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1.1. Engineered nanoparticles

The last two decades can be considered as the decades of the nanotechnology
revolution [1]. Technological progress enabled the manipulation and characterization of
atoms and molecules at the nanoscale resulting in a booming production and application
of nanotechnology-based goods [2-4]. The nanoparticles intermediate size between the
macroscopic and molecular level is responsible for their unique physical properties of
nanomaterials [5] and allowed the development of novel and exciting products. Their
high surface-area-to-volume ratio and especially quantum effects of the nanoparticles
have a tremendous impact on the catalytic, optical, mechanical and electrical properties
of such nanomaterials [6]. Furthermore, these properties may change with the size of the
nanoparticles, and they can be considerably different than those observed on the
macroscale.

The exact definition of nanoparticles is controversial; however, the most accurate
seems to be the one which states that nanoparticles are particles with three dimensions in
the size range between 1 nm and 100 nm [7]. According to this definition, a nanoparticle
suspension is nothing else than a special and narrower group of colloids, for which the
size is typically defined as between 1 nm and 1000 nm, as schematically illustrated in
Fig. 1.
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Fig. 1. Sizes of different particle suspensions (adapted from [8]).

Nanoparticles can be categorized into three main groups: natural, incidental and

engineered nanoparticles [9]. Natural nanoparticles are nano-scale materials occurring in



nature, such as proteins, viruses, minerals, clays etc. [10]. Incidental nanoparticles
originate from combustion processes and industrial emissions [11], whereas engineered
nanoparticles are manufactured specifically for such application as cosmetics, drugs,
paints, food, textiles etc. [12-14]. Engineered nanoparticles can be roughly classified into

several groups according to their chemical composition, as summarized in Table 1.

Table 1. Classification of engineered nanoparticles according to their chemical

composition (adapted from [15]).

Category Examples
Metals Silver (Ag), Iron (Fe), Gold (Au), Copper (Cu)
Oxides Zinc oxide (ZnO), Titanium dioxide (TiO,), Aluminum oxide

(ALO3), Iron oxides (FeO, Fe,0;)

Carbon based  Fullerene, Single-walled carbon nanotubes (SWCNT), Multi-walled
carbon nanotubes (MWCNT)

Complex Quantum dots e.g. Cadmium-selenium (CdSe), Alloys e.g. Iron-
compounds nickel (Fe-Ni)
Polymers Polystyrene (PS), Polyphenylene dendrimers

1.2. Nanoparticles in drinking water and their toxicity

Extensive application of engineered nanoparticles in commercial products results in
their release into the environment and accumulation in various water sources [16-19].
The estimated concentration of engineered nanoparticles in surface waters is expected to
vary from ng/L scale (e.g. for Ag NPs, CNT) to pg/L scale (e.g. for TiO,) [20-22].
However, due to the continuously increasing production volume of nanoparticles,
accumulation of nanoparticles in water sources is likely to increase in the coming years
[23, 24]. Moreover, numerous researchers have suggested that some of the engineered
nanoparticles are potentially toxic for aquatic life and human health. For example, a
recently published review by Liu et al. [25] on nanoparticle toxicity in wastewaters has
shown that fullerenes, some metal oxide nanoparticles, metal nanoparticles, quantum
dots and CNTs are toxic towards aquatic organisms and the exposure to engineered

nanoparticles leads to significantly higher mortality of various animal species. These
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engineered nanoparticles can penetrate human cell membranes enabling interactions of
the nanoparticles with cellular organelles, proteins and DNA chains [26]. Transport into
the cell and the high redox activity of nanoparticles are mainly responsible for
destruction of the cell functionality [27]. However, surface chemistry, size and surface
charge of nanoparticles are found also to be equally important in defining their toxicity
[25, 28]. Furthermore, various pollutants, heavy metals and dyes may easily adsorb onto
the nanoparticle surface, thus allowing their synergistic uptake [29-31].

Due to the concerns related to nanoparticle toxicity, more and more the question is raised
how to develop and use nanoparticle-based products in a sustainable way. As a result,
attention has been drawn to technologies that can efficiently remove manufactured

nanoparticles from e.g. drinking water sources or industrial waste streams [32-34].

1.3. Nanoparticle stability

Suspensions of engineered nanoparticles in water can be classified as lyophobic
colloids that are thermodynamically unstable due to their very high surface energy [35].
Kinetically, however, their coagulation can be delayed and nanoparticles often appear to
be stable in suspension due to the presence of an energy barrier for aggregation.

An example of kinetic stabilization is electrostatic stabilization. Here, nanoparticles
maintain their dispersed state due the presence of charges on the surface of the
nanoparticles. The most established theory describing the electrostatic stability of
particles was developed by Derjaguin, Landau, Verwey and Overbeek, and is known as
the DLVO theory. According to this theory, the overall potential energy of interactions
V, (J) between particles is the sum of the attractive V, (J) and repulsive potentials V. (J):

V, =V, +V, (1)

The attractive potentials arise from long-range van der Waals forces, which originate
from dipolar interactions between the molecules in the particles. For identical spherical
particles with radius » (m) and separation distance s (m), the potential energy of

nanoparticle attraction is described by Eq. 2:

v _Hr

TN (2)



H is Hamaker constant (J), which accounts for London attraction of the molecules
building two separate particles. In a liquid medium this is defined as an effective

Hamaker constant according to Eq. 3:

H=(JH, —H)’ 3)

where H, and H, are the Hamaker constants (J) of the particles and the liquid,
respectively.

The repulsive potential arises from the electrical double layer surrounding the
particles. The charged surface of the particles attracts oppositely charged ions, leading to
the partial neutralization of the surface and the formation of an electrical potential. This
potential decays exponentially with the distance from the surface of the particle to the
bulk of the solution. The repulsive potential can by calculated according to the

approximations given in Eq. 4 and Eq. 5:
V. =27e,e, 1y exp(—«s) for xr<<1 4)
V. =27,y In(L—exp(—«s)) for xr>>1 5)

where &, is the dielectric constant of vacuum (C*/J-m), ¢, is the dielectric constant of the
medium (C*J'm), r is the radius of the particle (m),y,is the surface potential of the
particle (V), s is the separation distance between two particles (m) and « is the inverse of
the Debye length (1/m) defined as:

2
o 2e°N, | ©)
£,6,KT

where e is the elemental charge (C), N, is the Avogadro number (1/mol), & is the
Boltzmann constant (J/K), T is the temperature (K) and / is the ionic strength (mol/m”).
Often, the overall total potential energy of interactions is plotted as a function of the

separation distance between the particles, as illustrated in Fig. 2.
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Fig. 2. Interaction energy between electrostatically stabilized particles in a suspension

as a function of separation distance between the nanoparticles.

Generally speaking, stable colloidal suspensions exhibit an energy barrier higher than
10-15 kT, whereas unstable suspensions have an interaction energy below 3 kT.
Suspensions with an energy barrier between 3 kT and 15 kT are semi-stable, meaning
that their aggregation rate is strongly time- and concentration dependent [36].
Furthermore, electrostatically stabilized particles are very sensitive to the solution
properties, such as pH, the presence of salt additives, and ionic strength.

Frequently, in order to improve nanoparticle stability, various types of stabilizers
are added to nanoparticle suspensions. These stabilizers adsorb onto the nanoparticle
surface, thereby enhancing the repulsive interactions between the nanoparticles. Low-
molecular weight organic compounds such as carboxylic acids [37], alcohols [38],
amines [39] or surfactants [40] are commonly used to enhance electrostatic interactions
between particles [35].

In addition, also high-molecular weight compounds such as synthetic polymers
[41], proteins [42] or polysaccharides [43] can be used to introduce steric stabilization of
the nanoparticles. This type of particle stabilization is attributed to the thermodynamic
penalty when particles that are coated by polymer chains come closer to each other. In
this situation, polymer chains are confined to a smaller volume. This induces an entropy

reduction and causes effective repulsive interactions between the particles. As it is in the



case for electrostatic stabilization (Fig. 2), also the total potential energy of interactions

for steric stabilization has a typical pattern, as plotted in Fig. 3.
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Fig. 3 Interaction energy between sterically stabilized particles in a suspension as a

function of separation distance between the nanoparticles.

Engineered nanoparticles can also be stabilized by a third type of stabilization:
depletion stabilization. In contrast to steric stabilization, in this type of particle
stabilization the polymer does not adsorb onto the particle but it occupies the space
between the particles, thus limiting collisions between particles. Nevertheless, there is no
full agreement on the origin of depletion stabilization. According to the theory given by
Feign and Napper [44] it has a kinetic nature, meaning that there exists an energy barrier
that needs to be overcome before aggregation of the nanoparticles will occur. However,
Fleer et al. [45] postulated that such a specific energy barrier does not exist and that
depletion stabilization of nanoparticles has a purely thermodynamic origin.

In contrast, many additives present in nanoparticle suspensions can induce exactly
the opposite behavior, i.e. destabilize the particles thus induce their agglomeration. As an
example, neutralization of the nanoparticle surface charge leads to reduction of the
electrostatic repulsion between nanoparticles and aggregation may occur [46-48].
Addition of high-molecular weight polymers to nanoparticles with a not fully saturated
polymer layer may lead to so-called flocculation bridging [49] or depletion aggregation
[50].
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1.4. Membrane filtration of engineered nanoparticles

As a result of their size range, colloidal particles such as humic acids [51], proteins
[52], polysaccharides [53] or inorganic clays [54] can be retained using membrane
filtration. Since nanoparticles are a special group of colloids, the general mechanisms
responsible for the filtration of colloidal particles are to a large extend also valid for
engineered nanoparticles. Nevertheless, additional effects do play a role and systematic
studies describing membrane filtration of engineered nanoparticles and (synergistic)
fouling phenomena encountered are rarely reported.

From a macroscopic point of view, retention of nanoparticles by membranes
mainly occurs due to size exclusion that is combined with the accumulation of mass on
the membrane surface [55]. The inevitable consequence of membrane selectivity is flux
decline, which originates from concentration polarization and/or fouling phenomena.
Reversible accumulation of the solute on the membrane surface is referred to as
concentration polarization. In this process, the retained solutes form a concentration
gradient perpendicular to the membrane surface that creates a driving force for back
diffusion of the particles towards the bulk of the solution [56]. Fouling is the built-up of
material on the membrane surface due to adsorption, pore blockage, solute deposition or
gel layer formation [56]. Both phenomena contribute to an increase of the hydraulic
resistance. According to the resistance-in-series approach, the flux decline in a filtration
process can be written as [57]:
I AP -Ar

Hu(R, + ch +R, + pr +R.)

0

Where J is the volumetric flux (m*/m?:s), AP is the transmembrane pressure (Pa), Az is
the osmotic pressure (Pa), # is the viscosity (Pa‘s), R, is the membrane resistance (1/m),
R, is the resistance due to concentration polarization (1/m), R, is the resistance due to
adsorption (1/m), R, is the resistance due to pore blockage (1/m) and R, is the
resistance due to cake filtration (1/m).

From a fundamental point of view, the transport of the solute towards the membrane
surface is driven by the convective flux towards the membrane surface, back diffusion of
the solute, membrane-solute and solute-solute surface interactions, and hydrodynamic
conditions [56]. Together these contributions determine the net flux of solute towards the

membrane and this flux can be described according to Eq. 8.

dcC
N:JC—DE+p(§)+q(1) ®)



where N is the flux of the solute towards the membrane (kg/mz-s), J is the volumetric
flux (m*/m?'s), and C is the concentration of the solute (kg/m3). D is the Brownian
diffusion coefficient (m%s) and dC/dy is the concentration gradient of solute
accumulated on the membrane surface (kg/m*), whose product describes back transport
of the solute. p(¢{) stands for one or more functions describing the transport of the solute
due to the surface interactions ¢. p(¢) can be positive if the attractive interactions
between the membrane surface and the solute dominate. If these interactions are
repulsive (for example due to electrostatic or steric repulsions), this term becomes
negative. After coverage of the membrane surface with a monolayer of a solute,
membrane-solute interactions are substituted by solute-solute interactions [58]. The
contribution of local hydrodynamics to the solute flux is described by the ¢(7) term that
accounts for the presence of shear-induced diffusion, internal lift, cake rolling and cake
flowing, which are all induced by a shear rate 7[59]. In general, with decreasing solute
size, the contribution of back diffusion and surface interactions becomes more important
[56]. Consequently, due to the small size of the nanoparticles, these two terms are
expected to be substantial for their filtration behavior.

The convective flux towards the surface membrane concentrates the nanoparticles at the
membrane boundary layer. The separation distance between nanoparticles reduces and in
an extreme case, the drag force originating from the convective flux overcomes the
energy barrier against nanoparticle aggregation. As a result, an aggregate phase could be
formed at the membrane surface [60]. Due to the larger size of the nanoparticle
aggregates, their diffusion coefficient reduces and the contribution of back diffusion on
the net flux towards the membrane vanishes. Hence, the aggregates deposit on the
membrane surface, forming a fouling layer and the transition from concentration
polarization (dispersed state of nanoparticles) to fouling (aggregate deposition) takes
place [61]. The conditions at which this transition occurs, are the so-called critical
conditions such as the critical nanoparticle concentration [62], the critical flux [63], the
critical filtration volume [64] etc. These critical conditions depend strongly on the
nanoparticle stability. The higher the stability of the nanoparticles, the higher the critical
value will be and less pronounced fouling is observed. In that sense, stabilizers added to
nanoparticle suspensions have the potential to decrease the fouling tendency of the
nanoparticles. On the other hand, stabilizers also represents additional foulants. As such,
when retained by the membrane, also the stabilizers themselves contribute to the
hydraulic resistance. An inappropriate type of stabilizer or an inadequate concentration

may destabilize the nanoparticle suspension at the membrane surface and enhance
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fouling. Aggregation of nanoparticles into larger particles in the bulk of the solution (so
before reaching the membrane surface), can however also lead to the formation of a

more porous deposit, thus reducing the filtration resistance again.

1.5. Problem definition and scope of the thesis

As briefly described above, fouling behavior of engineered nanoparticles is a
delicate balance between the dispersed and the aggregated phase of engineered
nanoparticles at the membrane-feed interface. Obviously, due to an increase of the
nanoparticle size, the aggregation process influences pore blockage and deposition of
nanoparticles on the membrane surface, which inevitably influences nanoparticle
rejection. Moreover, differences in retention of a porous membrane towards
nanoparticles and stabilizers may additionally complicate accurate prediction of fouling
development during the filtration of stabilized nanoparticles.

Although membrane filtration of colloidal particles in general is rather well
described in the literature, not much is known about filtration and synergistic fouling of
engineered nanoparticles in the presence of additional stabilizers. Therefore, this
research investigates and elucidates mechanisms responsible for fouling and rejection
development by porous membranes during filtration of model engineered nanoparticles.
This work includes:

e A detailed description of fouling development during membrane dead-end
filtration, which contains determination of fouling stages and parameters
influencing the duration and severity of the fouling.

e  Comparison of various types of nanoparticle stabilization and the investigation of
their role in the formation of a nanoparticles deposit on the membrane surface and
nanoparticle rejection during filtration.

e  Description of the hydrodynamic parameters responsible for the uniformity of

membrane fouling along a porous hollow fiber membrane.

10



1.6. Outline

This thesis describes the filtration of engineered nanoparticles using hollow fiber
dead-end filtration with a main focus on nanoparticle stability and their role in fouling
development.

Chapter 2 investigates the fouling mechanisms occurring during constant pressure dead-
end microfiltration of electrostatically stabilized silica nanoparticles that are much
smaller than the pores of the membrane. The proposed fouling mechanism consists of 5
stages: 1) nanoparticle adsorption onto the membrane; 2) transport of the nanoparticles
through the membrane pores; 3) pore blocking; 4) cake filtration and 5) cake maturation.
The role of nanoparticle stability on fouling severity is elucidated.

Chapter 3 studies the influence of silica nanoparticle size and polydispersity on fouling
development and nanoparticle rejection.

Chapter 4 considers the filtration and synergistic fouling of sterically stabilized silica
nanoparticles. The impact of molecular mass and concentration of the steric stabilizer on
the nanoparticle stability upon nanoparticle rejection and permeate flux decay is
investigated.

Chapter 5 describes the filtration behavior of the silica nanoparticles in a mixture with
surfactants. The effect of the type of surfactant applied and its concentration on the
nanoparticle stability and the filtration behavior of the nanoparticles is evaluated.
Chapter 6 investigates the axial dependency of fouling development and nanoparticle
rejection along the hollow fiber membrane. This chapter investigates the uniformity of
the nanoparticle deposition along the fiber length during hollow fiber dead-end filtration.
Finally, the main conclusions of this work are presented in Chapter 7. It also provides

recommendations for future work on nanoparticle filtration.
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CHAPTER 2

Dead-end microfiltration of electrostatically stabilized
nanoparticles - role of electrostatic interactions
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Abstract

Membrane technology proves to be effective in the removal of nano-sized
contaminants from water. However, not much is known on the filtration and fouling
behavior of manufactured nanoparticles.

The high surface-area-to-volume ratio of nanoparticles, significantly increases the effect
of surface interactions on the stability of nanoparticle suspensions. Also, the stability of
nanoparticle suspensions and their tendency to aggregate strongly affects the fouling
mechanism during membrane filtration of nanoparticles. In this experimental study,
fouling development and rejection mechanisms of model mono-disperse silica
nanoparticles were investigated in great detail.

A microfiltration hollow fiber membrane was employed in dead-end filtration mode for
the filtration of commercially available silica nanoparticles under constant pressure. By
applying a low concentration of nanoparticles and a large difference between the
membrane pore size (~200 nm) and the nominal size of the nanoparticles (22 nm), a
detailed investigation of the fouling mechanisms was allowed. Five subsequent fouling
stages were postulated: adsorption, unrestricted transport through pores, pore blocking,
cake filtration and cake maturation. Higher concentrations of nanoparticles did not
change the behavior of these fouling stages, but were found to lead to their acceleration.
Fouling severity and occurrence of dynamic transitions between these fouling stages
were quantitatively evaluated. The presence of salts, pH and valency of the cation
strongly influenced nanoparticle properties and interactions and thus occurrence and
character of the fouling stages. Lower repulsive interactions between the nanoparticles
accelerate fouling by faster pore blockage and aggregation on the membrane surface.
Porosity and permeability of the formed filtration cake layer are strongly dependent on
the repulsive interactions between nanoparticles, with a lower repulsion leading to denser
cake layers. This chapter clearly shows that fouling development and rejection of
nanoparticles by microfiltration membranes easily can be adjusted by tuning the

electrostatic interactions between the suspended nanoparticles.
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2.1. Introduction

Over the recent decades, the unique properties of nanomaterials have led to an
exponential growth in the development of nanotechnology and a rapid expansion of the
nanotechnology industry. Of all nanomaterials, engineered nanoparticles are the most
recognized and they are produced in the largest quantities. Today, nanoparticles can be
found as additives in many common products such as cosmetics, paints and cleaning
agents [1]. However, this increase in interest and possible applications of engineered
nanoparticles will contribute to an increasing discharge of nanoparticles into aquatic
systems with associated health and environmental consequences. Thus, effective
methods for nanoparticle removal have to be developed. One of the most promising and
reliable techniques in water purification is membrane technology, which has already
proven to be effective in the removal of colloidal particles such as proteins, natural
organic matter and inorganic particles (e.g. [2-5]).

However, not much is known about membrane filtration and the dynamics of fouling by
engineered nanoparticles. Especially, the small size of nanoparticles makes their
behavior different as it results in a high surface-area-to-volume ratio, which significantly
increases the role of the surface interactions during membrane filtration. As a
consequence, membrane filtration of nanoparticles will be not only driven by simple size
exclusion of the membrane. Also other retention mechanisms such as adsorption,
electrostatic repulsion or steric effects will play more dominant role in the separation of
these engineered nanoparticles.

