the negatively
charged SDS compared to bare silica without any added SDS. These
results are rather surprising as both silica and SDS are negatively
charged, and hence we would not expect any adsorption of SDS
onto silica [36]. Nonetheless, our observations indicate that SDS
could be adsorbed in small amounts onto the silica surface. Ahualli
et al. [15] reported a similar effect in electrophoretic mobility mea-
surements of silica NPs in SDS solutions ranging from 0.01 mM to
8 mM SDS. They observed an increase in the negative mobility and
zeta potential and attributed the observation to a super charging
effect that increased the effective charge of the silica nanoparticles
(possible because only part of the interaction between silica and
SDS is electrostatic) [15]. Another possible explanation for this
observation could be the adsorption of small amounts of SDS onto
the heterogeneities on the colloidal silica surface [17].

Fig.3b shows a slight increase of the hydrodynamic diameter of
the nanoparticles with the SDS concentration. These findings sug-
gest either a limitedaggregationof thenanoparticles or thepresence
of some large impurities in SDS (the applied SDSwas90%pure). Nev-
ertheless, we can conclude that addition of SDS to the nanoparticle
suspension has only a little effect on both nanoparticle charge and
size. In the case of CTAB-silica systems, an addition of positively
charged CTAB modifies the silica surface from negative to positive,
implying strong adsorption of CTAB onto the nanoparticle surface.
This process has been extensively studied using various techniques
[37–39]. CTAB can adsorb onto the silica surface due to (i) surface
charge neutralization, (ii) hydrophobic interaction by the long
hydrocarbon tail, or (iii) a combined effect of these twomechanisms
[39,40]. In this study, however, we also observe that with the addi-
tionof CTAB to the silicananoparticle suspension, thehydrodynamic
diameter increases significantly, indicating the formation of larger
aggregates (Fig. 3b). As such, we can conclude that aggregation
occurs due to the adsorption of CTAB on the silica surface. During
the adsorption of CTAB molecules onto silica surface, a negative
chargeof thenanoparticles is neutralized and thus repulsive interac-
tions between nanoparticles vanish allowing aggregation. Further
addition of CTAB causes nanoparticle charge transition to positive.
The kinetic of this transition from positive to negative charge of
the silica nanoparticles ismainly responsible for nanoparticle aggre-
gation and size of the aggregates.

As shown in Fig. 3a, with increasing TX-100 concentration, the
zeta potential becomes less negative. For pure TX-100 (being a
non-ionic surfactant), the measured zeta potential at 16 mM was
about �6.4 ± 1.6 mV, which is much less negative than the value
obtained for bare silica nanoparticles. This is an indication of sur-
factant adsorption and shielding of the nanoparticle charge by
TX-100. The work of Levitz et al. [41], Giordano-Palmino et al.
[22] and Alexeev et al. [16], showed that TX-100 can adsorb effec-
tively onto the colloidal silica surface as individual molecules at
low concentrations via hydrogen bonding, followed by the forma-
tion of micelles on the nanoparticle surface through association at
higher concentrations. Furthermore, similarly to the SDS case, at
8 mM of TX-100, a slight increment in the hydrodynamic diameter
is observed, probably due to nanoparticle aggregation due to
reduced repulsive interactions between the nanoparticles upon
adsorption of the surfactant.

These results show that the type of the surfactant has a signif-
icant effect on the nanoparticle charge and size in the suspension.
SDS interacts only slightly with the silica nanoparticles and no sig-
nificant charge or size change is observed. CTAB reverses the
nanoparticles charge and causes their aggregation. In the case of
the non-ionic surfactant TX-100, the nanoparticle charge is
reduced but nanoparticle aggregation is not significant. These
insights are essential to explain filtration behavior of
nanoparticles-surfactant mixtures.
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3.3. Filtration experiments

3.3.1. Filtration of pure surfactant and bare nanoparticles
The resistance development during constant flux filtration of

the feed solutions containing bare silica nanoparticles (50 mg/L)
or pure surfactants (8 mM) is shown in Fig. 4a.