Membrane fouling has been intensively investigated over recent years in numerous
studies and the factors responsible for fouling severity have been well defined [6].
Generally speaking, membrane fouling starts with foulant-membrane interactions, which
cause an initial adsorption of a fouling layer. Then, while the initial foulant layer covers
the membrane surface, the next fouling step is driven by foulant-foulant interactions.
Further fouling development is promoted or diminished depending on whether the
foulant-foulant interactions are more attractive or more repulsive in character,
respectively. The electrostatic blocking effect, first reported by Vincent et al. [7] and
later by Adamczyk et al. [8], is an example of repulsive interactions, which are caused by
double-layer electrostatic repulsion between particles. Once a particle is already
adsorbed on the surface, repulsive particle-particle interactions prevent further deposition
near a previously settled particle. Therefore, in the case of membrane fouling and if the
repulsive energy barrier is high enough, no further aggregation on the surface is possible

and fouling can be suppressed. On the other hand, if the repulsion forces between the
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particles are weak and can be overcome by a relative increase in kinetic energy by fluid
motion towards the membrane, aggregation on the surface is facilitated and multilayer
deposition can be promoted [9, 10]. This aggregation contributes to the formation of a
thick fouling layer on top of the membrane or inside the porous membrane structure.
Porous membranes, especially ultra- and microfiltration, which can be applied for the
removal or fractionation of engineered nanoparticles [11-16], are prone to fouling by
particles smaller than the membrane pore size. In that case, pore blockage is the result of
pore constriction and/or pore diameter narrowing at the membrane surface and inside the
porous membrane structure [17-20]. This reduction in pore size of the membrane causes
a change in the performance of the membrane in terms of rejection and filtration
resistance.

According to the DLVO (Derjaguin-Landau-Verwey-Overbeek) theory and in line
with many experimental studies, the stability of the nanoparticle significantly influences
the filtration process [21-23]. During membrane filtration, the concentration of
nanoparticles at the membrane surface increases depending on the flux during filtration
and the level of nanoparticle rejection. For very stable colloidal suspensions, this local
increase in nanoparticle concentration does not promote aggregation since particle
stability is not very sensitive to concentration changes. Furthermore, a deposit formed by
such a stable nanoparticle suspension would remain porous and easily permeable for
water. However, for less stable nanoparticle suspensions, an increase in the nanoparticle
concentration on the membrane surface can most likely result in local-near membrane
surface clustering and aggregation of nanoparticles [24]. This lower nanoparticle
stability promotes faster pore blockage, followed by the formation of a denser and less
permeable cake layer. Therefore, to estimate the role of nanoparticle stability in a
dynamically changing filtration process, it is essential to investigate the kinetics of
fouling development and impact of surface interactions on each of the considered fouling
stages. However, most of the studies on particle fouling of porous membranes ignore the
dynamic character of the membrane fouling and focus on the dominant fouling
mechanism [25, 26].

This chapter encompasses a detailed investigation into the dynamic development
of membrane fouling and rejection of a series of silica nanoparticles, which are
representative for a large group of electrostatically stabilized nanoparticles. Alteration of
the nanoparticle stability by a change in pH, salt concentration or salt type enabled
adjustment of the fouling evolution and nanoparticle rejection during the course of

filtration. Large differences between membrane pore size and the diameter of the
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nanoparticles allowed a detailed study of the different fouling stages that could occur
during dead-end microfiltration of nanoparticles. The inclusion of the initial fouling
stages is especially important as nanoparticles are typically present in very low
concentrations where a slow evolution of fouling stages is expected. The impact of the
nanoparticle stability on each fouling stage was analyzed quantitatively using available
theory and experimental data. According to our knowledge, up to date, such a detailed
and systematical study on fouling kinetics during dead-end microfiltration of

electrostatically stabilized nanoparticles has not yet been reported.

2.2. Theory

Characteristic fouling stages and the transition points between them can be
quantitatively evaluated by a detailed investigation of the obtained resistance vs.
permeate volume (R vs. V) curves, combined with the classical filtration laws [27]
described by the dR/dV vs. R relationship [28, 29] as:
dr n
= k-R )]
where R is the filtration resistance (1/m), V' is the volume of the permeate (m®)and n is a
dimensionless exponential factor representative for the specific fouling model for (a)
complete blocking (n = 2), (b) standard blocking (n = 1.5), (c) intermediate blocking
(n=1) or (d) cake filtration (» = 0). This model and definition of fouling stages recently
were applied by Xiao et al. to describe fouling evolution and gel layer growth during
constant pressure stirred dead-end filtration [28, 29]. Fig. 1 schematically shows the
fouling development (a) during constant pressure dead-end microfiltration and respective
dR/dV vs. R curve (b).

For the possible occurrence of fouling, the foulant firstly always is adsorbed onto the
membrane surface (stage 1 in Fig. 1) [10]. Due to membrane pore narrowing upon
adsorption, this initial fouling step can lead to an increase of the filtration resistance.
Consequently, the exponential factor » has a positive value. For systems where the
membrane pore size is sufficiently larger than the nanoparticle size, pore narrowing does
not reduce the pore size sufficiently to block the pore completely, and nanoparticles can
still be transported through the pores. Therefore, in the second fouling stage (2), pore

blockage does not occur, the resistance develops significantly slower and the exponential
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factor n has a negative value (n < 0). The demarcation point between the adsorption

stage and transport stage is referred to as the equilibrium point.

Transition

a point b

Critical
point Transition

n=0 \L point

Critical (dR/dV)mature

point

Blocking
point
Equilibrium /

Equilibrium
point

Blocking

Resistance, R
dr/dv

4

Resistance, R

Pore Cake
blockage filtration

Adsorption Transport Maturation

Fig. 1. Idealized fouling development scheme for dead-end microfiltration of silica
nanoparticles. (a) Resistance as a function of the permeate volume; (b) dR/dV vs R curve

and characteristic points indicating shift between fouling stages. Model extended from

[28].

Subsequently, when pore blockage (stage 3 in Fig. 1) starts, a significant reduction of the
pore sizes occurs and a drastic increase of the resistance is visible. The exponential factor
n rises again to positive values (n > 0). The point at which the exponent n changes its
sign to a positive value is referred to as the blocking point — the point at which pore
blocking starts. As a natural continuity of pore blockage, cake filtration (stage 4 in
Fig. 1) takes place. According to the classical filtration laws [27], in a pure cake filtration
stage the resistance rises linearly with permeate volume, and hence in this stage the
exponential factor n is equal to 0. The starting point of stage 4 — the critical point — is the
most accurately described by a cake filtration model and is referred to as a demarcation
point between pore blockage and cake filtration. The resistance increase rate around the
critical point (dR/dV).. normalized to the feed solution concentration is known as the

specific cake resistance a. The higher the specific cake resistance, the more compact the
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cake structure. In constant pressure filtration, a reduced permeate flux caused by the
development of a cake layer may lead to maturation of the cake (stage 5 in Fig. 1). In
that case, a decreasing permeate flux leads to a reduction of the drag force of particles
towards the membrane surface, which at a certain point becomes equal to the back
transport of the nanoparticles due to diffusion or/and the strong electrostatic repulsions
between the nanoparticles. At this stage, filtration is carried out at a steady-state flux,
which is equivalent to the critical flux in cross-flow filtration [28, 30]. As a consequence,
the cake layer growth is reduced, the resistance develops slower and a negative value of
exponent n is obtained. For infinitely long filtration times, resistance approaches
asymptotically a stable value and the exponent # is infinitely negative. The transition
point — the established point between the cake filtration stage and the maturation stage —
we defined as the intersection point of the tangents describing the fouling development
in the cake filtration stage and the fully developed maturation stage (see Fig. la). In
order to quantitatively describe fouling development in the maturation stage, the
resistance increase rate in the maturation stage (dR/dV),unre 18 calculated. The lower the
(dR/AV) yanre Value is, the closer it is to the plateau indicating filtration under steady-state
flux [30].

In this study, in order to quantitatively and in great details describe fouling development
in microfiltration of electrostatically stabilized nanoparticles, characteristic points were
calculated. The equilibrium point, blocking point and critical point were calculated by
investigation of the exponent n change in sign. Transition point was estimated as a
intersection point of the tangents describing the resistance increase in the cake filtration

stage and maturation stage.

2.3. Experimental
2.3.1. Materials

Commercially available colloidal silica Ludox TM-50 . supplied in the form of
aqueous suspensions containing 50% silica nanoparticles (Sigma Aldrich) were used as
model silica nanoparticles. All solutions were prepared using ultrapure water (Milli-Q,
>18.2 MOhm). ACS grade NaCl, HCI, NaOH, KCI and CaCl, were purchased from
Sigma Aldrich and used in aqueous solutions in order to adjust the pH and ionic strength

of the nanoparticle solutions. All chemicals were used without further purification.
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2.3.2. Membrane and membrane characterization

The membranes used in the experiments were commercially available inside-out
PES-PVP microfiltration (MF) membranes (Pentair X-Flow 1.5MF02) supplied by
Pentair X-Flow BV (The Netherlands). To prepare a filtration module, one MF-hollow
fiber membrane (length 53 mm and inner diameter 1.5 mm) was potted in a PVC tube
(outer diameter 8 mm) with two-component polyurethane glue 2K Expert (Bison
International B.V., The Netherlands) to give a final filtration area of 2.5 cm’. The
membrane was characterized in terms of pure water permeability, scanning electron
microscopy analysis (SEM), inner surface charge, and pore size distribution. For SEM
analysis, small pieces of both the dry native membrane and the fouled membrane were
sputtered with a thin platinum layer using a Jeol JFC-1300 fine coater. The SEM images
were taken using a high-resolution SEM microscope (Jeol JSM-6000F). The pore size
distribution of the membrane was measured using the capillary flow porometry (CFP)
technique. The measurements were conducted using a Porolux™ 1000 device
(POROMETER NV) and Porefil Wetting Fluid (supplied by POROMETER NV) was
used as pore-filling liquid. The zeta potential of the inner surface of the membrane was
measured using a SurPASS electrokinetic analyzer (Anton Paar GmbH). A module for
the zeta potential measurements was prepared by potting a single hollow fiber in 8 mm
PE tube by filling the tube completely with two component epoxy resin. The streaming
potential of the inner surface of the membrane was evaluated by flushing 5 mM KCl
through the fiber lumen. The pH was adjusted using aqueous 0.1 M NaOH and 0.1 M
HCI solutions. The zeta potential was calculated according to the Fairbrother-Mastin

equation.

2.3.3. Permeation setup

All filtration experiments were performed in dead-end filtration mode using the
setup shown schematically in Fig. 2. Pressurized nitrogen was connected to two vessels
and the outlets of both vessels were connected to the single fiber filtration module.
Before filtration of the nanoparticle solution, 50 mL of ultrapure water was filtered
through the membrane to obtain a stable pure water flux. Due to the potting procedure,
small difference in membrane surface area between individual modules were obtained,
hence pure water fluxes varied to a small extent. Only the modules with about uniform
pure water fluxes were chosen for further filtration with silica nanoparticles. A deviation

of about 10% from the average pure water permeability was accepted. In the second step,
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after determination of the ultrapure water flux, the nanoparticle solution vessel was
connected to the membrane by opening the valve. This procedure and setup design
enabled us to observe adsorption phenomenon already from the beginning of the
filtration process. Permeate was collected during the experiment and the mass increase
over time was monitored continuously by an analytical balance connected to a computer.

Permeability was calculated according to Eq. 2:
L= @)

Where L is the liquid permeability (L/m* h-bar), J is the flux (L/m*h) and AP is the
transmembrane pressure (bar). Every 50 mL of permeate was collected for ICP-MS

analysis. Rejection of the silica nanoparticles was calculated according to Eq. 3:

Cc
o=1- C—': )
where o is the rejection (-), Cp is the concentration of the nanoparticles in the permeate
sample (mg/L), Cyis the concentration of the nanoparticles in the feed solution (mg/L).
The experiments were stopped when 400 mL of nanoparticle solution was filtered. All
the experiments were performed at a transmembrane pressure of 0.20 + 0.02 bar at a
temperature of 22 + 1°C. Each set of experiments was repeated three times and the

filtration curves achieved were averaged.

2 D>} Membrane
N |

7 7 9
gt | o =

P

. 1
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Pressurized Milli-Q Nanoparticles Balance
nitrogen water solution

Fig. 2. Flow sheet of the experimental constant pressure filtration setup.

25

N
&
3
H
-
<
o
o




9]
o
>
c)
|
o
=
N

2.3.4. Filtration experiment

To investigate the influence of the nanoparticle concentration on the fouling
behavior, Milli-Q water solutions containing 1 mM NaCl and 1 mg/L to 10 mg/L of
silica nanoparticles were prepared at pH 8. The role of the stability of the nanoparticle
solution on the fouling mechanism was studied using feed solutions with the same
nanoparticle concentration (2 mg/L of silica nanoparticles) but higher ionic strength or
lower pH. The influence of the valency of the cation of the salt on the fouling behavior
of the silica nanoparticles was evaluated using CaCl,. Philips CM300ST-FEG
Transmission Electron Microscope (TEM) was used to image the silica nanoparticles,
and their size distribution was determined from TEM images using ImageJ 1.48v
software (National Institute of Health). Hydrodynamic diameter and surface zeta
potential of the nanoparticles were measured by dynamic light scattering (DLS) and
electrophoretic mobility measurements using a Malvern ZetaSizer 3000HSa. The
measurements were conducted using approx. 0.5 g/L nanoparticle solutions prepared by
dilution of commercial suspensions in ultrapure water. The nanoparticle concentration in
the feed and permeate solutions was measured by ICP-MS (Thermo Fisher Xseries 2),
by evaluating the total silicon content. The detection limit of Si by the applied ICP-MS
technique was 0.05 mg/L, which is more or less equivalent to 0.01 mg/L SiO,. Thus,
using 2 mg/L of SiO, in the feed solution, the maximum measurable rejection could not
be higher than 95%.

4. Results and discussion
4.1. Membrane and particles characterization

The pore size distribution of the investigated microfiltration (MF) PES-PVP
membrane is presented in Fig. 3a. The capillary flow porometry (CFP) measurements
show that the pore diameters vary between 160 and 240 nm, while the mean pore
diameter is found to be 200 nm. The SEM images in Fig. 3¢ and Fig. 3d reveal that the
pores are far from cylindrical in shape: they are tortuous, their diameter is broadly
distributed and difficult to define. The membrane has a highly asymmetric structure
(Fig. 3d) with a selective layer of several hundreds of nanometers thick at the inside of
the fiber. As a consequence, pore blockage phenomena will take place only at this thin
and selective interface or at the surface of the membrane. The zeta potential of the inner

membrane surface as a function of the pH is shown in Fig. 3b. The inner membrane
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surface has its isoelectric point at pH 4.3. The clean water permeability of the membrane
is in the range of 11-10°-12-10° L/m* h-bar.
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Fig. 3. (a) Pore size distribution of the investigated MF membrane according to capillary
flow porometry (CFP) measurements, (b) Zeta potential as a function of pH at the inner
surface of the investigated MF membrane; SEM images of the applied native MF
membrane (c) inner surface and (d) cross-section of the native membrane.
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Fig. 4. (@) TEM image of silica nanoparticles Ludox TM-50 and (b) size distribution
obtained from TEM image analysis
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As shown in Fig. 4, silica nanoparticles were analyzed by TEM microscopy. The size of
the nanoparticles varied between 17 and 34 nm. The mean diameter of the nanoparticles
was estimated as 25.5 £ 5.2 nm, which is slightly larger than the value given by
manufacturer (22 nm). The difference between pore size of the membrane (see Fig. 3)
and nanoparticle diameter is about a factor 8.

Correspondingly, the zeta potential and Z-average diameter of the silica nanoparticles
used in this study as a function of pH are presented in Fig. 5.0ver the whole pH range
measured, the silica nanoparticles are negatively charged. With increasing pH, the
nanoparticle surface becomes strongly charged as reflected in the more negative zeta
potential, which is due to deprotonation of the silanol groups on the surface of the
nanoparticles [21]. The Z-average diameter as calculated from DLS measurements —
representing an average hydrodynamic diameter of the nanoparticles — varies from about
23 nm to 33 nm (Fig. 4). The hydrodynamic diameter of the silica nanoparticles
increases in line with the decrease of the zeta potential. The increasing Z-average size
with increasing pH is quite surprising, and we attribute it to artifacts of the DLS

measurements caused by compaction of electrical double layer when HCI is added

during pH adjustment.
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Fig. 5. Zeta potential and Z-average diameter of Ludox TM-50 silica nanoparticles as a
function of pH.
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2.4.2. Filtration experiments
2.4.2.1. Influence of nanoparticle concentration

Due to a high surface-area-to-volume ratio of nanoparticles, thus more pronounced
role of surface interactions, rejection and fouling development during nanoparticle
microfiltration is not only driven by a simple size exclusion but also by surface
interactions. For electrostatically stabilized nanoparticles, interactions between
nanoparticles and between membrane and nanoparticles can significantly influence
rejection and fouling.

The influence of nanoparticle concentration on the fouling behavior during membrane
filtration at pH 8 was investigated. The permeability and rejection as a function of the
specific permeate volume for various nanoparticle concentrations are shown in Fig. 6a
and Fig. 6b, respectively. As expected, fouling develops faster and is more pronounced
at higher nanoparticle concentrations. In order to quantitatively describe fouling
evolution and shifts between the different fouling stages, the characteristic parameters as

discussed in Fig. 1 were calculated and are summarized in Table 1.
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Fig. 6. (a) Permeability and (b) rejection as a function of specific permeate volume for
various concentrations of Ludox TM-50 silica nanoparticles during dead-end
microfiltration at pH 8.

As shown in Fig. 6a, when using 1 mg/L of nanoparticles directly at the beginning of the
filtration process, the permeability reduces to approximately 90% of the initial
permeability value. Subsequently, it stabilizes and finally declines again at the end of the
filtration. This first and immediate decrease of the permeability occurs for all applied
concentrations and can be explained by blockage of the smallest pores due to surface
adsorption or concentration polarization, which occurs directly after introduction of the

nanoparticles to the membrane module. Fig. 6b confirms the occurrence of an additional
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rejection mechanism (adsorption) at the very beginning of the filtration process. It shows
a slightly higher rejection for silica nanoparticles (1 mg/L) in the first measured
permeate sample than in the following two samples. However, this initially higher
rejection is not observed during filtration of solutions containing higher concentrations
of silica nanoparticles (apart from 10 mg/L but this is due to different a mechanism, as at
this concentration the membrane is immediately blocked). Probably, due to the low
adsorptive capacity of the membrane surface or the low surface area available, only a
small number of nanoparticles can be adsorbed or entrapped inside the membrane
structure. At higher concentrations, this amount of adsorbed nanoparticles, in
comparison to the total number of nanoparticles in the feed solution, is negligible and no
improvement in terms of the rejection is observed. Adsorption is possible by the
formation of hydrogen bonds between the PVP molecules in the membrane structure and
the silica nanoparticles [31]. Secondly, the tortuosity of the pores may facilitate
entrapment of the nanoparticles, which consequently results in a lower permeability.

For the 1 mg/L feed solution, for the immediate entrapment of the nanoparticle on the
membrane surface and the initial decrease in permeability, the permeability becomes
more stable (Fig. 6a). The same stabilization of the permeability occurs for 2 mg/L and,
less pronounced, for 5 mg/L. Since in this stage fouling development slows down, the
exponential factor » has a negative value (see Equation 1). The point at which the sign of
the exponential factor » shifts from a negative (in the adsorption stage) to a positive (in
the transport stage) value is referred to as the equilibrium point. At this point, the second
filtration stage (see Fig. 1) — nanoparticle transport across the membrane — is initiated.
Furthermore, the rejection of nanoparticles at this stage is only about 10% (Fig. 6b)
suggesting transport of nanoparticles through the open membrane pores. Similar fouling
behavior with an initially stable flux and low fouling was observed e.g. by Tracey et al.
[32] and by Xiao et al. [28] during protein microfiltration. The large difference between
the pore size of the membrane and the nanoparticle diameter allows transport of
nanoparticles without rejection. Moreover, electrostatic repulsion induced by the
negative surface charges of the membrane (Fig. 3b) and the negatively charged
nanoparticles (Fig. 5) — and the even stronger electrostatic repulsion between already
adsorbed nanoparticles and freshly transported nanoparticles from the bulk — further
reduces particle deposition on the surface and inside the pores. As a result, clogging of
the pores inside the membrane structure is not observed and nanoparticle rejection stays

low while permeability is relatively constant.
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However, after longer filtration time a second decrease in permeability is observed
(Fig. 6a). The point at which permeability starts to reduce significantly faster and as a
result the exponential factor n changes its sign to positive we marked as the blocking
point (see Fig. 1). The corresponding rejection data in Fig. 6b show that from this point
on, rejection increases from about 10% up to about 90%. The sudden fouling
acceleration can have several reasons, such as cake compaction [33, 34], aggregation of
nanoparticles due to concentration polarization [35] or pore blockage [28]. Firstly, a low
rejection of the nanoparticles (see Fig. 6b) before the blocking point excludes cake
compaction as cause. Cake compaction needs to be preceded by a cake filtration stage,
which would definitely contribute to a higher nanoparticle rejection, and this is not the
case here. Secondly, internal pore blockage is limited by an asymmetric structure of the
membrane used (see Fig. 3d). Therefore, pore blockage can only occur in the very thin
and selective top layer of the membrane. Thirdly, due to the difference between
membrane pore size (Fig. 3a) and nanoparticle diameter (Fig. 4), pore blocking due to
pore constriction is rather unlikely. However, such self-accelerating fouling development
was theoretically predicted by Wessling [36] and later by Chen and Kim [17] for a dead-
end filtration of the solute much smaller than the membrane pores. They showed that
membrane pores can be clogged by deposition of nanoparticles on the membrane surface
and subsequent pore closure by formation of a nanoparticle deposit, which will act as a
secondary and dynamic membrane enhancing rejection. Therefore, we suggest external
nanoparticle deposition followed by pore closure as the most probable for the fouling
acceleration after transport stage of nanoparticles.