In comparison to the surfactants (of which the concentration
was 2.31 g/L, 2.92 g/L, and 5.18 g/L for SDS, CTAB and TX-100,
respectively), the applied concentration of nanoparticles was con-
siderably lower (50 mg/L). Therefore, the lowest filtration resis-
tance was obtained for the filtration of bare silica nanoparticles.
Due to their high stability, the nanoparticle deposit is porous and
permeable, and thus the resistance increases only gradually with
the permeate volume, as shown in Fig. 4a. The thickness of the fil-
tration cake at the end of the filtration was estimated to be about
3.1 lm taking into account the mass of deposited nanoparticles,
Fig. 4. Resistance (a) and permeability recovery (b) during fil

Fig. 5. Schematic representation of a possible interactions between a PES-PVP me
assuming a hexagonal packing in the filtration cake and a uniform
distribution along the module length.

As shown in Fig. 4a, pure surfactants at a concentration of 8 mM
contribute significantly to the membrane fouling. The highest
resistance was generated during the filtration of the ionic surfac-
tants – SDS and CTAB. A significantly lower resistance was
observed for the non-ionic TX-100. For all three surfactants,
hydrophobic interactions between the hydrophobic tail of the sur-
factant and the hydrophobic PES polymer molecules in the mem-
brane are expected to be responsible for surfactant adsorption
onto the membrane surface [42], as schematically shown in
Fig. 5. Furthermore, for anionic SDS, Prasad et al. [23] reported
the presence of attractive interactions between the negatively
charged SDS and the polarizable pyrrolidone group of PVP in the
membrane, which would result in the formation of micelle-like
aggregates on the membrane surface by association (Fig. 5). For
tration of pure surfactants and bare silica nanoparticles.

mbrane and SDS (negative), CTAB (positive) and TX-100 (neutral) surfactants.



Fig. 6. (a) Resistance development as a function of permeate volume, (b) fouling rate, (c) rejection of nanoparticles and (d) permeability recovery as a function of surfactant
concentration during constant flux dead-end filtration of 50 mg/L silica nanoparticles with anionic SDS at 30 �C. Dashed lines are drawn to guide the eye.
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cationic CTAB, electrostatic attractions between the positively
charged head group of the CTAB molecule and the negatively
charged membrane can be considered as an additional adsorption
mechanism (Fig. 5). All these adsorption mechanisms contribute to
surfactant deposition onto the membrane surface and inside the
pores, enhancing the hydraulic resistance. For all three surfactants,
subsequent stabilization of the resistance (Fig. 4a) can be related to
saturation of the membrane with the surfactant. The maximum
surfactant adsorption capacity of the membrane is reached and
transport of surfactant through the membrane pores becomes
undisturbed again. As a result, we do not observe any measurable
surfactant rejection. This is expected when we take into account
the size difference between the membrane pores (Table 1) and
the size of single surfactant molecules or even the micelles formed
by the surfactants (Table 2).

As Fig. 4b shows, for all three pure surfactants the permeability
recovery is higher than 1 (PR > 1). These results clearly indicate
that the surfactants contribute to the enhancement of the pure
water permeability regardless of their adsorption during the filtra-
tion. We attribute this effect to improved wetting of the fibers by
the surfactant [43,44]. This clearly shows that the surfactants do
not only influence the properties of the nanoparticles but also
the membrane characteristics. In contrast to the results obtained
for surfactants, the permeability recovery during the filtration of
bare silica nanoparticles is lower than 1 (PR < 1, see Fig. 4b) indi-
cating irreversible fouling.

3.3.2. Fouling development of nanoparticles in the presence of anionic
SDS

We also investigated the combined role of the surfactant type
and the concentration on fouling development during dead-end fil-
tration of silica nanoparticles. Fig. 6 summarizes the filtration
results obtained during filtration of silica nanoparticles with vari-
ous concentrations of the anionic surfactant SDS.

Fig. 6a shows that for all SDS concentrations investigated
(0.125 mM–8 mM), an increase of the surfactant concentration in
the feed solution results in a higher hydraulic resistance, although
this effect is less pronounced for lower concentrations. These find-
ings are opposite to previous studies, which reported that addition
of surfactant at low concentrations can result in reduced fouling.
Singh and Song [18] investigated the influence of the SDS concen-
tration on fouling development during cross-flow filtration. They
postulated that addition of SDS in concentrations below 0.3 mM
allows the formation of a more loosely packed cake on the surface
of UF membrane. Hence, a lower fouling rate was obtained. How-
ever, in our case even for the lowest SDS concentration
(0.125 mM), this effect was not observed. We relate this difference
in fouling behavior of silica nanoparticles to the filtration mode at
which the experiments were carried out (cross-flow in the case of
Singh and Song and dead-end in this work) and limited interac-
tions between nanoparticles and surfactants. The formation of a
more porous cake layer in the presence of SDS, as proposed by
Singh and Song, could only occur if the electrostatic repulsions
between the nanoparticles are enhanced. However, this is not the
case for our feed solution since the zeta potential measured
reduces only slightly with increasing SDS concentration. Therefore,
the synergic contribution of the SDS molecules to fouling develop-
ment dominates the effect of the increased surface charge of the
nanoparticles. As a result, the filtration resistance slightly increases
with SDS concentration, despite the slightly higher repulsive inter-
actions between the nanoparticles (Fig. 3a). Interestingly, below
8 mM SDS the filtration resistance is on a significantly lower level
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(the maximum obtained resistance at 4 mM was 8.7�1011 1/m)
than the resistance obtained at 8 mM of SDS (maximum obtained
resistance 7.1�1012 1/m). This difference in the fouling develop-
ment is clearly illustrated in Fig. 6b, where the fouling rate is plot-
ted as a function of the surfactant concentration. The obtained
fouling rate rises only marginally with SDS concentrations below
8 mM, but it significantly increases at 8 mM. Such behavior can
originate from the fact that at 8 mM, SDS forms micelles (CMC of
SDS for our system was in approx. 7.5 mM, see Table 2). This is
in contrast to lower concentrations. At 8 mM, these micelles can
also contribute to the filtration resistance. Consequently, due to
the small effect of SDS on nanoparticle stability, there is only a lim-
ited contribution of SDS to fouling development below the CMC of
SDS. However, above the CMC the micelles formed contribute
strongly to the filtration resistance which can be related to the for-
mation of a gel layer that is expected to have a significantly higher
resistance than a cake layer [45,46].

The rejection of silica nanoparticles during their filtration in the
presence of SDS as a function of the surfactant concentration is
given in Fig. 6c. The rejection of bare silica nanoparticles during
the complete filtration course was approx. 98 ± 1%. Such a high
rejection was expected since the average pore size (see Table 1)
is approximately the average size of the silica nanoparticle, as
reported elsewhere [47]. Retention of nanoparticles is not only
caused by size exclusion of the nanoparticles, but also by adsorp-
tion of the nanoparticles onto the membrane surface [48]. These
two effects result in a more effective pore blockage and thus a
more effective nanoparticle retention by the formation of a cake
layer on the membrane surface, acting as an additional barrier
for silica nanoparticles.
Fig. 7. (a) Resistance development as a function of permeate volume, (b) fouling rate, (c)
concentration during constant flux dead-end filtration at 30 �C of 50 mg/L silica nanopa
Addition of the SDS to the feed solution contributes to a notice-
able reduction of the nanoparticle rejection, as shown Fig. 6c.
Lower SDS concentrations (0.125–0.5 mM) do not change the
nanoparticle rejection significantly. However, further increase of
the SDS concentration gradually reduces the nanoparticle rejection
to approx. 91% at 8 mM of SDS. This decrease in rejection can be
related to the reduced interactions between the nanoparticles
and the membrane after adsorption of SDS to the membrane and
to the nanoparticles. Nanoparticle adsorption onto the membrane
is reduced since the adsorption sites are already occupied by
SDS. Consequently, the nanoparticles will block the pores less
effectively. Moreover, slightly enhanced repulsive interactions
between the nanoparticles in the filtration cake formed and a less
ordered structure of the filtration cake in the presence of SDS
micelles both cause the cake layer to be more open [49]. This
results in an easier diffusion of the nanoparticles through the filtra-
tion cake and consequently in a lower rejection.