As summarized in Table 1, the specific permeate volume needed to reach the blocking
point (V) 1s inversely proportional to the concentration of the nanoparticles in the
feed solution. In other words, by increasing the concentration of nanoparticles, the
blocking point was reached faster but always the same total amount of nanoparticles was
transported towards the membrane surface before pore blockage was initiated. Therefore,
if the interactions between nanoparticles in various feed solutions are the same but the
concentration of nanoparticles varies widely, we can always expect the same fouling

evolution of nanoparticles, which will be only a function of the number of nanoparticles.
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Table 1. Characteristic parameters describing fouling development during dead-end
microfiltration for various concentrations of Ludox TM-50 silica nanoparticle
suspension at pH 8. Vg Viiocks Vere and Ve are specific permeate volume at the
equilibrium point, blocking point, critical point and transition point, respectively; R,
Ryjocts Reris and R, are the resistance at the equilibrium point, blocking point, critical
point and transition point, respectively; o is specific cake resistance; (AR/AV)yq is
resistance development in maturation stage; na (not available due to too slow or too fast

fouling development).
Nanoparticle concentration [mg/L] 1 2 5 10
Equilibrium ¥, [m’/m’] 0.05+£0.01  0.04+0.01 na na
point R, (10" 1/m] 33801 344011 na na
Blocking Vitock [m>/m?] 0.48+0.06  0.23£0.02  0.10+0.01 na
point Rysoer [10" 1/m] 4.0+0.1 3.940.1 3.8+0.1 na
Critical Ve [m%/m?] 1.45£0.08  0.65£0.02  0.3320.02  0.21:0.02
point R [10" 1/m] 7.240.2 7.5+0.4 8.8403  11.2+0.2
a [10"° m/kg] 7.2+0.4 7.2+0.2 7.140.3 7.0+0.1
Transition V wae [m/m?] na 1.22£0.01  0.70+0.03  0.43+0.02
point Ry [10"° 1/m?] na 146207 193:0.1  24.7+0.8
(dR/dV) e 110" 1/m?] na 5.2+0.8 2.840.1 1.0£0.1

The fourth stage of the silica nanoparticle filtration process can be attributed to
cake filtration (Fig. 1, stage 4) as the logical continuation of complete blockage of the
pores. The calculated critical points (listed in the Table 1) quantify the transition between
the pore blockage stage and the cake filtration stage. Likewise to the blocking point, the
critical point is reached faster when higher nanoparticle concentrations are applied. Also
for this critical point, the specific permeate volume at the critical point (V) is inversely
proportional to the nanoparticle concentration (see Table 1). Moreover, the filtration
resistance at the end of the pore blockage stage — the critical point — rises with
nanoparticle concentration in the feed solution, suggesting not only faster but also more
severe pore blockage at higher nanoparticle concentrations. This behavior, where the
magnitude of pore blockage increases with concentration, can be explained by a faster
nanoparticle aggregation rate near the membrane surface.

The fouling evolution in the cake filtration stage is described by the cake specific

resistance o, which is the same for all investigated concentrations (see Table 1). An
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equal specific cake resistance indicates equal packing density of the filtration cake. Due
to identical electrostatic interactions between nanoparticles and the same acting drag
force (same size of nanoparticles, same applied pressure), the separation distance
between nanoparticles in the filtration cake formed is constant. This is visualized in
Fig. 7 that the resistance and rejection increase as a function of the particle load. The
data of all concentrations coincide and the steepest slope of the resistance increase is
defined as the specific cake resistance. From the beginning of this filtration stage, the
observed rejection of nanoparticles is constant and equals about 90%. Lower
nanoparticle rejection than 100% is commonly observed in membrane technology and

mostly originates from the polydispersity of the membrane pores [37].
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Fig. 7. Filtration resistances and rejection as a function of particle load for various
feed concentrations of Ludox TM-50 silica nanoparticles during dead-end filtration
atpH .

An arbitrarily defined transition point initiates the last stage, the maturation stage
(stage 5, Fig. 1). The transition point is defined as the point at which the slope of the
resistance development in the cake filtration stage crosses the tangent of the asymptotical
resistance development in the maturation stage (see Fig. 1). At this last stage, the
permeability stabilizes (Fig. 6a) and rejection is still maintained at about 90% (Fig. 6b).
Aimar et al. [24] attributed this flux stabilization to the filtration under critical flux. At
this flux, back transport of nanoparticles due to diffusion and electrostatic repulsion
between nanoparticles is equal to convective transport towards the membrane surface.
For a stable nanoparticle suspension, at this flux, near membrane surface aggregation of
nanoparticles is terminated and freshly deposited nanoparticles only form concentration
polarization layer on top of the filtration cake. Since the filtration resistance comes

mainly from the layer of aggregated nanoparticles (forming a compact filtration cake),
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further transport of the nanoparticles towards the membrane surface (occurring without
nanoparticle aggregation), does not result in higher resistances (Fig. 7). As before, the
final filtration stage was achieved faster at higher nanoparticle concentrations (Table 1)
and is inversely proportional to the nanoparticle concentration. However, as shown in
Fig. 7, by applying a higher nanoparticle concentration, a higher particle load is needed
to complete the cake filtration stage and initiate the maturation stage at which the
resistance stabilizes. As a result, the resistance at the transition point is also higher at
higher nanoparticle concentrations (Table 1). It is well known that with higher solute
concentrations in the feed, the critical flux is lower. Consequently, for higher feed
concentrations, in order to reach lower critical flux value, thicker cake layers need to be
formed thus increasing the filtration resistance. For higher nanoparticle concentrations,
the reduced convective transport of the nanoparticles towards the membrane surface will
also contribute to a slower fouling development in the maturation stage. This is
quantitatively described by (dR/dV),,.; in Table 1. For higher nanoparticle concentrations,
(dR/dV),..: 1s lower, which can be attributed to the lower drag force in the maturation

stage or to a not fully developed maturation stage (e.g. at 2 mg/L).

2.4.2.2. Influence of the feed pH

The effect of the feed solution pH on the filtration behavior of silica nanoparticles is
shown in Fig 8. As expected, at lower pH of the feed solution, permeability decreases
faster (Fig. 8a). A lower pH increases the degree of protonation of the silanol groups that
are present on the surface of the silica nanoparticles. As a result, the zeta potential of the
silica nanoparticles becomes less negative with lower pH, as was shown in Fig. 4. A less
negative zeta potential reduces the repulsive interaction energy between the
nanoparticles leading to a lower stability of the suspension. Furthermore, a lower pH also
reduces the surface charge of the membrane (Fig. 3b) thereby diminishing the repulsive
interactions between the membrane and the transported nanoparticles. This reduced
electrostatic repulsion significantly affects the shape of the filtration curve, as is visible
in Fig. 8a. All characteristic points (equilibrium point, blocking point, critical point and
transition point) occur earlier when a lower pH is applied (compare Table 2 to Table 1.).
A shorter transport stage and an earlier initiation of pore blockage at lower pH is caused
by lower repulsive interactions between membrane and nanoparticles. On the other hand,
due to lower repulsive interactions between nanoparticles, their aggregation rate can be

enhanced, promoting faster pore blockage. As a consequence of more rapid pore
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blockage, cake filtration establishes faster when pH is lower. In this stage, an increase of
the cake specific resistance a with reduction of the pH (see Table 3) suggests a lower
porosity of the filtration cake, which can be easily explained from the reduced repulsive

interactions between the nanoparticles at lower pH.
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Fig. 8. (a) Permeability and (b) rejection as a function of the specific permeate volume
at various pH of a 2 mg/L Ludox TM-50 silica nanoparticle feed solution.

Table 2. Characteristic parameters describing fouling development during dead-end
microfiltration at various pH of a 2 mg/L Ludox TM-50 silica nanoparticle solution.

pH 8 7 6
Blocking point Ve [M¥/mM?] 0.2720.03 0.27+0.03 0.0720.01
Rbjock [10%° 1/m] 3.9+0.1 3.9+0.1 3.6+0.1
Critical point Verit [M¥/m?] 0.67+0.02 0.49+0.04 0.29+0.03
Rerit [10%° 1/m] 7.120.6 7.1+0.6 6.3+0.05
a [10® kg/m?] 7.240.2 7.440.3 8.240.4
Transition point Vi [M¥m?] 1.22+0.01 1.08+0.05 0.85:0.03
Ruat [10%°1/m] 14.640.7 14.640.7 14.5+0.9
(dR/AV) e [10%° 1/m?] 5.2+0.8 2.70£0.3 1.4+0.5

Rejection data shown in Fig. 8b are in agreement with the permeability data shown
in Fig. 8a. Decrease of the permeability coincides with an increase in nanoparticle
rejection. Reduction of the pH from pH 8 to pH 7 and further down to pH 6 increases the
rejection of silica nanoparticles. For pH 7, rejection in the first two permeate samples is
improved just slightly, but for pH 6, the first permeate sample already shows a rejection

of 50%. After pore blockage during the subsequent cake filtration stage, rejection
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reached about 95% and then slightly dropped down to 91% at the end of the filtration at
pH 7. Similarly, for pH 6 rejection during the early cake filtration stage is about 95% and
drops slightly to 85% at the end of the filtration. The rejection drop at the end of the
filtration is a result of increased particle concentration inside the membrane fiber. Similar
observations for dead-end filtration, where an initially high rejection reduces with

filtration time, were reported by van de Ven et. al [38].

2.4.2.3. Influence of the ionic strength and cation valency

An increase of the ionic strength of the nanoparticle solution causes contraction of
the electrical double layer of the nanoparticles [21]. Consequently, the lower repulsive
interaction energy between the nanoparticles leads to reduced stability of the
nanoparticle. At the same time, during filtration of a solution with a higher ionic
strength, the thickness electrical double layer thickness of the membrane surface is also
reduced, facilitating foulant adsorption. With an increase in salt concentration from 1
mM to 10 mM and 50 mM NacCl, fouling is more severe and occurs faster, as shown in
Fig. 9a. Similarly to filtration at lower pH (section 2.4.2.2.), each of the four
characteristic points describing the shift to a next fouling stage are reached earlier at
higher salt concentrations (see Table 3). Furthermore, the resistance at each of these
points increases with salt concentration. Rejection data for the feed solution containing
higher salt concentrations are shown in Fig. 9b. A higher salt concentration in the feed
solution promotes a faster increase in silica nanoparticle rejection since pore blockage

occurs earlier at higher ionic strength (Table 3).
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Fig. 9. (a) Permeability and (b) rejection as a function of the specific permeate
volume for a 2 mg/L Ludox TM-50 silica nanoparticle solution at various NaCl
concentrations at pH 8.

Table 3. Characteristic parameters describing fouling development during dead-end

microfiltration for 2 mg/L Ludox TM-50 silica nanoparticles at various salt

concentrations for two salts at pH 8.

Salt NaCl CaCl,
Salt Concentration [mM] 1 10 50 10
Blocking Vitoor [m>/m?] 0.27+0.03  0.16£0.03  0.11x0.03  0.12+0.03
point Ryoer 110" 1/m] 39401 45:0.1 50403  5.0£03
Critical Vi [ /m?] 0.6740.02  0.52+0.02  0.35£0.04  0.31%0.03
point R 10" 1/m] 7.140.6  8.97+0.4  11.940.1  10.3+0.1
a [10" m/kg] 72404  10.0£0.1  15.0£0.1  13.4+0.1
Transition  V,,, [m’/m’] 1.2240.01  1.10£0.03  0.82+0.02  0.98+0.02
point Ry 110" 1/m] 14.6£0.7  20.6£03  26.0+55  28.8+l.4
(dR/dV),,, [10"°1/m*]  5.2+0.8 11.0£0.5 22,1206  18.4+1.3

During the cake filtration stage, solutions of 10 mM and 50 mM NaCl result in

higher rejections (about 95%) than the reference solution containing 1 mM NaCl (about

90%). Due to contraction of the electrical double layer, the distance between the

nanoparticles in the formed filtration cake is lowered. As a consequence, the specific

cake resistance a rises with salt concentration (see Table 3). Furthermore, a decreased

energy barrier against nanoparticle aggregation facilitates a more homogenous
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deposition of nanoparticles on the membrane surface. The SEM images in Fig. 10a, c,
and e visually show that there is a strong relation between the salt concentration in the
feed solution, the density of the filtration cake and the filtration cake homogeneity. A
more homogenous nanoparticle deposition and more uniform coverage the membrane
pores was obtained at higher salt concentrations. Therefore, the morphology of the
formed nanoparticle deposit, and consequently also the rejection of colloidal silica
during the cake filtration stage (Fig. 9b) is determined by the reduced repulsive
interactions between the nanoparticles.

The last maturation stage, initiated at the transition point, occurs faster for higher
salt concentrations as a result of a facilitated fouling development and shorter duration of
the initial fouling stages. Resistance increment in the maturation stage (dR/dV), rises
with salt concentration (Table 3) indicating severe fouling development and filtration
under conditions which are far from critical flux conditions. This continuous increase of
resistance in the final filtration stage reveals the important role of the salt concentration
on nanoparticle destabilization [21] and fouling promotion, which is more pronounced
than role of pH (see Fig. 8a).

The influence of the cation valency of the added salt in the feed solution on the
fouling and rejection of silica nanoparticles is shown in Fig. 1la and Fig 11b,
respectively. Like in the previous cases, in order to quantitatively determine the role of
the cation valency, characteristic points were calculated and listed in Table 3. Fig. 11
clearly shows that addition of bivalent CaCl, to the feed solution induces more severe
fouling than the addition of the monovalent counterpart (NaCl). A higher valency of the
ions more effectively reduces the stability of the nanoparticle suspension. This
phenomenon can be attributed to contraction of the electrical double layer, which
increases with ion valency. Thus, for the same cation concentration of the mono — and
divalent salt, fouling develops faster for the divalent salt, as shown in Fig. 11a and listed
in Table 3. As before, easier destabilization of the colloidal suspension results in easier
and more severe pore blockage, which significantly improves nanoparticle rejection
(Fig.11b).
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Fig. 10. SEM images of a clean MF PES/PVP membrane and the membrane fouled
with Ludox TM-50 silica nanoparticles filtered using solutions with various ionic
strengths; nanoparticle concentration 2 mg/L; pH 8; (a) inner surface, clean
membrane, (b) cross section, clean membrane (c) inner surface, 1 mM NaCl, (d)
cross-section; ImM NaCl; (e) inner surface, 10 mM NaCl, (f) cross section, 10 mM
NaCl; (g) inner surface, 50 mM NaCl, (h) cross section, 50 mM NaCl.

39

N
=2
3
H
-
<
o
o



o)
T
>
=
=
t
=
[

=
o

a b 8 //,,::l![.:::a:::6
0.8}
= 5 7
5061 /
—o— 1 mM NaCl 8 / %
—o— 10 mM NaCl )
r —&—10 mM CaCly ©04r /== 10mM CaCly
& ! ; --0-- 10 mM NaCl
Foo o, Poe, T Toog 0.2+ 4§ -a- 1 mM NaCl
. . . 0.0 g7 % . . .
0.0 0.4 0.8 1.2 1.6 0.0 0.4 0.8 1.2 16
Specific permeate volume [m*/m?] Specific permeate volume [m%m?]

Fig. 11. (a) Permeability and (b) rejection as a function of the specific permeate volume
during dead-end filtration of 2 mg/L Ludox HT-50 silica nanoparticles at pH 8 with
addition of NaCl or CaCl,.

2.5. Conclusions

This chapter clearly shows that by applying microfiltration membranes in dead-end
filtration mode, rejection of electrostatically stabilized nanoparticles having a much
smaller size than membrane pores is possible. Rejection and fouling development can be
easily controlled since fouling behavior of silica nanoparticles is strongly related to both
particle-particle and membrane-particle surface interactions. In this chapter, we
distinguished five fouling stages during constant pressure dead-end microfiltration of
stable silica nanoparticle suspensions: solute adsorption, transport through the membrane
pores, pore blockage, cake filtration and cake maturation. Due to the moderate filtration
conditions and high stability of nanoparticles, even higher concentrations of
nanoparticles do not change the behavior of the initial fouling steps (adsorption and
transport through pores) but just lead to their acceleration. A high stability of the
nanoparticles allows filtration under critical flux conditions, where a relatively lower
filtration resistance and rejection of about 90% were obtained. Fouling and rejection
development can be accelerated by the addition of components that reduce the stability
of the nanoparticle suspension (e.g. salts). These reduce the total repulsive interaction
energy. A lower surface charge of both particles and membrane, which is achieved by a
lower pH, also reduces the stability of the silica nanoparticles and in that way promotes
fouling. Divalent salts are more effective in promoting fouling than monovalent salts.
This chapter clearly shows great potential of porous membranes, which have pore size
much bigger than the nanoparticle size, to remove electrostatically stabilized

nanoparticles in dead-end filtration by formation of secondary dynamic membrane.
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CHAPTER 3

Size and polydispersity in fouling development during
dead-end microfiltration of engineered nanoparticles
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Abstract

The recent exponential growth of nanotechnology and numerous applications of
nanotechnology-based products resulted in water pollution by engineered nanoparticles.
Over the last few decades, membrane technology has emerged as one of the most
promising and reliable techniques in water purification. Therefore, it is an obvious
candidate to remove manufactured nano-sized contaminants and to purify the water.
Nanoparticle properties play a crucial role in the performance and effectiveness of
membrane filtration.

This experimental study investigates the role of nanoparticle size and polydispersity on
fouling and rejection development during dead-end microfiltration of electrostatically
stabilized silica nanoparticles. Our studies on 11 nm, 25 nm and 92 nm monodisperse
silica nanoparticles demonstrates that with bigger nanoparticle diameter, membrane pore
(~200 nm) blockage is accelerated and cake filtration develops faster. The specific cake
resistance of the filtration cake formed decreases with increasing nanoparticle diameter.
Filtration of polydisperse nanoparticles (obtained by mixing monodisperse suspensions
in various ratios) shows that increasing the fraction of smaller nanoparticles results in
delayed pore blockage, and cake filtration occurring at a later stage. The specific cake
resistance of the polydisperse nanoparticles is always found to be in between that
obtained for the monodisperse nanoparticle suspensions. An increasing weight fraction
of larger nanoparticles results in faster development of nanoparticle rejection due to
accelerated pore blockage. However, because of the highly porous structure of the
filtration cake originating from strong surface charges, the moderate transmembrane
pressure applied and cake imperfections, the smallest (11 nm) nanoparticles were
rejected only to a low extent, even during the cake filtration stage. An increase in applied
transmembrane pressure during filtration of the polydisperse suspension resulted in faster
pore blockage and higher specific cake resistance. Nevertheless, rejection of the
nanoparticles in the cake filtration stage improved only slightly with increasing

transmembrane pressure.
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3.1. Introduction

Increasing production of engineered nanoparticles results in their accumulation in
drinking water sources [1-4]. Due to their size range, nanoparticles are classified as
colloidal particles, which can be effectively removed by membranes [5-7]. However, to
date inevitable fouling phenomena reducing membrane performance limits the
widespread usage of membrane technology in water purification [8, 9]. Even though the
backgrounds of fouling phenomena are rather well understood, the various kinds of feed
solutions, membranes and filtration modes make an accurate prediction of the fouling
behavior in the case of nanoparticles challenging yet.