As described in Section 2.4, a pure water permeability check
was carried out before filtration with the nanoparticle suspension
and after the backwash procedure. The purpose of this was to
ascertain the effect of the surfactant concentration and type on
the extent of irreversible fouling. If nanoparticles irreversibly
deposit on the membrane surface and irreversible fouling occurs,
we expect a PR of <1. As shown in Fig. 4b, filtration of the pure sur-
factants leads to PR > 1. We relate this to better wetting of the
membrane in the presence of surfactants, which makes the surface
of the membrane more hydrophilic. Fig. 6d shows the permeability
recovery as a function of the SDS concentration. At lower SDS con-
centrations (0.125–mM) the permeability recovery is approx. 1.
However, it increases to values of 1.21 ± 0.07 and 1.28 ± 0.07 for
rejection of nanoparticles and (d) permeability recovery as a function of surfactant
rticles with cationic CTAB. Dashed lines are drawn to guide the eye.
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4 mM and 8 mM, respectively. We speculate that at lower surfac-
tant concentrations (0.125 mM–1 mM) irreversible fouling caused
by the mixture of silica nanoparticles and SDS does not occur,
which might be due to the moderate transmembrane pressure
applied and only limited adsorption of the surfactant. At higher
SDS concentrations (4 mM–8 mM), adsorption of SDS onto the
membrane is facilitated and the wetting of the membrane surface
is more effective. Permeability recovery is likely to be greater due
to this pronounced wetting, even when nanoparticle deposition is
enhanced due to the higher transmembrane pressures that need to
be applied to maintain a constant permeate flux.

3.3.3. Fouling development of nanoparticles in the presence of cationic
CTAB

Results obtained during the filtration of silica nanoparticles in a
mixture with CTAB are summarized in Fig. 7. The observed change
of the nanoparticle charge from negative to positive (see Fig. 3a)
and subsequent aggregation of the nanoparticles (see Fig. 3b) does
not result in a noticeably different nanoparticle filtration behavior
compared to that observed for SDS. As also obtained for anionic
SDS (Section 3.3.2), an increase of the cationic CTAB concentration
results in more severe fouling development (see Fig. 7a). Large
aggregates of nanoparticles, existing already in the bulk of the feed
solution upon CTAB addition (see Fig. 3b), result in the formation
of a non-uniform filtration cake, full of defects. Furthermore, an
increase in the nanoparticle size results in a more open filtration
cake and thus reduced the contribution of the nanoparticle deposit
to the filtration resistance. Based on these observations, we suggest
that the development of the resistance is dominated by the CTAB
concentration in the feed solution and aggregated nanoparticles
Fig. 8. (a) Resistance development as a function of permeate volume, (b) fouling rate, (c)
concentration during constant flux dead-end filtration of 50 mg/L silica nanoparticles at
do not contribute significantly to fouling development. This hypoth-
esis is supported by the fact that the fouling rate rises linearwith the
logarithm of CTAB concentration (Fig. 7b), and thus no synergic
effect between nanoparticles and CTAB on fouling is observed.