Nanoparticle rejection is not only determined by the ratio between the membrane pore
size and the nanoparticle size, but also electrostatic or steric repulsion effects between
solute and membrane material determine to a large extent the retention [10].
Furthermore, pore blocking and/or concentration polarization phenomena occurring
during the filtration may change nanoparticle rejection [11, 12]. Due to a combination of
those effects, as shown in our previous chapter [13], membranes with much bigger pores
than the nanoparticle diameter can still reject nanoparticles. We have shown that during
dead-end filtration of a stable nanoparticle suspension with membrane pores much
bigger than the nanoparticle diameter, fouling develops in five stages: 1) nanoparticle
adsorption onto the membrane, 2) transport through the membrane pores, 3) pore
blocking, 4) cake filtration, and 5) cake maturation (see Fig. 1a). Due to pore blockage
and formation of a nanoparticle deposit on the membrane surface acting as a dynamic
secondary membrane, further transport of the nanoparticles through the membrane is
limited. As a result, nanoparticle rejection also increases significantly during the course
of the filtration, as shown in Fig. 1b.

Although our previous chapter describes filtration of a monodisperse model
nanoparticles suspension, in practice real feed waters contain nanoparticles of various
sizes resulting in a more complex filtration behavior. This justifies the further
investigation of the role of nanoparticle polydispersity on membrane filtration
performance and fouling behavior.

Several studies proved that the resistance of the filtration cake formed by polydisperse
suspensions is different from that obtained for monodisperse solutions [14, 15].
McDonogh et al. [16] studied the influence of nanoparticle polydispersity on the
formation of the nanoparticle deposit. They showed that increasing polydispersity of the

charged nanoparticles resulted in a more porous and less ordered cake structure. Kim and
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Ng [17] showed that polydisperse nanoparticles form a denser filtration cake when a

greater number of smaller nanoparticles was present in the feed solution.
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Fig. 1. (a) Fouling mechanism of the membrane during dead-end microfiltration of
nanoparticles much smaller than the membrane pore size; (b) Permeability and rejection
of silica nanoparticles as a function of the specific permeate volume during dead-end
microfiltration of 2 mg/L Ludox TM-50 silica nanoparticles (adapted from [13]).

To the best of our knowledge, there are no systematic studies carried out on the
determination of the role of nanoparticle polydispersity in fouling development resulting
in pore blockage and subsequent cake filtration. In this chapter, the effect of nanoparticle
size and size distribution on fouling and rejection development is investigated. The use
of a controlled size distribution of nanoparticles in the feed solution, combined with
extensive filtration data, allow the determination of the mechanisms responsible for
fouling and nanoparticle rejection of polydisperse nanoparticles in dead-end

microfiltration.
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3.2. Experimental
3.2.1. Materials

Colloidal silica Ludox TM-50 (50% w/w), Ludox SM (30% w/w) (both from
Sigma Aldrich) and Levasil 30/50 (50% w/w) (AkzoNobel), which vary in average
nanoparticle size, were provided as a water suspension. ACS grade NH4HCO;,
(NH,4),CO;, HCI and NaOH (Sigma Aldrich) were applied to adjust the pH and ionic
strength of the colloidal suspensions used. All chemicals were used without further
purification; all solutions were prepared using ultrapure Milli-Q water (resistivity >18.2
MQ:-cm).

3.2.2. Feed and permeate characterization

The surface zeta potential of the silica nanoparticles were measured by
electrophoretic mobility measurements using a Malvern ZetaSizer 3000Hsa. The
measurements were carried out with a 0.5 g/L nanoparticles suspension with pH 8§,
prepared by dilution of the commercial suspensions in Milli-Q water. Transmission
Electron Microscope (TEM) images of silica nanoparticles in the stock suspensions were
obtained using a Philips CM300ST-FEG microscope. The number size distribution of
each nanoparticle type was determined from the TEM images using Image] 1.48v
software (National Institute of Health). We used a Scanning Mobility Particle Sizer
(SMPS) model 3936 to measure the particle size distribution in the feed and permeate
samples. The SMPS consisted of an electrostatic classifier model 3080, a neutralizer
model 3077 with a Krypton-85 source (370MBq), a nano DMA model 3085 and a
butanol based Condensation Particle Counter (CPC) model 3025A, all from TSI
Incorporated (USA). The SMPS combined particle size classification according to the
particle mobility diameter with measurement of the concentration using a CPC [18].
Briefly, nanoparticles firstly were aerosolized with Electrospray Aerosol Generator
model 3480. Electrical mobility of the nanoparticles in air is size dependent, and this
mobility was measured by SMPS model 3936. The system was adjusted to a size range
between 10 nm and 100 nm, a scan time of 95 seconds, a retrace time of 15 seconds, and

a two minute recurrence interval.
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3.2.3. Membrane and membrane characterization

We used a commercial Pentair X-Flow 1.5MFO02 inside/out hollow fiber membrane
(OD 2.4 mm, ID 1.5 mm, kindly provided by Pentair X-Flow BV, the Netherlands), in
all filtration experiments. The membrane was characterized in terms of pore size
distribution (with capillary flow porometry), surface zeta potential (using streaming
potential measurements) and clean water permeability. Detailed description of the
filtration module preparation and membrane characterization was described in details
elsewhere [13].
The properties of the MF membrane used are shown in Table 1. These data are taken
from our previous study [13]. The clean water permeability of the membrane was about
11500 + 500L/m’ h-bar. The average mean flow pore diameter measured with capillary
flow porometry was found to be 200 = 15 nm. The inside (lumen) surface of the

membrane is negatively charged at pH 8 with zeta potential of -23.1 + 2.1 mV.

Table 1. Properties of the hollow fiber MF membrane used [13].

Membrane
Type Material Clean water permeability Pore Zeta potential at pH 8
[L/m? h-bar] size[nm)] [mV]
Pentair X-Flow
PES/PVP 11500 £ 500 200+ 15 -23.1+£2.1

1.5MF02

3.2.4. Filtration experiments and data processing

We conducted all filtration experiments in a constant pressure filtration setup, assembled

according to Fig. 2.
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nitrogen water solution

Fig. 2. Flow sheet of the constant pressure filtration setup used.
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A detailed description of the experimental procedure was given in our previous
study [13]. Briefly, a single filtration experiment consists of Milli-Q water filtration (50
mL) followed by nanoparticle filtration (400 mL of the feed solution). Continuous
cumulative mass increment was recorded by an analytical balance connected to the

computer. The permeability was calculated according to Eq. (1):

L, zé M)

where L, is the liquid permeability (L/m*-h-bar), J is the flux (L/m*-h), and AP is the
transmembrane pressure (bar). Every 50 mL, permeate samples were collected and the
silicon content in the samples was analyzed by ICP-MS (Inductively Coupled Plasma
Mass Spectrometry, Thermo Fisher Xseries 2). Rejection of the silica nanoparticles was

calculated according to Eq. (2):

o=1- Ce 2)

C
where o is the rejection (-), Cp is the concentration of the nanoparticles in the permeate
sample (mg/L), and C;is the concentration of the nanoparticles in the feed solution
(mg/L).
Due to the asymmetric structure of the membrane applied, pore blockage occurred only
in a thin selective layer of the membrane. As a result, contribution of the pore blockage
to the filtration resistance was limited [13]. Therefore, the filtration resistance originated
mainly from the nanoparticle deposition on the membrane surface in form of a filtration
cake. Formation of this cake leads to a reduction of the permeate flux and can be
described using Eq. (3):

AP

‘]:77.(Rm+RC) (3)

where # is the viscosity (Pa‘s), R, is the membrane resistance (1/m) and R. is the
additional resistance caused by deposition of nanoparticles on the membrane (1/m) as a
cake, defined as:

R, :am_; )
Here, a is the specific cake resistance (m/kg), m, is the mass of the filtration cake
deposited on the membrane surface (kg), and 4 is the membrane area (m?”). The specific

cake resistance o quantitatively describes compaction of the cake layer. The cake
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compression increases with applied transmembrane pressure, often estimated in terms of
empirical power-law function as [19]:

a=a,(AP)’ 5)
where oy is a constant related to the size and shape of the particles (m/kg)/(Pa)®, and s is
the compressibility coefficient (-), which varies from 0 for an incompressible cake to a
value near 1 for a highly compressible cake.
To investigate the role of the nanoparticle size and polydispersity in dead-end
microfiltration, we prepared and filtered Milli-Q water solutions containing 1mM
ammonium bicarbonate buffer and 2 mg/L of silica nanoparticles with pH 8. Firstly, to
evaluate the effect of nanoparticle size in fouling development, we used feed solutions
containing monodisperse Ludox TM-50, Ludox SM or Levasil 30/50 nanoparticles.
Secondly, the role of nanoparticle polydispersity was investigated by the filtration of a
nanoparticle suspension containing 2 mg/L of binary mixtures of Ludox SM, Ludox TM-
50 or Levasil 30/50 nanoparticles in weight ratios 5:1, 1:1 or 1:5. For simplicity, we refer
to these mixtures of Ludox SM, Ludox TM-50 and Levasil 30/50 according to the
average size of the nanoparticles. Therefore, in the result and discussion section we refer
to the mixture of Ludox SM and Ludox TM-50 as 11:25 mixture, to the mixture of
Ludox SM and Levasil 30/50 as 11:92 mixture, and to the mixture of Ludox SM and
Ludox TM-50 as 25:92 mixture.
Initially, we carried out all filtration experiments at a transmembrane pressure of 0.2 bar
and at room temperature. The role of transmembrane pressure on fouling and rejection
development was investigated by applying lower (0.1 bar) or higher (0.4 bar)

transmembrane pressures for filtration of the polydisperse nanoparticle suspensions.

3.3. Results and discussion
3.3.1. Nanoparticles

The silica nanoparticles used were analyzed by TEM microscopy. As shown in
Fig. 3, the silica nanoparticles in the commercial suspensions vary significantly in their
size. From the TEM measurements, for each commercial suspension the size distribution
was analyzed. The calculated number average size diameters of the silica nanoparticles
are 10.9 = 1.9 nm, 25.5 £ 5.2 nm and 92.3 + 14.2 nm for Ludox SM, Ludox TM-50 and
Levasil 30/50, respectively. The ratio between the pore size of the membrane (see
Table 1) and the nanoparticle diameter is about 18, 8, and 2 for Ludox SM, Ludox TM-
50 and Levasil 30/50, respectively.
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The characteristics of the nanoparticles used are listed in Table 2. Due to the same
surface chemistry and presence of silanol groups [20], the surface of all three
nanoparticle types is negatively charged at pH 8 (about -39.9 = 3.4 mV, -37.7 £ 3.9 mV
and -48.7 £ 1.2 mV for Ludox SM, Ludox TM-50 and Levasil 30/50, respectively).
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Ludox SM

Ludox TM-50
Levasil 30/50

50 100 1500 50 100 150 0 100 150
Diameter [nm] Diameter [nm] Diameter [nm]
Fig.3. (@) TEM image and (b) number size distribution of Ludox SM silica
nanoparticles, (¢) TEM image and (d) number size distribution of Ludox TM-50 silica

nanoparticles, (e) TEM image and (f) number size distribution of Levasil 30/50 silica

nanoparticles.

Table 2. Measured properties of the used silica nanoparticles.

Nanoparticles
Type Average diameter Zeta potential at pH 8
[nm] [mV]
Ludox SM 10919 -39.9+34
Ludox TM-50 255452 -37.7+39
Levasil 30/50 923+14.2 -48.7+1.2
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3.3.2 Filtration experiments
3.3.2.1. Monodisperse nanoparticle suspensions

The influence of nanoparticle size on fouling development was investigated during
constant pressure dead-end microfiltration at pH 8. Feed solutions containing 2 mg/L of
silica nanoparticles were prepared by dilution of the commercial nanoparticle
suspensions Ludox SM, Ludox TM-50 and Levasil 30/50, which all vary in nanoparticle
size (Fig. 3 and Table 2). Fig. 4 shows permeability and rejection data of the investigated

silica nanoparticles as a function of the specific permeate volume.
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Fig. 4. (a) Permeability and (b) rejection as a function of specific permeate volume for
various silica nanoparticle sizes during dead-end microfiltration of 2 mg/L silica
nanoparticle suspensions at pH 8.

For all three nanoparticle sizes investigated, a decrease in permeability was
observed after the introduction of the nanoparticles into the membrane module, as shown
in Fig. 4a. However, the shape of the filtration curve, and therefore the fouling
development, varies significantly for each nanoparticle size.

In the case of the smallest (11 nm) Ludox SM nanoparticles, permeability decreases only
slightly (about 30%) during the filtration course. A much smaller nanoparticle diameter
(see Table 2) than the membrane pore size (see Table 1) allows nanoparticle transport
through the membrane without rejection, as shown in Fig. 4b. For the bigger Ludox TM-
50 nanoparticles, having an average diameter of 25 nm (see Table 2), directly at the
beginning of the filtration the permeability reduces to 90% of the initial pure water
permeability (Fig. 4a). Later on, the permeability decreases slowly up to a specific
permeate volume of 0.4 m’/m’, after which it drastically declines up to about 0.8 m*/m’.
In the final filtration phase, the decrease in permeability once again slows down. In the

same period, the rejection of the 25 nm nanoparticles increases from about 5% to 90%
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(see Fig. 4b). Pore clogging and nanoparticle deposition later on leads to the formation of
a secondary membrane, which limits nanoparticle transport across the membrane. As
described in our previous chapter [13], the transition from nanoparticle transport to pore
blockage is responsible for the concave part of the filtration curve, whereas the evolution
from the cake filtration stage to the cake maturation stage is revealed as a convex part of
the filtration curve. Such fouling development is characteristic for stable suspensions of
nanoparticles having a diameter much smaller than the membrane pore diameter but
large enough to be able to block membrane pores. For 92 nm Levasil 30/50 silica
nanoparticles (see Table 2), immediately at the beginning of the filtration a fast decline
in permeability is observed, as shown in Fig. 4a. Due to the size of the nanoparticles,
which is closer to the membrane pore size, immediate pore blockage occurs resulting in
almost 95% nanoparticle rejection already from the beginning of the filtration (see Fig.
4b). Interestingly, for 25 nm and 92 nm nanoparticles similar permeabilities and
rejections are obtained at the end of the filtration course. These findings suggest that the
filtration resistance for both 25 nm and 92 nm nanoparticles is identical, regardless of the
size of the particles. However, this is misleading, as different amounts of nanoparticles
accumulated on the membrane surface during a single filtration course of both particle
sizes. In order to normalize the obtained filtration resistance for the amount of the
nanoparticles deposited, in Fig. 5 the filtration resistance is plotted as a function of the
accumulated nanoparticle mass. The accumulated nanoparticle mass was calculated from
the mass balance using the nanoparticle concentrations in the feed solution and in the

permeate samples.
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Fig. 5. Filtration resistance as a function of accumulated mass of silica nanoparticles on

the membrane for three different nanoparticle sizes (A— 11 nm, 0 — 25 nm, ¢ — 92 nm).
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For the 92 nm nanoparticles, due to the high nanoparticle rejection (95%) already
from the beginning of the filtration (see Fig. 4b) on, a large amount of nanoparticles
accumulated on the membrane surface (about 3 g/m?). In the case of the 25 nm
nanoparticles, pore blockage was delayed, which postponed the development of the
filtration cake and delayed the increase of the nanoparticle rejection to about 90%. Thus,
the final accumulated mass of the 25 nm nanoparticles is lower (about 2.3 g/m?”) than that
obtained for the 92 nm nanoparticles (about 3 g/m?). The smallest 11 nm nanoparticles
do not clog the pores, and only a very limited amount of the nanoparticles is retained by
the membrane and accumulated on the membrane. The slope of the resistance
development versus accumulated nanoparticle mass (Fig. 5) is the specific cake
resistance o (according to Eq. 4), which quantitatively represents the compaction of the
filtration cake. Since the filtration resistance develops much faster with accumulated
nanoparticle mass for 25 nm than for 92 nm nanoparticles (see Fig. 5.), the specific cake

resistance a is greater for the smaller 25 nm nanoparticles, as listed in Table 3.

Table 3. Specific cake resistances obtained during dead-end filtration of monodisperse
silica nanoparticles calculated using Eq. 4, na — not available.

Monodisperse nanoparticles Diameter Specific cake resistance a
[nm] [10” m/kg]
Ludox SM 11 na
Ludox TM-50 25 6.8+£0.2
Levasil 30/50 92 4.3+0.7

The difference in specific cake resistance between the two nanoparticle sizes can be
explained by the Kozeny—Carman equation [21], which describes the filtration resistance
in a porous medium consisting of monodisperse and spherical particles:
m l-¢
- Ap ( : ) (6)
p . . pp 8

R, =180-

where R, is the filtration cake resistance (1/m), m, is the mass of the filtration cake (kg),
A is the membrane area (m?), pp is the density of the solute (kg/m?), d, the diameter of
the spherical particle (m) and ¢ the porosity of the filtration cake (-).

According to Eq. 6, the filtration resistance of the filtration cake is inversely proportional
to the square of the particle diameter. Therefore, by assuming the same packing, and thus
porosity, of the filtration cake (due to the almost similar repulsive interactions), we can

expect a much larger filtration resistance for smaller nanoparticles. This is also in line
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with the results listed in Table 3, where the specific cake resistances are 6.8 + 0.2:10"

m/kg and 4.3 +0.7-10" mv/kg for 25 nm and 92 nm nanoparticles, respectively.

3.3.2.2. Role of nanoparticle polydispersity: 11 and 25 nm particles

In this part, we discuss the role of nanoparticle polydispersity on permeability and
rejection using 2 mg/L nanoparticle suspensions containing various ratios of 11 nm and
25 nm nanoparticles as an example. For that purpose, feed solutions containing Ludox
SM and Ludox TM-50 silica nanoparticles in different ratios were prepared and filtered
using the previously described procedure. Permeability decay and corresponding

rejection developments are shown in Fig. 6.
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Fig. 6. (a) Permeability and (b) rejection of silica nanoparticles as a function of specific
permeate volume for mixtures of 11 nm and 25 nm silica nanoparticles during dead-end
microfiltration of 2 mg/L silica nanoparticle suspensions.

Figure 6a shows that the permeability decays obtained for the suspensions containing
mixtures of 11 nm and 25 nm nanoparticles lay exactly in between the two filtration
curves obtained for the monodisperse nanoparticle suspensions. With increasing
concentration of bigger 25 nm nanoparticles, permeability decrease occurs faster due to
easier pore blockage. This easier pore blockage at higher 25 nm nanoparticle
concentrations results in a faster increase of the nanoparticle rejection, as shown in Fig.
6b. However, after this sudden rejection increase, for all polydisperse suspensions
investigated the rejection stabilizes at a certain maximum level. For feed solutions
containing Ludox SM and Ludox TM-50 in ratios 5:1, 1:1 and 1:5, nanoparticle rejection
stabilizes at approx. 40%, 60% and 80%, respectively. McDonogh et al. [16] reported
that for charged particles of different sizes, the packing order of the particles is looser

and less ordered than for monodisperse nanoparticles. This more porous and less ordered
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structure of the nanoparticle deposit facilitates nanoparticle diffusion through the
filtration cake. Consequently, significantly lower nanoparticle rejections are obtained for
polydisperse suspensions than for monodisperse 25 nm nanoparticles. Nevertheless, it is
not clear whether the lower rejection is caused by diffusion of smaller nanoparticles
through the filtration cake or whether it originates from defects in the filtration cake
causing both 11 nm and 25 nm nanoparticles to be rejected to a lower extent. To
investigate this in more detail, we performed Scanning Mobility Particle Sizer (SMPS)
analysis. SMPS of the feed and permeate shows that the nanoparticle size distribution in
the feed solutions is different than that of the permeate samples (see Fig. 7a). To quantify
these differences, we took the separate data from the fraction of the smaller particles and
the separate data from the fraction of the bigger particles, and calculated the rejection for
both according to Eq. 2. Although TEM imaging shows that the average particle size of
the smaller particles is around 11 and 25 nm, these data stem from particles in the dry
state. SMPS data show slightly bigger particle sizes [22]. Therefore, in order to evaluate
the rejection of smaller Ludox SM nanoparticles from the data obtained by SMPS, we
arbitrary chose a fraction of nanoparticles with sizes between 12-16 nm. For the larger
Ludox TM-50, we considered a representative fraction consists of nanoparticles having a
size range between 25 nm and 37 nm. As shown in Fig. 7b, the fraction of bigger
nanoparticles (25-37 nm) is retained much easier than the fraction of the smaller

nanoparticles (12-16 nm).
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Fig. 7. (a) SMPS size distribution of feed and permeate samples (at three specific
permeate volumes) obtained after filtration of a polydisperse suspension of silica
nanoparticles; (b) Rejection development of two silica nanoparticle fractions as a
function of the specific permeate volume. The 2 mg/L total feed solution was prepared
by mixing Ludox SM and Ludox TM-50 in a mass ratio 1:1.
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On the one hand, the lower retention of smaller nanoparticles was expected since
filtration of monodisperse Ludox SM nanoparticles resulted in a rejection below 10%
(see Fig. 4b). On the other hand, the deposition of Ludox TM-50 nanoparticles and the
pore clogging should form a secondary membrane, which was expected to be less
permeable for the small nanoparticles than the original unfouled membrane. We
speculate that due to the surface charge of nanoparticles, application of a moderate
transmembrane pressure and reduced packing order the filtration cake is highly porous;
the distance between nanoparticles in the filtration cake allows preferential transport of
smaller nanoparticles through the filtration cake. As a result, overall nanoparticle
rejection reduces with a higher concentration of the smaller Ludox SM nanoparticles
(Fig. 6b). Thus, the higher the concentration of smaller nanoparticles in the mixture, the
fewer nanoparticles accumulate on the membrane surface and form the filtration cake.
However, regardless of the reduced rejection of the fraction containing smaller
nanoparticles (see Fig. 7b) their contribution to the reduction of the filtration cake
porosity is clear. The specific cake resistance increases with concentration of 11 nm
nanoparticles in feed solution, as listed in Table 4. We think that the smaller retained 11
nm nanoparticles can more effectively fill the voids between bigger 25 nm nanoparticles,
and by this reduce the porosity of the filtration cake. Consequently, the specific cake

resistance increases.

Table 4. Specific cake resistances obtained during dead-end filtration of polydisperse
silica nanoparticle suspensions.

Polydisperse nanoparticle mixtures Specific cake resistance o
[10" m/kg]

Mixture Ratio 5:1 1:1 1:5
11:25 125+1.0 8.0+0.7 6.7+0.3
11:92 6.7+0.2 47+0.2 49+0.1
25:92 62+03 6.3+04 53+03
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3.3.2.3. Role of nanoparticle polydispersity: larger particles

The difference between membrane pore size and nanoparticle diameter determines
rejection and fouling evolution during dead-end filtration, as described before in section
3.3.2.1. In general, the bigger the nanoparticles are, the faster the rejection develops due

to accelerated pore blockage, and the lower the filtration resistance of the filtration cake
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Fig. 8. (a) Permeability and (b) rejection of silica nanoparticles as a function of specific
permeate volume for mixtures of 11 nm and 92 nm silica nanoparticles during dead-end
microfiltration of 2 mg/L silica nanoparticle feed suspensions.

Similarly to the results discussed in section 3.3.2.2, Fig. 8a shows that permeability
declines faster when a higher concentration of the larger Levasil 30/50 nanoparticles is
used in the feed solution. The filtration curve changes gradually from a concave (for 11
nm nanoparticles) to a convex shape with increasing concentration of 92 nm
nanoparticles. The transition to the convex shape indicates easier pore blockage of the
membrane when a higher concentration of 92 nm nanoparticles is applied. In contrast to
the results obtained for mixtures of smaller nanoparticles (11 nm and 25 nm in section
3.3.2.2), initial nanoparticle rejection (in the first permeate sample) was more or less
proportional to the concentration of 92 nm nanoparticles in the feed solution, as shown in
Fig. 8b. Quantitatively, the measured rejections of silica nanoparticles in the first
permeate samples were approx. 22%, 48% and 77% for mass ratios 5:1, 1:1 and 1:5 of
11 nm and 92 nm nanoparticles in the feed solution, respectively. For 11:92 mixtures, the
92 nm nanoparticles immediately blocked the pores (as it is in the case of monodisperse
92 nm in Fig. 4) forming a filtration cake, whereas for the 11:25 mixtures both
nanoparticle fractions initially could still be transported freely through the membrane

pores. Furthermore, for the 11:92 mixture, the rejection did not develop that fast and
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sharp as it was for the 11:25 mixtures. Bigger (92 nm) nanoparticles are retained already
from the beginning of the filtration, but smaller (11 nm) nanoparticles can still be
transported through the filtration cake, in agreement with the mechanism described for
the 11:25 mixture in section 3.3.2.2. The low retention for 11 nm nanoparticles results
only in a slight increase of the overall rejection, as shown in Fig. 8b. Nevertheless, the
cake specific resistance increases with concentration of 11 nm nanoparticles (Table 4).
This can only happen when smaller nanoparticles are retained and deposited in the
structure of the filtration cake.

The filtration results obtained during dead-end filtration of mixtures containing 25 nm

and 90 nm nanoparticles are given in Fig. 9.
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Fig. 9. (a) Permeability and (b) rejection of silica nanoparticles as a function of specific
permeate volume for mixtures of 25 nm and 92 nm silica nanoparticles during dead-end
microfiltration of 2 mg/L silica nanoparticle suspensions at pH 8.

Similarly to the previous cases, an increased concentration of 92 nm nanoparticles
in a feed solution containing also 25 nm nanoparticles results in a faster transition of the
concave filtration curve to a convex filtration curve, indicating that pore blockage
becomes easier. Moreover, as in the case of 11:92 mixtures, initial rejection of
nanoparticles is proportional to the concentration of 92 nm nanoparticles. However, in
contrast to the 11:92 mixtures, nanoparticle rejection reached about 90-95% at the end of
the filtration for all 25:92 ratios. This high nanoparticle rejection is due to the higher
retention of the 25 nm nanoparticles by the filtration cake formed than is the case for the
11 nm particles. As expected also in this case, a higher concentration of 25 nm
nanoparticles resulted in densification of the filtration cake, which is expressed as a

higher specific cake resistance (Table 4).
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3.3.2.4. Role of transmembrane pressure

The applied transmembrane pressure influences the distance between the deposited
nanoparticles in the filtration cake formed, and thus the density of the filtration cake.
Repulsive electrostatic interactions between the silica nanoparticles are acting against
compaction of the filtration cake by the oppositely directed convective drag force. The
applied transmembrane pressure determines the permeate flux, which on its turn
determines the magnitude of the convective drag force. The role of the transmembrane
pressure in fouling and rejection development during filtration of polydisperse
nanoparticle suspension was investigated as well. For that purpose, dead-end filtrations
of polydisperse silica nanoparticle suspensions were carried out at higher (0.4 bar) and
lower (0.1 bar) transmembrane pressures than the reference 0.2 bar used so far. Figs. 10a
and 10b show permeability and rejection development of the silica nanoparticle
suspensions for different transmembrane pressures, respectively. The feed solution used
in these experiments contained a 1:1 mixture of Ludox SM (11 nm) and Ludox TM-50

(25 nm) silica nanoparticles.
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Fig. 10. (a) Permeability and (b) rejection of silica nanoparticles as a function of
specific permeate volume and (c) specific cake resistance as a function of
transmembrane pressure. Feed solution contained 2 mg/L of 11 nm and 25 nm

nanoparticles at mass ratio 1:1 at pH 8.
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As expected, an increase of the transmembrane pressure leads to a faster and more
severe fouling development. A greater convective drag force at higher transmembrane
pressures facilitates nanoparticle aggregation, accelerating pore blockage. This is
responsible for the sharp permeability decline in Fig. 10a [13]. As a consequence, an
increased transmembrane pressure enhances nanoparticle rejection, as shown in Fig. 10b.
Especially, at 0.4 bar this rejection development is much faster than observed for the
other two transmembrane pressures used (0.1 bar and 0.2 bar). Already visible from the
third permeate sample (0.5 m*/m?), Fig. 10b shows that due to easier pore blockage, the

rejection at 0.4 bar is about 54% in comparison to 10% at 0.1 and 0.2 bar.

Table 5. Specific cake resistances obtained during dead-end filtration of a feed
suspension containing 2 mg/L of 11 nm and 25 nm silica nanoparticles at mass ratio 1:1
at various transmembrane pressures.

Transmembrane pressure Specific cake resistance a
[bar] [10" m/kg]
0.1 43402
0.2 8.0+£0.7
0.4 124+1.3

After pore blockage, a filtration cake formed on the membrane surface [13]. An
indication for its compaction, and thus its contribution to the filtration resistance, is the
permeability obtained at the end of the filtration process. As listed in Table 5, for all
three transmembrane pressures investigated, the specific cake resistance increases with
transmembrane pressure indicating cake compaction. We fitted the obtained specific
cake resistances to a power-law function (Eq. 5), as shown in Fig. 10c. The estimated
compressibility coefficient s was about 0.764, proving that the obtained filtration cake is
highly compressible [23].

However, as shown in Fig. 10b, the absolute nanoparticle rejection at the end of the
filtration when cake filtration is established [13], increases only slightly with the applied
transmembrane pressure. In our case, the nanoparticle rejections measured for the last
permeate samples were about 51%, 56% and 64% for 0.1 bar, 0.2 bar and 0.4 bar,
respectively. These results clearly show that during cake filtration, nanoparticle rejection
increases with the applied transmembrane pressure. However, irrespective of the reduced

porosity, nanoparticles could still diffuse through the filtration cake, even at 0.4 bar.
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5. Conclusions

In this experimental study we investigated fouling and rejection during dead-end
microfiltration of mono- and polydisperse silica nanoparticles. The fouling development
of electrostatically stabilized silica nanoparticles is strongly related to the size of the
nanoparticles. The bigger the nanoparticles are, the faster pore blockage followed by the
cake filtration occurs. When pore blockage happens earlier, a faster increase in
nanoparticle rejection is observed. Therefore, an increasing concentration of bigger
nanoparticles in a polydisperse suspension results in faster fouling and higher rejections.
Nevertheless, the smallest 11 nm nanoparticles were retained only to a low extent in
mixtures with bigger nanoparticles, even after formation of the filtration cake. Strong
repulsive interactions and moderate transmembrane pressures allow diffusion of the
smallest silica nanoparticles through the porous filtration cake. An increase in the
transmembrane pressure resulted only in a slight improvement of nanoparticle rejection.
The specific cake resistance increases with increasing transmembrane pressure and

higher concentrations of smaller nanoparticles in the feed solution.
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Abstract

Nanotechnology applications give rise to new forms of water pollution, resulting in
a need for reliable technologies that can remove nanoparticles from water. Membrane
filtration is an obvious candidate. The tendency of nanoparticles to become instable in
suspension and form aggregates strongly influences their filtration behavior. This
experimental study investigated fouling and rejection during dead-end microfiltration of
sterically stabilized nanoparticles. Polyvinylpyrrolidone (PVP) with different molecular
weights at different concentrations was used as model steric stabilizer. The large
difference between membrane pore size (~200 nm) and the size of the silica
nanoparticles (25 nm) allowed a detailed investigation of the filtration process and
fouling development. We characterized the feed solution with optical reflectometry,
dynamic light scattering, zeta potential measurements and asymmetric flow field flow
fractionation (AF4) combined with static light scattering. Subsequently, we looked at the
influence of the steric stabilizer (PVP) on nanoparticle fouling development during pore
blocking and cake filtration stages.

Our work demonstrates that molecular mass, concentration of the steric stabilizer
(PVP) and filtration pressure applied significantly influence pore blockage and cake
filtration. Using a stabilizer with a lower molecular mass generally led to better
stabilization of the nanoparticles and the stabilizer contributed less to the fouling. While
higher concentrations of the stabilizer enhanced the stability of the nanoparticles, they
also caused faster fouling development due to the higher total solute load. Stabilizer with
a higher molecular mass was found to contribute more to pore blockage and lead to
faster fouling development. Use of a higher transmembrane pressure resulted in
compression of the filtration cake, resulting in improved nanoparticle rejection at the

expense of permeability.
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4.1. Introduction

The exponential growth of nanotechnology creates new sources of water pollution

because engineered nanoparticles occur in many common products, such as pigments,
coatings and cosmetics, nowadays and are eventually released into the aqueous
environment [1-3]. Water pollution with nanoparticles is therefore expected to become
an increasingly serious problem [4]. Although the number of studies into the effect of
nanoparticles on living organisms is still low relative to their wide range of application,
most researchers suggest that nanoparticles are toxic [5, 6] and that their small size
allows easy penetration into organs and cells [7]. Therefore, reliable technologies for
nanoparticle removal from water sources are needed.
Membrane technology is effective in the removal of much larger colloidal particles, but
not much is known about the filtration of engineered nanoparticles yet [8, 9]. Up-to-date
the application of membrane technology is limited by fouling [10] causing pore
constriction and internal fouling; this usually necessitates the use of sophisticated
cleaning procedures [11-13]. Therefore, it is important to determine the mechanisms,
factors and parameters that influence nanoparticle fouling in the initial fouling stage to
enable the development of filtration strategies that minimize fouling.

Key factor in the development of fouling is the tendency of the nanoparticles to
aggregate [14-16]. The stability of aqueous suspensions of nanoparticles depends on the
nanoparticles’ surface chemistry, the aquatic environment (pH, ionic strength), and on
interactions with other compounds present in the solution [17]. Often, steric or
electrostatic stabilizers are added to nanoparticle suspensions to keep the nanoparticles
dispersed [18]. Steric stabilization is one of the most commonly used and studied forms
of stabilization. Steric repulsion occurs after adsorption of a neutral polymer such as
polyvinylpyrrolidone or polyethylene oxide onto the nanoparticle surface and prevents
aggregation of nanoparticles. Other organic macromolecules, like humic substances,
proteins or saccharides, which are present in many water sources, can also act as steric
stabilizers [19-21]. As adsorption of such natural macromolecules leads to
transformation of the nanoparticles’ surface characteristics and the resulting change in
aggregation kinetics, it can facilitate their transport through porous media [22].

The interactions in such feed solutions containing macromolecules and nanoparticles are
diverse and simple superposition of the individual fouling contributions cannot be used
to describe membrane fouling development in such cases [22]. On the one hand, the
higher stability due to steric stabilizers reduces near-membrane surface aggregation as a

result of concentration polarization of the rejected nanoparticles [23]. This reduced
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aggregation of nanoparticles facilitates their transport through the porous membrane
structure as individual particles and fouling decreases as the result of the formation of a
porous cake [24, 25]. On the other hand, the stabilizers themselves can be foulants; they
can be retained by the membrane, increasing the thickness of the fouling layer,
meanwhile also reducing the porosity of the formed filtration cake by filling the voids
between the nanoparticles in the cake [26-28]. Furthermore, polymeric stabilizers may
lead to more severe pore clogging due to flocculation bridging, which increases the size
of the nanoparticles. Moreover, steric stabilization may not prevent nanoparticles from
depositing on the membrane surface either [29]. Therefore, the presence of stabilizers
may well result in a higher filtration resistance.

To date, however, there have been no systematic studies of the role of polymeric
steric stabilizers during membrane filtration of engineered nanoparticles as far as we
know. Therefore, the aim of the research we report here was to determine the effect of
steric stabilizers (in this case, polyvinylpyrrolidone (PVP)) on fouling and rejection
during microfiltration of nanoparticles. The emphasis of the study was on concentration
and chain length (molecular weight) of the PVP and on applied filtration pressure.
Whether the stability of the suspension becomes increased or reduced is a function of
stabilizer type, concentration and molecular mass (in addition to pH and ionic strength).
These properties can therefore strongly affect filtration behavior. The idea behind our
work was that combining rejection and permeability data with mixture properties would
allow us to identify mechanisms involved in fouling and rejection during microfiltration

of sterically stabilized nanoparticle suspensions.

4.2. Theory
4.2.1. Steric stabilization and flocculation

Steric stabilization of nanoparticle suspensions is a matter of finding and
maintaining a delicate balance. Adsorption of the stabilizer onto the surface of
nanoparticles changes their surface properties. At high enough polymer concentrations,
this leads to the nanoparticles being covered with a dense polymer layer. Steric repulsion
between polymer chains on the particle surfaces (Fig. 1a) prevents particle aggregation.
On the other hand, at low polymer concentrations or with very long polymer chains
(high molecular weight), a single polymer can adsorb onto more than one single

nanoparticle. This so-called flocculation bridging (Fig. 1b) leads to the formation of
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clusters of polymer chains and nanoparticles, effectively promoting the aggregation of

the nanoparticles [30, 31].

Fig. 1. Schematic representation of a) steric stabilization and b) flocculation bridging.

In solutions, there is always an equilibrium between the amount of adsorbed
stabilizer and the bulk concentration of the stabilizer [32-34]. At increased
concentrations of polymer in the bulk, more polymer chains adsorb onto the
nanoparticles. As a result, the conformation of the adsorbed polymer chains changes, as
schematically shown in Fig. 2. The trains conformation that occurs at lower polymer
concentrations changes to a loops and tails conformation at higher polymer
concentrations. The adsorbed polymer chains become more elongated and the

nanoparticle size increment as a result of stabilizer adsorption is greater.

polymer polymer
e —_—

Bare silica Low polymer concentration High polymer concentration
nanoparticle Trains conformation Loops and tails conformation

Fig. 2. Schematic representation of concentration-dependent conformation change of
adsorbed polymer molecules (such as PVP) onto a silica nanoparticle surface (adapted

from [34]).
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4.2.2. Dead-end microfiltration of nanoparticles

In previous work [10], we found that constant pressure dead-end microfiltration of
electrostatically stabilized suspensions of nanoparticles much smaller than the membrane
pores takes place in the following stages: 1) adsorption, 2) free transport of the
nanoparticles through pores, 3) pore blockage, 4) cake filtration, and 5) maturation of the
cake. Since these filtration stages can only occur in a specific order and permeability
decays at a different rate during each of these stages, they can be easily recognized in the
filtration curve (Fig. 3a). Pore blockage and formation of the filtration cake, which acts
as a secondary membrane, lead to a final nanoparticle rejection to about 90%, as visible
in Fig. 3b.
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Fig. 3 (a) Permeability and (b) rejection of silica nanoparticles as a function of specific
permeate volume during microfiltration of 2 mg/L of bare silica nanoparticles [10].

4.3. Experimental
4.3.1. Materials

Colloidal silica nanoparticles Ludox TM-50 with a diameter of about 25 nm [10]
were used as model nanoparticles. We purchased three types of polyvinylpyrrolidone
(PVP), each with a different molecular mass; their average molecular masses were 10
kDa, 40 kDa and 360 kDa (Sigma Aldrich supplier data). Aqueous solutions of ACS
grade HCI or NaOH, and NaCl, (Sigma Aldrich) were used to adjust the pH and ionic
strength of the solutions, respectively. All solutions were prepared with ultrapure water

(Milli-Q, resistivity >18.2 MQ-cm); all chemicals were used without further purification.
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4.3.2. Feed solution characterization

The surface zeta potential of the nanoparticles and their mixtures with PVP were
obtained by electrophoretic mobility measurements (Malvern ZetaSizer 3000Hsa). The
measurements were carried out with a 50+1 mg/L nanoparticle suspension with pH §,
prepared by dilution of the stock silica suspension in Milli-Q water. The hydrodynamic
diameter of the nanoparticles in the mixture with PVP was determined in batch mode
with a DAWN-Heleos-8 Multi-Angle static Light Scattering (MALS) detector placed at
an angle of 108°; a dynamic light scattering (DLS) apparatus (NanoStar, Wyatt
Technology Corporation, USA) was connected via a glass fiber cord.

We used a fixed angle optical reflectometer equipped with a stagnant point flow cell to
obtain information on the adsorption of PVP molecules to the silica surface [35]. For this
purpose, we prepared 0.1 g/l PVP suspensions at I mM NaCl ionic strength and pH 8
and let them adsorb onto a piranha-treated silicon wafer with a ~75 nm SiO, top layer. A
polarized light beam generated by a He-Ne laser (628 nm) hitting the wafer was reflected
around the Brewster angle (6 = 71°) to the detector. The detector measured the intensity
of the parallel (R,) and perpendicular (R,) components of the light after the reflection
from the surface. The ratio between R, and R, gives the measurement signal value S (-),
which is directly proportional to the adsorbed amount I' (mg/m?) according to Eq. 1:

— S - So

SO

r

Q (D

where So (-) is the baseline signal, and O (mg/m?) is an instrument- and material-
dependent sensitivity factor. In order to estimate the sensitivity factor O, we used an
optical model, which was calculated with the aid of “Professor Huygens” software
(Dullware Software). The input parameters for the model were the following: 6 = 71°,
nsio; = 1.46, ng; = 3.85, nyyo = 1.3327,dsi0, = 75 nm, dn/dc = 0.175 mL/g [36]. The
calculated sensitivity factor Q was 27 mg/m’ for all experiments. We repeated the
reflectometry measurements three times for each molecular mass of PVP.