In the case of CTAB, nanoparticle rejection varies from approx.
85% for 0.25 mM CTAB to 95% for 8 mM CTAB (see Fig. 7c). The data
obtained for CTAB are more scattered than for SDS, with large error
bars, and it is more difficult to observe a clear correlation between
surfactant concentration and rejection. We can associate this lower
nanoparticle rejection and its irreproducibility to the aggregation
of nanoparticles in the feed solution (see Fig. 3b) and the previ-
ously mentioned non-uniform nanoparticle deposition on the
membrane surface. Since aggregation is a kinetic process, it can
lead to a non-uniform size distribution of the nanoparticles in
the feed solution during separate filtration runs. As a result, the
uniformity of the filtration cake will vary for each of the separate
filtration runs. This effect is pronounced more for CTAB than for
the two other surfactants. Poor control over the aggregate size
can be also responsible for the poor correlation between surfactant
concentration and nanoparticle rejection. Surprisingly, the
nanoparticle rejection is the lowest when CTAB is present in the
feed solution (compared to the other surfactants). Although intu-
itively one would think that the formation of nanoparticle aggre-
gates would result in higher rejections, the aggregation of
nanoparticles in the feed solution can result in a non-uniform
thickness of the filtration cake and formation of isolated areas on
the membrane surface that are less effectively covered by the
nanoparticle deposit. Transport of some non-aggregated nanopar-
ticles through the membrane is facilitated in such regions resulting
in slightly lower nanoparticle rejections. However, to validate this
rejection of nanoparticles and (d) permeability recovery as a function of surfactant
30 �C with non-ionic TX-100. The dashed lines are drawn only to guide the eye.
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assumption additional detailed investigations on the transport
phenomena of CTAB-coated silica nanoparticles in porous media
need to be carried out, which is beyond the scope of this work.

The permeability recovery obtained after filtration of silica
nanoparticles in a mixture with CTAB is plotted in Fig. 7d. The
results obtained for cationic CTAB are similar to those obtained
for anionic SDS. At the lowest investigated surfactant concentra-
tion (0.125 mM), permeability recovery was about 1.14 ± 0.05
(PR > 1) indicating reduced nanoparticle deposition and wetting
of the membrane. By increasing the concentration of CTAB to
0.25 mM, the transmembrane pressure during the filtration rises
and more irreversible fouling is observed since permeability recov-
ery decreases to about 0.84 ± 0.02 (PR < 1). However, a further
increase of the CTAB concentration causes improved wetting of
the fibers and permeability the recovery raises again (PR > 1).

3.3.4. Fouling development of nanoparticles in the presence of non-
ionic TX-100

From all three investigated surfactants, the presence of the non-
ionic TX-100 in the feed solution causes the most severe fouling
development, as shown in Fig. 8a. Like for the other two ionic sur-
factants, an increase of the TX-100 surfactant concentration also
caused greater filtration resistance. Furthermore, from a concen-
tration of 1 mM, 4 mM and 8 mM of TX-100, the resistance
increases exponentially with specific permeate volume as opposite
to the linear increase observed for the two other it was for other
two surfactants. This severe fouling is not only a result of the
higher surfactant load but it is clearly related to the less negative
zeta potential of the nanoparticles in a mixture with TX-100
(Fig. 3a). Repulsive interactions between nanoparticles are weak-
ened, and therefore a more compact and dense cake structure
can be formed. As a result, the transmembrane pressure and filtra-
tion resistance increase considerably faster with specific permeate
volume compared to those of SDS and CTAB, and in the extreme
case, it grows exponentially. The significant contribution of TX-
100 to fouling development is clearly illustrated in Fig. 8b, where
the fouling rate is plotted as a function of the surfactant concentra-
tion. As shown in Fig. 8b, the fouling rate obtained during filtration
of the silica nanoparticles with non-ionic TX-100 was one order of
magnitude higher than those obtained for SDS (below 8 mM SDS,
Fig. 6b) and CTAB (Fig. 7b), due to the more compact and dense
deposit layer formed (different scales on the y-axis in
Fig. 6b, 7b and 8b).