Asymmetric flow field flow fractionation (AF4) in combination with light
scattering (LS) and differential refractive index measurements (dRI) enabled us to
extract detailed information about the composition of the feed solutions. The AF4 setup
separates colloidal suspensions into fractions, and directly measures the concentration
and size of the species in each fraction [37]. Fig. 4 shows a schematic diagram of our
AF4 setup.
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Fig. 4. Schematic representation of the asymmetric flow field flow fractionation setup
used in the fractionation and subsequent characterization of PVP-silica nanoparticle
mixtures in terms of size and concentration (dRI = differential refractive index; LS =
light scattering).

A detailed explanation of the principles behind this method can be found elsewhere [37].

Briefly, the AF4 channel fractionates particles according to their size as described by

Eq. 2:

. ant, W,
' KTV

c

i 2

Here, ¢, is retention time (s), ¢, is the retention time of the void peak (s), w is the height of
the channel (m), ¢, is the applied cross-flow (m%/s), V. is the volume of the channel (m®),
n is the viscosity (Pa-s), T is the temperature (K), & is the Boltzmann constant (1.38- 10%
J/K), and ry, is the hydrodynamic radius (m). Eq. 2 means that in the ideal case, i.c. in the
absence of particle-membrane interactions, the nanoparticle elution time is proportional
to nanoparticle size.

After fractionation, the nanoparticles were further characterized with the aid of a light
scattering detector and dRI detector, which measured size and concentration of the
fractions, respectively. Scattering of light is due to the optical inhomogeneity of
suspensions. The intensity of the scattered light is given by the Rayleigh equation:

2\ 2m°NV?

iH:IO(nj—nm) |2ﬂ'(;1 (3)
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Here, iy is the light scattering intensity at angle @ (W/m?), I, is the intensity of the
incoming light (W/rn2), ny and n, are the refractive index of particle and medium,
respectively, / is the detector distance from the beam (m), N is the number of particles
per cubic meter of scattering volume (particles/m?), where each particle has a volume v
(m®), and /, is the wavelength (nm). The Rayleigh equation predicts that light scattering
depends strongly on particle radius » as v* ~ °. We report our light scattering data in

terms of the Rayleigh ratio Ry (1/cm):
R, =22 @)

This can be regarded as the relative light scattering per steradian.

For the AF4 experiments, the Eclipse 2 AF4 system (Wyatt Technology Europe GmbH,
Germany) was connected to an Agilent 1100 HPLC isocratic pump and a micro-vacuum
degasser (Agilent Technologies, Inc.). The fractionation of the nanoparticle mixtures
took place in a short fractionation channel (channel length = 152 mm; maximal channel
width = 11.5 mm) equipped with a 5 kDa regenerated-cellulose flat sheet membrane
(Microdyn-Nadir GmbH, Germany) and a laser-cut spacer with a thickness of 350 pm.
The AF4 system was connected in-line with an Optilab rEX variable differential RI
(dRI) detector (Wyatt Technology Corporation, USA) and a DAWN Heleos-8 multi-
angle light scattering (MALS) instrument (Wyatt Technology Corporation, USA). The
DAWN-Heleos-8 instrument was placed at an angle of 108°, where a dynamic light
scattering (DLS) apparatus (NanoStar, Wyatt Technology Corporation, USA) was
connected via a glass fiber cord. We operated the MALS and dRI detectors at a laser
wavelength of 658 nm. All data logging and calculations were performed by Astra 6.1
software (Wyatt Technology Corporation, USA).

Table 1 details our AF4 operating procedure for fractionating mixtures of silica
nanoparticles and PVP molecules. We used a channel flow of 1 mL/min and an injection
flow of 0.2 mL/min. To obtain reasonable retention times and because of the different
molecular weights of the PVP, we had to apply different cross-flow rates V; for 10 kDa
and 40 kDa PVP, we used a cross-flow of 0.8 mL/min, whereas a cross-flow of 0.2
mL/min was chosen for 360 kDa PVP. Because of the AF4 detection limits, the
concentrations of silica nanoparticles and PVP were higher in the AF4 experiments than

in the filtration experiments, but the concentration ratios were the same.
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Table 1. AF4 fractionation method for characterization of the silica nanoparticles and
PVP solutions, where t is time of the experiment (min), At is duration of the step (min),
Vo is initial cross-flow (mL/min), and V,, is final cross-flow. Inj. = injection and
between brackets is the cross-flow rate for 360 kDa PVP.

Step t At Mode Vo Ve Focus flow
[min] [min] [mL/min] [mL/min] [mL/min]
1 0 2 Elution 0.8(0.2) 0.8(0.2) -
2 2 | Focus - - 1.5
3 3 4 Focus+Inj. - - 1.5
4 7 1 Focus - - 1.5
5 8 50 Elution 0.8(0.2) 0.8(0.2) -

4.3.3. Membrane and membrane characterization

We used commercially available inside-out PES-PVP microfiltration (MF) hollow-
fiber membranes Pentair X-Flow 1.SMF02 (Pentair X-Flow BV, the Netherlands). One
membrane fiber was potted in a PVC tube with two component polyurethane glue 2K
Expert (Bison International B.V., the Netherlands) to give a final filtration area of 2.5
cm’. The clean-water permeability of the membrane was determined as 11-10*-12-10°
L/m?-h-bar. The average pore diameter of the membrane was measured with a Porolux™
1000 (POROMETER nv) using Porefil Wetting Fluid (supplied by POROMETER nv) as
pore-filling liquid. A SurPASS electrokinetic analyzer (Anton Paar GmbH) was used to
determine the zeta potential of the inner surface of the membrane, with a 5 mM KCl
solution as electrolyte. The zeta potential was calculated according to the Fairbrother-

Mastin equation.
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4.3.4. Filtration experiments and data processing

All filtration experiments were carried out in a constant pressure filtration setup as
depicted in Fig. 5.

Q P Membrane
N |

; 7 9
UL 7 roment

D<—

. 1
[ 1] ] reservoir -\ Computer
L J ) e d
Pressurized Milli-Q Nanoparticles Balance
nitrogen water solution

Fig. 5. Flow sheet of the used constant pressure filtration setup.

A constant pressure of either 0.1 bar, 0.2 bar or 0.4 bar was applied as driving force
in the filtration experiments, using pressurized nitrogen. Each filtration experiment
consisted of two steps. Firstly, 50 mL of Milli-Q water was filtered through the
membrane module to obtain a stable clean-water flux. Secondly, after filtration of 50 mL
of Milli-Q water, we connected the nanoparticles solution vessel to the membrane
module by opening the valve. During each filtration experiment, 400 mL of a feed
solution was filtered. The cumulative mass increment of the permeate was monitored
continuously by an analytical balance connected to the computer. The permeability was
calculated according to Eq. 5:

J
" Tap
where Lp is the liquid permeability (L/m’-h-bar), J is the flux (L/m*-h) and 4P is the

transmembrane pressure (bar). Permeate samples were collected every 50 mL for ICP-

®)

MS analysis (Thermo Fisher Xseries 2). We calculated rejection of the silica
nanoparticles according to Eq. 6:

1 (©)
o=1-—
Cf

where o is the rejection (-), Cp is the concentration of the nanoparticles in the permeate
sample (mg/L), and C; is the concentration of the nanoparticles in the feed solution
(mg/L).

We prepared Milli-Q water solutions with pH 8 and containing 1 mM NaCl,
2 mg/L of silica nanoparticles and different concentrations of PVP. Three types of PVP,
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each with a different molecular mass (10 kDa, 40 kDa and 360 kDa), were used in this
study to evaluate the effect of PVP chain length on filtration and fouling during filtration
of silica nanoparticle suspensions. To determine the role of the PVP concentration in the
fouling behavior, we also used different concentrations of PVP in the feed solution for
each molecular mass of the polymer (1 mg/L, 2 mg/L and 4 mg/L). The effect of
transmembrane pressure on filtration performance was evaluated by application of lower
(0.1 bar) and higher (0.4 bar) transmembrane pressures, in addition to the standard 0.2

bar.

4.4. Results and discussion

The results and discussion section consists of two subsections. In the first subsection, we
describe the detailed characterization of the membrane and the feed solutions. With
regard to the feed solutions, it is especially important to understand how the presence of
the stabilizing polymer influences the stability of the nanoparticle suspension. In the
second subsection, we discuss the filtration experiments performed with the described
feed solutions. The observations described in the first subsection enable the

interpretation of the results reported in the second subsection.

4.4.1. Characterization of membrane and feed solutions
4.4.1.1. Membrane

Table 2 lists the experimentally obtained properties of the MF membrane. The
average pore diameter of this membrane as measured with capillary flow porometry
(CFP) is 200 + 15 nm. Streaming potential measurements showed that the inner surface
of the membrane was negatively charged at pH 8 and had a zeta potential of -23.1 = 2.1
mV.

Table 2. Properties of the used membrane.

Membrane
Type Material ~ Clean water permeability Pore size Zeta potential at pH 8
[L/m?h-bar] [nm] [mV]
Pentair X-Flow
PES/PVP 11500 + 500 200+ 15 -23.1+2.1

1.5MF02
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4.4.1.2. Stabilizers and nanoparticles

Table 3 lists the characteristics of the nanoparticles and PVP stabilizers. Similar to the
membrane surface, the surface of the nanoparticles also is negatively charged at pH 8

(-36 = 1.2 mV) because of the silanol groups of these silica particles [38].

Table 3. Properties of the used silica nanoparticles and PVP stabilizers.

Nanoparticles
Type Diameter Surface area " Zeta potential at pH 8
[nm] [m?/L] [mV]
Ludox TM-50 25+£5.2[10] 0.28 -36+1.2
Stabilizers
Type M, Hydrodynamic diameter Adsorption to silica ™"
[kDa] [nm] [mg/m’]
PVP10 10 4.3[39] 0.64+0.1
PVP40 40 10.2 [39] 0.62 +0.09
PVP360 360 39.9 [39] 0.67+0.1

*Manufacturer’s data
Experimental data

PVP molecules are able to adsorb onto a silica surface via the formation of
hydrogen bonds between the silanol groups and the PVP monomers [36, 40]. The
reflectometer data in Table 3 confirm the adsorption of PVP onto the silica surface for
the pH and ionic strength used in this investigation. Fig. 6a shows the zeta potential of
the nanoparticles as a function of the PVP concentration. For all three used molecular
masses of PVP, the zeta potential becomes less negative with increasing PVP
concentration. As a layer of polymer forms on the nanoparticles, the shear plane at which
the zeta potential is measured moves away from the particle interface. Although the
actual surface charge of the particle remains unchanged, adsorption of the PVP
molecules screens strong negative surface charge of the silanol groups on the
nanoparticle surface. Furthermore, the greater distance to the shear plane means a less
negative zeta potential. The higher the molecular mass of the PVP, the smaller the zeta
potential, indicating the presence of a thicker polymer layer on the nanoparticle surface
[41]. Fig. 6b shows a similar trend for the change in hydrodynamic diameter of the
nanoparticles with PVP concentration. The diameter increases with increasing PVP

concentration, and this is more pronounced for higher molecular masses of PVP.
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Fig. 6. (a) Zeta potential and (b) hydrodynamic diameter of silica nanoparticles as a
function of PVP concentration and PVP molecular mass.

4.4.1.3. Asymmetric flow field flow fractionation of the feed solutions

The properties of the stabilizer adsorbed onto the silica nanoparticles determine the
stability of the nanoparticles in the suspension, and hence the nanoparticles' filtration
behavior. As Fig. 6 illustrates, molecular mass and concentration of the PVP stabilizer
change the nanoparticles’ properties, and as a result can alter fouling development.
However, measurements of zeta potential and hydrodynamic diameter in the bulk do not
give complete information about the number of solute fractions present in the solution,
their sizes and their concentrations. In view of the importance of nanoparticle size, size
distribution and stability and to be able to correlate the filtration behavior of silica
nanoparticles with the role of the PVP stabilizer, obtaining detailed information about
concentration and size of the solute fractions is essential. For that reason, we fractionated
the silica-PVP mixtures by using the AF4 technique, followed by a detailed
characterization of the obtained fractions.

Fig. 7 displays chromatograms for the fractionated solutions containing 50 mg/L of silica
nanoparticles and PVP. Figs. 7a and 7b give results for mixtures with 10 kDa PVP; Figs.
7c¢ and 7d show results for mixtures with 40 kDa PVP. For the solutions containing 360
kDa PVP (Figs. 7e and 7f), we reduced the applied cross-flow velocity to 0.2 mL/min
(see Table 1) to obtain reasonable elution times. For this reason, we cannot compare
these chromatograms directly with those for 10 kDa and 40 kDa PVP solutions, so we
discuss the results for 360 kDa PVP separately.

The Rayleigh ratio, which is plotted in Fig. 7a, increased after the addition of 10 kDa
PVP to the nanoparticle suspension, suggesting an increase of the nanoparticles’
diameter. However, the shape of the chromatogram peaks for bare nanoparticles is the

same as for nanoparticles coated with 10 kDa PVP molecules, which implies that both
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solutions had a comparable size distribution. Furthermore, as Fig. 7a shows, increasing
the 10 kDa PVP concentration only led to a slight increase of the elution time (linearly
related to nanoparticle size; see Eq. 2). This suggests that the nanoparticle size barely
increased and that nanoparticle aggregation remained very limited when 10 kDa PVP
was added. These findings are supported by Fig. 6b, which shows that adsorption of 10
kDa PVP led only to a slight increase of the hydrodynamic diameter.
On the other hand, Fig. 7c clearly demonstrates that the elution time for silica
nanoparticles increased with increasing amount of added 40 kDa PVP. Adsorption of 40
kDa PVP molecules resulted in a marked increase of the radius of the nanoparticles, and
this increase was larger with increasing polymer concentration. When comparing Figs.
7a and 7c, we can see that the hydrodynamic radius of the nanoparticles (as deduced
from the nanoparticle elution time) increased more with increasing concentration when
longer polymer chains were added. The static light scattering results obtained for 10 kDa
PVP and 40 kDa PVP (Figs. 7a and 7c), dRI chromatograms (Figs. 7b and 7d) and
dynamic light scattering results (Fig. 6b) suggest the conformational change of adsorbed
PVP chains as described in Section 4. 2.1 and Fig. 2. As a result, slightly longer elution
times were needed for a higher concentration and higher molecular mass of the polymer.
In Figs. 7b and 7d, the differential refractive index is plotted as a function of
elution time for mixtures of silica nanoparticles and 10 kDa and 40 kDa PVP,
respectively. For each PVP-silica nanoparticle mixture, not one but two distinct peaks
are visible. This is in contrast with the light scattering chromatograms (Figs. 7a and 7c),
which show only one peak. The second, less intensive peaks in the two dRI
chromatograms overlay the light-scattering peaks (Figs. 7a and 7c), which can be
attributed to the silica nanoparticles. Similarly to LS peaks (Figs. 7a and 7¢), elution time
of this second peak increases with increasing PVP concertation (Figs. 7b and 7d). The
first dRI peaks in Figs. 7b and 7d, which increase significantly with increasing
concentration of PVP, represent unadsorbed PVP molecules since these peaks eluted at
the same time as pure PVP. Furthermore, the area of these peak scales up linearly with
increasing PVP concentration in the suspension. The presence of the two distinct peaks
for mixtures of 10 kDa or 40 kDa PVP and silica nanoparticles proves the coexistence of
two fractions: silica nanoparticles coated by PVP molecules and free, unadsorbed PVP

molecules.
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Fig. 7. Rayleigh ratio and differential refractive index (dRI) obtained for asymmetric

Sflow field flow fractionation of silica nanoparticle — PVP mixtures. (a) Rayleigh ratio
and (b) differential refractive index for 10 kDa PVP; (c) Rayleigh ratio and (d)
differential refractive index for 40 kDa PVP; (e) Rayleigh ratio and (f) differential
refractive index for 360 kDa PVP
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In the case of 360 kDa PVP, a clear distinction between the nanoparticle and PVP
peaks is only possible for the 1:1 concentration ratio. For the lowest concentration of 360
kDa PVP (50 mg/L, 1:4 ratio), the nanoparticle peak shifts to a longer elution time (Figs.
7e and 7f), suggesting the presence of larger nanoparticles. For a greater 360 kDa PVP
concentration (200 mg/L, 1:1 ratio), two distinct peaks can be observed: first the polymer
peak and then the nanoparticle peak. Furthermore, the mixture of nanoparticles and PVP
molecules starts to elute faster with increasing concentration (Fig. 7e), the intensity of
the peaks is higher, and the peaks are less broad than for the lowest concentration of
PVP. We attribute this to a slight restabilization of the silica nanoparticles at the higher
360 kDa PVP concentrations. At lower 360 kDa PVP concentrations, the long polymer
chains caused reversible flocculation bridging between the nanoparticles, which resulted
in longer elution times. With further increased concentrations of 360 kDa PVP, more
polymer was adsorbed to the nanoparticles and they became restabilized. In addition, as
observed for 10 kDa and 40 kDa PVP, increased concentrations of 360 kDa PVP led to
the first dRI peak becoming larger, indicating a higher concentration of free polymers
(Fig. 7).
To summarize, the AF4 results clearly show that our PVP-silica nanoparticle mixtures
consisted of two fractions, namely PVP-coated nanoparticles and free unadsorbed
polymer chains. With increased PVP concentrations, more polymer adsorbed on the
surface of the nanoparticles, resulting in an increase in nanoparticle size (hydrodynamic
diameter). This increase was greater for higher molecular masses of the PVP.
Furthermore, higher PVP concentrations led to a higher concentration of unadsorbed
polymer chains. No aggregation of nanoparticles was observed for all used
concentrations of 10 kDa PVP and 40 kDa PVP. In the case of 360 kDa PVP,
flocculation bridging appeared to occur when the concentration was 50 mg/L of PVP
(1:4 ratio).
In view of the limited aggregation and only slight increase of the nanoparticle diameter
in the mixtures with 10 kDa PVP and 40 kDa PVP, we do not expect increased pore
blockage and nanoparticle rejection to occur during filtration of those mixtures. On the
other hand, at higher PVP concentrations, the presence of free PVP polymer chains
might contribute to pore blockage and densification of the cake layer. For 360 kDa PVP,
pore blockage might occur faster due to flocculation bridging and the higher molecular

mass of the polymer.
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4.4.2. Filtration experiments
4.4.2.2. Filtration of nanoparticles and low-molecular-weight PVP stabilizer

We first investigated the influence of the concentration of 10 kDa PVP stabilizer
on dead-end microfiltration of the silica nanoparticles. Fig. 8 summarizes the filtration
results. Fig. 8a shows that for bare nanoparticles without added PVP (the lowest line),
the permeability decreased significantly during the course of filtration. Fouling
developed in the five stages as described in Section 4.2. The general shape of the
filtration curves obtained with addition of 10 kDa PVP is comparable to this for bare
silica nanoparticles. After adding 4 mg/L 10 kDa PVP without nanoparticles, the
permeability decreased by about 20% compared with the initial permeability and distinct
fouling stages could no longer be observed. This difference in fouling behavior of silica

nanoparticles and 10 kDa PVP is related to their size difference (see Table 3).
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Fig. 8. (a) Permeability and (b) nanoparticle rejection as a function of specific permeate
volume during filtration of 2 mg/L of silica nanoparticles with various concentrations of
10 kDa PVP at a transmembrane pressure of 0.2 bar.

However, as also visible in Fig. 8a, even the addition of a small amount of 10 kDa PVP
(1 mg/L) to the nanoparticle suspension already extended the duration of nanoparticle
transport through the membrane pores (stage 2), and pore blockage was initiated later.
As Table 4 shows, the estimated blocking point (point at which pore blocking starts) [10]
for 1 mg/L of 10 kDa PVP occurred after about 0.31 + 0.01 m’/m’ For bare
nanoparticles, this was 0.23 + 0.03 m*/m’. The duration of the nanoparticle transport
stage was even longer for 2 mg/L of 10 kDa PVP (0.35 + 0.02 m’/m?). However, it
shortened when the concentration of 10 kDa PVP stabilizer increased to 4 mg/L; pore

blocking then started after about 0.23 £ 0.02 m*/m’.
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Table 4. Blocking points (Vi) describing transition between transport stage and pore
blockage stages for bare and PVP coated nanoparticles (na = not available due to
instantaneous pore blocking).

PVP Concentration [mg/L] 0 1 2 4
10 kDa 0.31+0.01 0.35+0.02 0.23£0.02
Vitock [m’/m’] 40 kDa 0.23 +0.03 0.21 +0.01 0.31+0.02 0.25+0.04
360 kDa na na na

The longer transport stage observed with a higher specific permeate volume at the
blocking point Ve for 1 mg/L and 2 mg/L 10 kDa PVP coated nanoparticles can be
explained by enhanced nanoparticle stabilization caused by adsorption of the short PVP
chains. High stability of the nanoparticles reduces their near-membrane-surface
aggregation induced by the convective drag force, so maintaining a dispersed state of

nanoparticles and consequently it takes longer before pore blocking sets in. The
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stabilization effect of the polymer molecules increases with PVP concentration since
coverage of the nanoparticle surface is higher [41]. During filtration, however, the free
PVP molecules can also cause membrane fouling. In the case of 4 mg/L of 10 kDa PVP,
the free PVP chains (detected by AF4; see Fig. 7b) clearly contributed to pore blockage;
hence, the duration of the nanoparticle transport decreased to 0.23 + 0.05 m*/m’.

During the pore blockage stage, rejection of the bare nanoparticles rose sharply from
approx. 10% to approx. 90% for pure nanoparticles (see Fig. 8b, black columns).
However, when 10 kDa PVP was present in the feed solution, rejection of the
nanoparticles became significantly reduced and developed continuously to approx. 70%
at the end of the filtration. The increased nanoparticle transport through the membrane
pores and delayed pore blockage (see Table 4) with 10 kDa PVP addition led to lower
nanoparticle rejection. This caused less accumulation of nanoparticles on the membrane;
hence, assuming equal cake layer porosity, the cake layer was thinner. In addition, the
presence of free 10 kDa PVP chains (see Fig. 7b) may have changed the packing order
of the cake. McDonogh et al. [42] demonstrated that polydispersed suspensions of
charged nanoparticles can form filtration cakes in which nanoparticle packing is not
uniform. The voids, defects and channels in the filtration cake structure allow transport
of nanoparticles through the cake, resulting in less nanoparticle rejection. In our case as
well, the feed solution consisted of solutes, which differed in size (free polymer 10 kDa

PVP chains and nanoparticles coated with 10 kDa PVP). The surface charges responsible
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for nanoparticle repulsion were replaced here by steric repulsions introduced by 10 kDa
PVP chains. In the same time, these polymer chains work against ordered packing of the
cake. Furthermore, increasing the concentration of 10 kDa PVP caused less rejection of
nanoparticles, as is visible in Fig. 6b, so the 10 kDa PVP chains clearly caused lower

rejection.

4.4.2.3. Filtration of nanoparticles with added higher-molecular-weight
PVP stabilizer

Figs. 9a and 9b display permeability and rejection data for filtration of silica
nanoparticles with 40 kDa PVP as stabilizer, respectively. As in the experiments with 10
kDa PVP, the addition of 40 kDa PVP stabilizer influenced permeability decay and

rejection of silica nanoparticles, but there are only minor differences with the 10 kDa

case.
12500 r
= a b mEEorPvra0 B 2 mg/L PVP 40
o \ 10} V771 mgiLPvP 40 N\ 4 mg/L PVP 40
~ 10000 % :
< b —
: T
~ NN L . s e
S 7500 S - "o
[ - i N W Vi
= 5000 T N
= AN N ol Al
2 g 7N 7N0 7Nl Nl 7N
@ —w— 4mg/L PVP 40 04 ?§ N ? § ? $ 2 N
b 2500 |- 0 2M9L PVP 40+ 2mgiL NPs 4 g N Z § é \ g § 7 §
g —o— 4 mg/L PVP 40 + 2mg/L NPs 0.2 g N sl 7M1 7 ﬁ N
) —0— 1 mg/L PVP 40 + 2mg/L NPs é § g § é § é § Z §
QA ‘ ‘ 0.0 s 7 4N 2o ZeM 2N
0.0 04 0.8 12 16 0.1 03 05 07 09 11 13 15
e 3, 2 . 3, 2
Specific permeate volume [m”/m?] Specific permeate volume [m*/m?]

Fig. 9. (a) Permeability and (b) rejection of silica nanoparticles as a function of specific
permeate volume during filtration of 2 mg/L of silica nanoparticles with various
concentrations of 40 kDa PVP at a transmembrane pressure of 0.2 bar.

The initial stabilization (time until V},) of the filtration curve in Fig 9a, signifying
transport of the nanoparticles through the membrane pores, only lasted longer when 2
mg/L 40 kDa PVP was added (see Table 4). No effect on the permeability in this initial
filtration stage was observed for 1 mg/L and for 4 mg/L of 40 kDa PVP. A synergic
fouling effect of the nanoparticles and 40 kDa PVP molecules might explain this
behavior. Firstly, the bulkier unadsorbed 40 kDa PVP molecules (diameter of about 10
nm; Table 3) may have contributed strongly to blockage of membrane pores. Secondly,
adsorption of the longer 40 kDa PVP chains to silica nanoparticles caused a larger

increase of the nanoparticle size than for 10 kDa PVP, as shown in Figs. 7c and. 7a, so
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the difference between the nanoparticle diameter and the pore diameter became smaller.
As a consequence, the pore blockage stage occurred sooner, despite the improved steric
stabilization of the nanoparticles.

Similarly, as for 10 kDa PVP, rejection of silica nanoparticles became lower after
addition of 40 kDa PVP to the feed solution (Fig. 9b). However, overall nanoparticle
rejection was greater than with 10 kDa PVP (Fig. 8b). The 40 kDa PVP has longer
polymer chains than 10 kDa PVP, and consequently may adsorb onto more than one
nanoparticle in the filtration cake (bridging) [43]. This could lead to a more
interconnected, more compact structure of the nanoparticle-PVP cake, across which
silica nanoparticles cannot be transported that easily. Furthermore, with 40 kDa PVP,
the pore blockage and cake filtration stages occurred earlier (see Fig. 9a) than with 10
kDa PVP (see Fig. 8a). Hence, more nanoparticles accumulated on the membrane
surface over time, leading to a thicker deposit, in turn resulting in more rejection. This
explanation is supported by the fact that delayed pore blockage in the case of 2 mg/L of
40 kDa PVP (Fig. 9a) results in a lower rejection of silica nanoparticles during the whole
filtration process than with 1 mg/L and 4 mg/L 40 kDa PVP (Fig. 9b), pointing at a
synergic effect.

Fig. 10a shows the permeability decay during filtration of silica nanoparticles with
varying concentrations of 360 kDa PVP stabilizer. The 360 kDa PVP had an average
hydrodynamic diameter almost twice as large (39.9 nm) as that of the silica nanoparticles
(25 £ 5.2 nm). As Fig. 10a shows, this larger hydrodynamic diameter of PVP caused
such a rapid permeability decay due to pore blockage, even for pure polymer, that
estimation of the blocking point (V) Was impossible. After this immediate pore
blockage, cake filtration took place. With the mixtures of 360 kDa PVP and silica
nanoparticles, fouling developed even faster and was more severe than with pure
polymer or bare nanoparticles. Higher polymer concentrations caused faster pore
blockage and a stronger reduction of the permeability during cake filtration because
these higher concentrations of 360 PVP significantly increased nanoparticle size (see
Fig. 6b). Additionally, the less negative zeta potential (Fig. 6a) and the higher polymer

load did likely result in a thicker and more compact nanoparticle deposit [44].
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Fig. 10. (a) Permeability and (b) rejection of silica nanoparticles as a function of
specific permeate volume during filtration of 2 mg/L of silica nanoparticles with various

concentrations of 360 kDa PVP at a transmembrane pressure of 0.2 bar.

Fig. 10b makes clear that nanoparticle rejection during filtration with 360 kDa PVP was
very high (60-80%), even for the first permeate sample. However, there was a slight
reduction of this rejection later. This is surprising since we would expect a very high
rejection of nanoparticles after the instantanecous pore blockage, and a very low
permeability in the later filtration stage. One possible explanation for the decrease in
rejection might be extensive concentration polarization occurring inside the fiber from

the beginning of the filtration.

4.4.2.4. Role of transmembrane pressure

The applied transmembrane pressure can play an important role in the filtration of
the silica nanoparticles — PVP mixtures, leading to a more compact or a more porous
nanoparticle deposit. Therefore, the role of the polymeric stabilizers in the formation of
nanoparticle deposits and rejection of nanoparticles may be different at different
transmembrane pressures.

Fig. 11 shows permeability and rejection of bare silica nanoparticles for different
transmembrane pressures. With a higher transmembrane pressure (0.4 bar) than the
reference pressure of 0.2 bar, the flux declined faster in the first fouling stage (Fig. 11a),
which can be explained by accelerated nanoparticle aggregation due to a higher
convective drag force. Furthermore, this higher drag force compresses the filtration cake,
thereby reducing cake porosity, leading to a significantly lower flux at the end of the
filtration process. On the other hand, use of a lower transmembrane pressure (0.1 bar)

did not significantly affect the duration of the initial nanoparticle transport and pore

88



blockage stages. It enabled maintaining a constant and much higher flux in the cake
filtration stage, due to less compression of the cake and thus a more open cake structure.

Unexpectedly, differences in the applied transmembrane pressure and the resulting
fluxes did not influence rejection of the nanoparticles after formation of the filtration
cake, as shown in Fig. 11b. The rejection of nanoparticles for all applied pressures was
about 90% from the fourth permeate sample onward (0.7 m’/m” specific permeate
volume). Apparently, the highly ordered structure of the filtration cake, due to the high
monodispersity of the nanoparticles and the strong repulsion among them, did not allow
nanoparticle transport, even for very open cake structures (e.g. at 0.1 bar, in our

experiments) [42].
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Fig. 11. (a) Permeability and (b) rejection of bare silica nanoparticles as a function of
specific permeate volume during filtration of 2 mg/L bare silica nanoparticles (no PVP)
at various transmembrane pressures.

When we carried out the filtration at a pressure of 0.4 bar (see Fig. 12a), the
addition of 1 mg/L or 2 mg/L 10 kDa PVP had the same stabilization effect as with a
pressure of 0.2 bar (see Section 4.2.2), allowing longer transport of nanoparticles through
the membrane pores. Addition of 4 mg/L of 10 kDa PVP caused faster pore blockage,
and rejection of the nanoparticles was reduced with increasing 10 kDa PVP
concentrations (see Fig 12b), as was the case with 0.2 bar. However, at the end of the
filtration test, rejection of the nanoparticles reached values of about 80-90%, which is
higher than obtained with 0.2 bar (see Fig. 8b). This higher rejection can be explained by

the before-mentioned cake compaction effect of higher transmembrane pressures.
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Fig. 12. (a) Permeability and (b) rejection of silica nanoparticles as a function of
specific permeate volume during filtration of 2 mg/L of silica with various concentration
of 10 kDa PVP at a transmembrane pressure of 0.4 bar.

At a transmembrane pressure of 0.1 bar, adding 10 kDa PVP to the silica nanoparticles
had a clear impact on fouling development (Fig. 13a). The initial stabilization of the
permeability (related to the nanoparticle transport through pores) was less pronounced or
did not occur at all. We conclude that the pore blockage stage occurred immediately,
since there was no transport stage. This is the result of the lower filtration-driving force
at this pressure, which means that the contact time between the nanoparticles and PVP
molecules in the concentration polarization zone on the membrane surface was longer.
As a result, there was more time for adsorption of PVP molecules onto the nanoparticles
at lower 10 kDa PVP concentrations (as visible in Figs. 6a and 7). In the nanoparticle
deposit, this may have led to interconnection of nanoparticles by PVP chains [32, 33] via
flocculation bridging (see Fig. 1b). This effect was less pronounced with higher 10 kDa
PVP concentrations due to the higher coverage of the silica surface by polymer. Steric
repulsion prevented flocculation bridging and no aggregation was observed, as can be
deduced from Fig. 7a. Hence, for increasing 10 kDa PVP concentrations, we observed
less permeability decay during the course of filtration (Fig. 13a). On the other hand, the
lower zeta potential (Fig. 6a) and the increasing polymer concentration both led to a
denser filtration cake. We therefore saw a significantly lower permeability at the end of
the filtration with feed solutions containing PVP than with solutions containing bare
nanoparticles. However, the nanoparticle deposit obtained with a transmembrane
pressure of 0.1 bar was still more permeable for nanoparticles than the deposits obtained
with 0.2 bar and 0.4 bar. The lower compaction of the cake and the lower packing order
with increasing 10 kDa PVP concentration resulted in lower nanoparticle rejection
(Fig. 13b).
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Fig. 13. (a) Permeability and (b) rejection of silica nanoparticles as a function of
specific permeate volume during filtration of 2 mg/L of silica nanoparticles with various

concentrations of 10 kDa PVP and a transmembrane pressure of 0.1 bar.

4.5. Conclusions

This experimental study investigated fouling and rejection during dead-end
microfiltration of silica nanoparticles sterically stabilized with PVP polymers.
Adsorption of PVP onto the nanoparticle surface changes nanoparticle interaction from
electrostatic to steric. Characterization of our feed solutions by AF4 revealed the
presence of two fractions, namely free PVP chains and sterically stabilized PVP-coated
nanoparticles. Our research confirmed that fouling and rejection behavior of sterically
stabilized nanoparticles is strongly determined by the properties of the used stabilizer (in
our case, PVP), such as molecular mass and stabilizer concentration. Increasing the
concentration of PVP stabilizer with a low molecular weight (10 kDa and 40 kDa)
generally appears to result in a higher stability of the nanoparticles, and hence easier
transportation of the nanoparticles through membrane pores, without aggregation.
However, adding too much PVP stabilizer can result in a synergic fouling effect, where
the effect of stabilization of nanoparticles is countered by the higher fouling contribution
of the PVP stabilizer itself. Furthermore, nanoparticle rejection drops with increasing
PVP stabilizer concentration, suggesting the formation of a more open and permeable
cake structure. A higher molecular weight of the stabilizer results in a larger nanoparticle
size and can also allow flocculation bridging. Consequently, pore blockage occurs faster
and rejection of nanoparticles is greater. Moreover, the contribution of the PVP chains to
fouling development increases with increasing molecular mass of the stabilizer. Finally,
the transmembrane pressure also exerts control over the structure of the cake layer.

Applying a higher transmembrane pressure results in a more compact cake structure,
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which is less permeable for nanoparticles. Decreasing the transmembrane pressure

results in a less dense cake layer; this lowers nanoparticle rejection.
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CHAPTER 5

Fouling behavior of silica nanoparticle-surfactant mixtures
during constant flux dead-end ultrafiltration
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Abstract

The increasing use of engineered nanoparticles in costumer products results in their
accumulation in water sources. Membrane technology has proven to be effective in the
removal of colloidal particles, and therefore is an obvious candidate for the separation of
nanoparticles from water as well. Nanoparticle stability and the presence of various
surfactants in the nanoparticle suspension may have a great effect on the filtration
performance. In addition both nanoparticle and surfactants both contribute to fouling of
the membrane.

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 irreversibility during dead-end ultrafiltration of model silica nanoparticles. Our
work demonstrates that type of the 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 dodecyl sulfate) does not interact
extensively with the negatively charged silica nanoparticles and does not change
significantly the surface charge and size of these nanoparticles. Adsorption of the
cationic CTAB (cetyltrimethylammonium 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 mixture containing silica nanoparticles and TX-100.
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5.1. 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 aqueous environment after usage [2]. Over the last decades,
membrane 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 their membrane filtration
behavior using porous membranes [6-8]. Aggregation of nanoparticles in the bulk
solution or at the membrane 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
nanoparticles, 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
concentration of both nanoparticles and stabilizers [11]. Adsorption of surfactants 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 stabilization mechanism, facilitates nanoparticle
aggregation [19]. Furthermore, since adsorption of surfactants to NPs and micelle
formation are concentration dependent [20-22], the concentration of the surfactant in the
feed solution will play an important role on the nanoparticle stability as well.

Apart from nanoparticle stability, the presence of surface-active compounds will also
change the interactions between the nanoparticles and the membrane. As a result,
adsorption of the NPs onto the membrane surface is promoted or reduced, depending on
the affinity 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, surfactants may adsorb on the membrane or associate
on the membrane surface as micelles 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.
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Literature on nanoparticle filtration in the presence of surfactants is limited. Work that
systematically compares the role of different surfactant types on the filtration of
nanoparticles is lacking. Therefore, the aim of this study is to reveal the role of the type
of surfactant on nanoparticle filtration. Three types of industrially prominent surfactants
are used: anionic sodium dodecyl sulphate (SDS), cationic cetyltrimethylammonium
bromide (CTAB), and non-ionic Triton X-100 (polyethylene glycol tert-octylphenyl
ether). A detailed investigation of feed solution properties, combined with data from
filtration experiments, allows determination of relevant mechanisms responsible for

membrane fouling by nanoparticles in the presence of surfactants.

5.2. Experimental
5.2.1. 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 NH,HCO;-(NH,),CO;, HCI and NaOH (Sigma Aldrich) were
used to adjust the pH and ionic strength of the solutions, respectively. Sodium dodecyl
sulfate (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 MQ-cm); all chemicals were used without further purification.

5.2.2. Membrane and membrane characterization

Commercially available inside-out polyethersulfone-polyvinylpyrrolidone (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 cm’
were prepared 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 permeability, inner surface
charge and pore size distribution. The surface potential of the inner membrane was
determined via streaming potential measurements using a SurPASS electrokinetic
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 HCI
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 controlled stepwise blocking of pores by condensation of a
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vapor, linked with the simultaneous measurement of the oxygen flux through the
membrane [26]. Cyclohexane was used as the condensable vapor in our home made

setup.

5.2.3. Characterization of nanoparticle — surfactant mixtures

The CMC values of cationic and anionic surfactants were determined 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 conductometer Cond 3210
(WTW GmbH, Germany). The CMC of the non-ionic TX-100 was determined using a
force tensiometer K20 (Kriiss GmbH, Germany) equipped with a Du Noiiy ring. The
CMC value was obtained by plotting the logarithm of the obtained surface 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
Corporation, 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 nanoparticles were carried out via
electrophoresis measurements using a Malvern ZetaSizer 3000Hsa (Malvern
Instruments, United Kingdom) 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 solution prepared in various concentrations of
investigated surfactants in 1 mM ammonium bicarbonate buffer solution. All

experiments were repeated at least three times.

5.2.4. 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
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concentration of surfactants in the feed solutions was varied from 0.125 mM to 8 mM.
The surfactant 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 vessel in a temperature-controlled stirred water bath. Filtration experiments 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 filtration setup is given

in Fig. 1.
N [Retentate >
kg
o {Permeate >

I! BW pump

Fig. 1. Schematic diagram of the OSMO Inspector filtration setup. Feed and BW are
feed and backwash water reservoirs, respectively. Two mass flow controllers (FC)
control the feed and backwash flows. The pressure of the feed, the backwash, the
permeate and the retentate is measured using pressure indicator (Pl). The temperature

(T) in the feed and downstream of the backwash pump is monitored as well.

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-Flow™ model M15, Bronkhorst Cori-Tech, The
Netherlands) are installed to measure and control the feed and backwash fluxes. Prior to
filtration, the membranes were immersed in a 20% w/w ethanol solution for at least 24 h

to remove conservation chemicals and to wet all the pores. After this, ultrapure water
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was filtered across the membrane modules at 2 bar for 10 minutes. The OSMO software
was programmed to perform single filtration-backwash experiments at a flux of 100
L/m-h. The schematic description of the filtration-backwash experiment is shown in
Fig. 2.