Addition of non-ionic TX-100 to silica nanoparticles does not
change significantly the rejection in comparison to the bare
nanoparticles. For all concentrations of TX-100 investigated, the
rejection is 98–99%, as shown in Fig. 8c. The more compact struc-
ture of the filtration cake and the more severe fouling (Fig. 8a)
compared to the other two surfactants, results in the highest
nanoparticle rejection observed for the three cases described. Lim-
ited diffusion of nanoparticles across such a dense nanoparticle
deposit contributes to a high nanoparticle rejection, which is rather
independent of the surfactant concentration.

Fig. 8d shows that for non-ionic TX-100, the permeability
recovery is the highest for the lowest surfactant concentration
(0.125 mM). At intermediate surfactant concentrations, it is more
or less constant (around 1) after which it reduces significantly at
the highest surfactant concentration (8 mM) to 0.81 ± 0.01. The
significantly higher transmembrane pressures used during filtra-
tion with 8 mM of TX-100 than those for all the other filtration
runs and the lower repulsive interactions between the nanopar-
ticles in the presence of TX-100 can explain the reduced perme-
ability recovery. We think that wetting of the membrane at
increased TX-100 surfactant concentration is dominated by
extensive irreversible fouling, as opposed to the behavior of
the anionic and cationic surfactants (Fig. 6d and 7d).
4. Conclusions

In this experimental study,we investigated the effect of three dif-
ferent types of commercial surfactants (CTAB, SDS and TX-100) on
the fouling development during hollow fiber dead-end ultrafiltra-
tion of silica nanoparticles and tried to give insight into the mecha-
nisms of nanoparticle rejection and fouling development.

As previously stated, the stability of the nanoparticle suspen-
sion is found to be dependent on the type of surfactant (e.g.
[12]). Similarly to before published results, the most prominent
aggregation of nanoparticles in the feed solution is observed after
addition of CTAB, where the surface charge of the nanoparticles
is inverted from negative to positive [15]. Non-ionic TX-100 neu-
tralizes the surface charge of the silica nanoparticles causing a
slight increase in the nanoparticle size [22]. Anionic SDS does not
interact extensively with the negatively charged silica nanoparti-
cles [15].

Contrary to the work of Singh and Song [18], any addition of
anionic SDS to the feed solution has a synergic effect on fouling
development. However, below the CMC value of SDS this synergic
contribution of SDS to fouling development was limited, whereas,
above the CMC, fouling develops much strongly, which might
occur due to the formation of a more compact gel layer as previ-
ously reported in literature. For cationic CTAB, aggregation of the
nanoparticles results in only a limited contribution of the nanopar-
ticles to the built up of the filtration resistance and fouling devel-
opment is dominated by the surfactant concentration. Addition of
non-ionic TX-100 to the nanoparticle suspension indisputably
reduces the repulsive interactions between the nanoparticles thus
severely enhancing fouling. Furthermore, we observe that for each
surfactant fouling is more pronounced at higher surfactant
concentration.

Also, the nanoparticle rejection is influenced by the type of sur-
factant type and the concentration. In general, nanoparticle rejec-
tion increased in the order of CTAB-silica < SDS-silica < TX-100-
silica. We speculate that the difference in nanoparticle rejection
has its origin in the homogeneity and density of the cake layer
formed. Fouling irreversibility is difficult to assess due to addi-
tional wetting phenomena of the fibers in the presence of the sur-
factants. In some cases this results in permeability recoveries
above 1.

In general, we can conclude that surfactants play a complex role
in the fouling behavior of nanoparticles as they interact with the
membrane, with the nanoparticles and with other surfactant mole-
cules. Our investigation provides some insights into the role of the
surfactant on nanoparticle stability and the mechanisms responsi-
ble for fouling during filtration of mixtures containing both
nanoparticles and surfactants. However, a fundamental investiga-
tion of the dynamic changes of fouling mechanisms occurring at
the surface of the semipermeable membrane is necessary in order
to better understand the phenomena occurring during filtration of
nanoparticles with surfactants
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