Pinitial >

Transmembrane pressure
o

| ] n v \ Vi Vil

Time

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

Firstly, at the beginning of each filtration experiment the pure water permeability for
each module was measured for 10 minutes at a flux of 100 L/m-h (I). As a result of the
applied potting 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 nanoparticles and surfactants was introduced into the lumen of the
fibers by a forward flush (II) that was carried out for 1 minute. 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

minute in order to remove the retentate present and to prepare the module for backwash
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(V), which was carried out for 30 minutes 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 minute. In the
last step, the permeability of the membrane (VII) was measured once again in order to

calculate flux recovery. Each filtration experiment was repeated at least three times.

5.2.5. 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:

AP
ER

where R (1/m) is the total filtration resistance, 4P (Pa) is the transmembrane pressure, 7

R (D

(Pa-s) is the viscosity and J (m*/m>'s) is the flux.
The rejection of the solute by the membrane is defined by Eq. 2:
=10 )
Cy

where o is the rejection (-), Cp is the concentration of the solute in the permeate sample
(mg/L), and Cyis 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 Inductively 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.

R_ PP

= 3
©dt p-J-At ®)
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where R (1/m) is the total filtration resistance, P; (Pa) is the initial transmembrane
pressure, P, (Pa) is the final transmembrane pressure, # (Pa‘s) is the viscosity, J
(m’/m’-s) is the flux and 4 (s) is the filtration time.

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

defined as:

PR=n

“4)

mbw
where PR (-) is the permeability recovery, R, (1/m) is the filtration resistance of the
membrane before filtration (step I in Fig. 2) and R,;,, (1/m) is the hydraulic resistance of

the membrane after the backwash step (step VII in Fig. 2).

5.3. Results and discussion
5.3.1. Membrane characteristics

The properties of the UF membrane used are listed in Table 1. The Molecular Weight
Cut-Off (MWCO) reported by the manufacturer was 150 kDa. The experimentally
determined pure water permeability measured was 1000 + 100 L/m*h-bar. According to
the permporometry measurements, the mean pore diameter of this membrane was found
to be 24 + 5 nm. Streaming potential measurements showed that the inner surface of the

membrane had a zeta potential of -24 £ 3 mV at pH 8.

Table 1. Properties of the applied membrane.

Membrane
Type Material MWCC Clean water Pore Diameter ~ Zeta Potential at
[kDa] permeability [nm] pHS8
[L/m% h-bar] [mV]
Pentair X- = pespve 150 1000 = 100 2445 249434
Flow UFCLE ’ ’

*manufacturer’s data

5.3.2. 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 of which the size varies for each surfactant type, as

shown in Table 2. The Krafft temperature is the minimum temperature at which
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surfactants can form micelles. Since for CTAB this temperature is quite high (25°C), we

carried out all our experiments at 30°C to ensure that all surfactants can form micelles.

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

Surfactant Type M,, CMC Micelle diameter  Krafft temp.
[g/mol] [mM] [nm] [°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]

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 the stability of the nanoparticles in the suspension, depending on
whether the surfactants enhance or reduce repulsive interactions between the
nanoparticles. The surface zeta potential and the hydrodynamic diameter of the silica
nanoparticles as a function of the surfactant concentration at pH 8 are shown in Figs. 3a
and Fig 3b, respectively. To take into account the behavior of the pure surfactants, zeta
potential measurements were also conducted with pure surfactant suspensions at a

concentration of 16 mM, which are represented as star symbols in Fig. 3a.

80 =
a = b
> —o—CTAB $1000 —o—CTAB
£ 40+ ©
= £
8 8
c °
Q o
° ‘E 100} —o— TX-100
o (o] —4—SDS
S g i L
() Bare NPs
5 g
°
-80 : : 2 10 : :
0.1 1 10 100 0.1 1 10 100
Surfactant concentration [mM] Surfactant concentration [mM]

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.

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
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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 measurements of silica nanoparticles 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 suggest either a limited aggregation of the
nanoparticles or the presence of some large impurities in SDS (the applied SDS was 90%
pure). Nevertheless, 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, 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,
(i1) hydrophobic interaction by the long hydrocarbon tail, or (iii) a combined effect of
these two mechanisms [39, 40]. In this study, however, we also observe that with the
addition of CTAB to the silica nanoparticle suspension, the hydrodynamic 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 charge
of the nanoparticles is neutralized and thus repulsive interactions 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 is mainly responsible for nanoparticle aggregation 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 -6.4 = 1.6 mV, which is much less negative than the value
obtained for bare silica nanoparticles. This is an indication of surfactant adsorption and
shielding of the nanoparticle charge by TX-100. The work of Levitz et al. [41],
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Giordano-Palmino et al. [22] and Alexeev et al. [16], showed that TX-100 can adsorb
effectively onto the colloidal silica surface as individual molecules at low concentrations
via hydrogen bonding, followed by the formation 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 induced by reduced repulsive interactions between the
nanoparticles upon adsorption of the surfactant.

These results show that the type of the surfactant has a significant effect on the
nanoparticle charge and size in the suspension. SDS interacts only slightly with the silica
nanoparticles and no significant 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.

5.3.3 Filtration experiments
5.3.3.1. 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.

&)
=
»

— | a -
1S - CTAB
~ 4 . (i)
- —o— 8 mM CTAB g
o % D g
=) —A—8mM SDS S12f sos Tx-100
3 4] 1
] >
2 = NPs
S S0t /
k7 —O0— 8 mM TX-100 k)
g1 £
@ Atd—d—bbh—Ah—A—A—b—A—b—A— —A— 50 mg/L NPs o
o ‘ ‘ 08
0.00 0.05 0.10 0.15

Specific permeate volume [m3/m2]

Fig. 4. Resistance (a) and permeability recovery (b) during filtration of pure surfactants
and bare silica nanoparticles.

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 considerably lower (50 mg/L). Therefore, the lowest filtration
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resistance 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 filtration cake at the end of the filtration was estimated to be about 3.1 um taking into
account the mass of deposited nanoparticles, 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 8mM contribute significantly
to the membrane fouling. The highest resistance was generated during the filtration of
the ionic surfactants — 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 surfactant and the hydrophobic PES polymer molecules in the
membrane 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.
5a). For 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 [47] (Fig. 5b). 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 filtration. 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) indicating irreversible fouling.
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Fig. 5 Schematic representation of the possible interactions between a PES-PVP
membrane and a) SDS (negative), b) CTAB (positive) and c) TX-100 (neutral)

surfactants.

5.3.3.2. 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 filtration of silica nanoparticles. Fig. 6
summarizes the filtration results obtained during filtration of silica nanoparticles with

various concentrations of the anionic surfactant SDS.
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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.

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
findings 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 concentration on fouling development during cross-flow filtration.
They postulated that addition of SDS in concentrations below 0.3 mM allows formation
of a more loosely packed cake on the surface of UF membrane. Thus, a lower fouling
rare was obtained. However, 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 interactions

between nanoparticles and surfactants. The formation of a more porous cake layer in the
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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
development dominates the effect of the increased surface charge of the nanoparticles.
As aresult, the filtration resistance slightly increases with SDS concentration, despite the
slightly higher repulsive interactions between the nanoparticles (Fig. 3a). Interestingly,
below 8 mM SDS the filtration resistance is on a significantly lower level (the maximum
obtained resistance at 4 mM was 8.7-10'" 1/m ) than the resistance obtained at 8 mM of
SDS (maximum obtained resistance 7.1:10" 1/m). This difference in the fouling
development is clearly illustrated in Fig. 6b, where the fouling rate is plotted 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
limited contribution of SDS to fouling development below the CMC of SDS. However,
above the CMC formed micelles contribute strongly to the filtration resistance.

The rejection of silica nanoparticles during their filtration in the presence of SDS as a
function of the surfactant concentration is given in Fig. 6¢. 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 [45]. Retention of
nanoparticles is not only caused by size exclusion of the nanoparticles, but also by
adsorption of the nanoparticles onto the membrane surface [46]. 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.

Addition of the SDS to the feed solution contributes to a noticeable reduction of the
nanoparticle rejection, as shown Fig. 6¢c. 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
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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 [47].
This results in an easier diffusion of the nanoparticles through the filtration cake and
consequently in a lower rejection.

As described in section 5.2.4, 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 surfactants leads to PR>1. We relate this to better wetting of the
membrane in the presence of surfactants, which makes surface of the membrane more
hydrophilic. Fig. 6d shows the permeability recovery as a function of the SDS
concentration. At lower SDS concentrations (0.125 mM - 1 mM) the permeability
recovery is approx. 1. However, it increases to values of 1.21 + 0.07 and 1.28 + 0.07 for
4 mM and 8 mM, respectively. We speculate that at lower surfactant 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.

5.3.3.3. 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 5.3.3.2),

an increase of the cationic CTAB concentration results in more severe fouling
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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 of the nanoparticle size
results in a more open filtration cake and thus reduced 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 do not contribute significantly to fouling
development. This hypothesis is supported by the fact that the fouling rate rises linear
with the logarithm of CTAB concentration (Fig. 7b), and thus no synergic effect between

nanoparticles and CTAB on fouling is observed.
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Fig. 7 (a) Resistance development as function of specific 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 at 30 °C of 50 mg/L

silica nanoparticles with cationic CTAB. Dashed lines are drawn to guide the eye.
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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 previously 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 more pronounced 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 intuitively one would think that the
formation of nanoparticle aggregates would result in higher rejections, the aggregation of
nanoparticles in the feed solution can resulting 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
nanoparticles through the membrane is facilitated in such regions resulting in slightly
lower nanoparticle rejections. However, to validate this 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 concentration
(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 recovery 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).
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5.3.3.4. 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 surfactants, an increase of the TX-100 surfactant concentration also
caused greater filtration resistance. Furthermore, from a concentration of 1 mM, 4 mM
and 8 mM of TX-100, the resistance increase exponentially with specific permeate
volume as opposite to the linear increase observed for the two other 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 weakened, and therefore a more
compact and dense cake structure can be formed. As a result, the transmembrane
pressure and filtration 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
concentration. 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 cake formed (different scales on the y-axis in Figs. 6b, 7b and
8D).

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 structure 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. Limited diffusion of nanoparticles across such a dense nanoparticle deposit
contributes to a high nanoparticle rejection, which is rather independent of the surfactant
concentration.

Figure 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 (§ mM) to 0.81 + 0.01. The significantly higher
transmembrane pressures used during filtration with 8 mM of TX-100 than those for all
the other filtration runs and the lower repulsive interactions between the nanoparticles in

the presence of TX-100 can explain the reduced permeability recovery. We think that
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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 (Figs. 6d and 7d).

10 50
E a b
= 8r 7 — 40}
~ § —o— 8 mM TX-100 + NPs 0
S # —o—4mMTX-100 + NPs £ E
- 6 4 ——1mM TX-100 + NPs S 30+t ]
— £ —o—0.125 mM TX-100 + NPs © !
) —4— 0 mM TX-100 + NPs S
g N
% 4 = 20+
o L5 ;
@ 2 10+ E
[0 . -E
0 iy 1 w0 L
0.00 0.05 0.10 0.15 0.1 1 10 100
Specific permeate volume [m*m?] Surfactant concentration [mM]
__1.00 - 14
: Fe "t e e =
= : c ~ d
2095} o
=
3] >0l
2 3 1.2
Loo0} e 1
Q >
° Z10f - L. i
= o)
Sossf 5 t f
8_ [5)
S £ .
@ 0.80+ @ 0.8+
z a
0.0 - : 0.0 : :
0.1 1 10 100 0.1 1 10 100
Surfactant concentration [mM] Surfactant concentration [mM]

Fig. 8 (a) Resistance development as function of specific 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 at 30 °C with non-ionic TX-100. The dashed lines are drawn only to guide
the eye.

5.4. Conclusions

In this experimental study, we investigated the effect of three different types of
commercial surfactants (CTAB, SDS and TX-100) on the fouling development during
hollow fiber dead-end ultrafiltration of silica nanoparticles and tried to give insight in the
mechanisms of nanoparticle rejection and fouling development.

The stability of the nanoparticle suspension is found to be dependent on the type of
surfactant. 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. Non-ionic TX-100 neutralizes the surface charge of
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the silica nanoparticles causing a slight increase of the nanoparticle size. Anionic SDS
does not interact extensively with the negatively charged silica nanoparticles.

Addition of anionic SDS to the feed solution has very limited synergic effect on fouling
development below the CMC value of SDS, whereas above the CMC, fouling develops
much more strong. For cationic CTAB, aggregation of the nanoparticles results in only a
limited contribution of the nanoparticles to the built up of the filtration resistance and
fouling development 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 surfactant and the
concentration. In general, nanoparticle rejection 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 additional wetting phenomena of the fibers in
the presence of the surfactants. 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 molecules. This all contributes to the fouling. Our investigation provides
some insights in the role of the surfactant on nanoparticle stability and the mechanisms

responsible for fouling during filtration of mixtures containing both nanoparticles and

surfactants.
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Axial fouling development of engineered nanoparticles
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Abstract

The extensive application of engineered nanoparticles leads to contamination of surface
water by nanoparticles after their use. Membrane technology is one of the most
promising techniques to remove these nano-sized pollutants, but still not much is known
about the filtration behavior of engineered nanoparticles in terms of efficiency in
nanoparticle removal and fouling development. Moreover, fouling development along a
hollow fiber membrane during dead-end filtration is not uniform and this can lead to an
uneven performance of the membrane along the fiber length.

In this study, non-uniform silica nanoparticle fouling development along microfiltration
membrane fibers operated in inside-out dead-end filtration mode under constant flux was
investigated. To evaluate the filtration performance along the fiber length, permeate was
collected from five equally divided sections of the membrane fiber. The local flux, the
filtration resistance and the nanoparticle rejection in each section were determined. This
study shows that the lowest filtration resistance is always obtained in the first part of the
fiber due to the highest cross-flow occurring at the entrance of the fiber. At higher feed
flow rates (0.8 L/h), contradictory results to existing literature were obtained and the
middle sections of the membrane revealed a higher resistance than the last section of the
fiber.

Nanoparticle rejection increased during the course of the filtration to values above 95%,
and it was not significantly influenced by the difference in accumulation of the
nanoparticles along the fiber length.
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6.1. Introduction

The numerous applications of nanoparticles and their exponentially growing
production volume resulted in much concern about their destination after usage [1-3].
Especially surface water is prone to be contaminated by engineered nanoparticles [3-5],
from which some are considered as toxic for living organisms [6]. Membrane technology
can be a potential solution, since it is able to efficiently purify water containing
engineered nanoparticles [7, 8]. However, there is still a lack of knowledge in terms of
filtration mechanisms and fouling development during filtration of engineered
nanoparticles using polymeric membranes.

Ultra- and microfiltration membranes that can be used for the removal of nanoparticles,
are often produced in hollow fiber geometry and may operate in both dead-end as well as
in cross-flow mode. However, the term dead-end filtration during inside-out filtration
with a hollow fiber membrane is quite misleading, as there is always some cross-flow
which reduces over the length of the fiber [9, 10]. Due to these uneven hydrodynamic
conditions in a hollow fiber membrane, the performance is not only a function of time
but can also depend on the axial position [11, 12].

The observed variations in fouling development over the length of the fiber are caused
by the distribution of cross-flow velocity and pressure drop along the fiber [9-11]. These
two parameters, however, are significantly influenced by fiber geometry (such as fiber
diameter and length) and process parameters (such as flux and concentration) [13, 14].
The higher the aspect ratio between the length and the diameter of the fiber, the higher
the pressure drop in axial direction and the more inhomogeneous the fouling is [14].
Hence, shorter fibers exhibit a more uniform fouling, but in practice long hollow fibers
modules are used more often. Furthermore, highly permeable hollow fiber membranes
such as microfiltration fibers are very sensitive to small variations of the transmembrane
pressure or cross-flow velocity along the fiber length. In the extreme case, it even may
lead to so-called reverse- or back-filtration at the exit of a membrane module [15].
Moreover, the increasing accumulation of solutes towards the end of the fiber results in
different retentions along the fiber length. For example, van de Ven et al. [11] reported
that the retention of humic acid dropped drastically at the end of the fiber due to the
extensive accumulation of solute causing more pronounced concentration polarization.
As shown in our previous study [16], filtration of rigid nanoparticles much smaller than
the membrane pores can result in the formation of a nanoparticle deposit, which acts as a
secondary membrane. In that case, concentration polarization and cake formation are

beneficial to increase nanoparticle rejection. However, inside-out dead-end filtration
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using hollow fiber membranes can lead to non-homogeneous concentration polarization
and the formation of a non-uniform cake layer along the length of the fiber length. In
fact, this additional cake layer is responsible for the nanoparticle rejection. As a result,
fouling and rejection can develop differently along the fiber length. This was
investigated before for humic acids [11] and here we investigate the consequences of this
non-homogeneous distribution on the filtration behavior in terms of fouling and rejection
uniformity of engineered nanoparticles along a hollow fiber during hollow fiber dead-

end microfiltration.

6.2. Experimental
6.2.1. Materials

Silica nanoparticles Ludox TM-50 were purchased from Sigma Aldrich as a
50% w/w water suspension. The properties of the nanoparticles were investigated and
reported elsewhere [16]. Summarizing, the number average size of the nanoparticles was
found to be 25.5 = 5.2 nm (as measured with Transmission Electron Microscopy), and
the zeta potential was reported as -37.7 = 3.9 mV (at pH 8). ACS grade NH,HCOs;,
(NH,4),CO;, HCI and NaOH (Sigma Aldrich) were used to adjust the pH and the ionic
strength of the feed solution. All chemicals were used without further purification and all

solutions were prepared using Milli-Q water (resistivity >18.2 MQ-cm).

6.2.2. Membrane and membrane characterization

Pentair X-Flow B.V. kindly supplied the commercially available Pentair X-Flow
1.5MFO02 inside-out PES-PVP microfiltration (MF) hollow-fiber membranes. The clean-
water permeability of the applied membrane was measured as 11000 + 500 L/m* h-bar.
A detailed characterization of the membrane is reported elsewhere [16]. The average
pore size of the membrane as measured with capillary flow porometry (Porolux™ 1000,
Porometer N.V.) was 200 = 15 nm. The membrane surface zeta potential at the inside of
the fiber determined from streaming potential measurements (SurPass, Anthon Paar
GmbH) was -23.1 £ 2.1 mV.

One single fiber (inner diameter: 1.5 mm) was potted at its ends in § mm PVC tubes with
two-component polyurethane glue 2K Expert (Bison International B.V.). The part of the
fiber between the two PVC tubes (36 cm) was open to the air and divided into five
permeating sections with a length of 4 cm (effective membrane area: 9.4-10™* m?). The

permeating sections were separated by non-permeating sections of 4 cm each as well,
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which were obtained by covering the membrane fiber from the outside with the

polyurethane glue. A schematic illustration of the filtration module is shown in Fig. 1.
Permeating Non-permeating
section section
Feed 1 2 3 4 5
E— e

Fig. 1. Schematic description of used hollow fiber module divided into five permeating

sections.

6.2.3. Filtration experiments

All the feed solutions were prepared by diluting the commercial Ludox TM-50
silica nanoparticle suspension in 1 mM bicarbonate buffer at pH 8. The concentration of
nanoparticles in all experiments was 10 mg/L. The filtrations experiments were carried
out at constant flux (i.e. constant feed flow rate) in inside-out dead-end mode using an
OSMO Inspector filtration setup (Convergence Industry B.V.), of which a schematic

description is given in Fig. 2.

SN I A

AABAA

Balances

Milli-Q Nanoparticle
water solution

Fig. 2. Schematic description of the applied OSMO Inspector setup for inside out dead-
end filtration.

Before filtration of the nanoparticles, Milli-Q water was pumped through the prepared
membrane module by a gear pump (Micropump GA-T23, Micropump Inc.). A constant
volumetric feed flow rate was maintained by high precision mass flow controllers (Cori-
Flow™, model M53 and M14, Bronkhorst High-Tech B.V.). The amount of permeate
collected from each of the five permeating sections of the membrane was monitored
continuously using precision balances (Kern KB, Kern & Sohn GmbH). The pressure at
the inlet and outlet of the membrane module were monitored with high accuracy

piezoresistive pressure transducers (Omega PXM409, Omega Engineering Inc.). After
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about 10 minutes of clean water filtration, the nanoparticle solution was fed to the
filtration module by opening the appropriate valve. Filtration was stopped when about
1.5 L of nanoparticle solution was filtered or when the maximum allowed pressure of 9
bar was reached. Each experiment was repeated at least three times at a controlled room

temperature (20 + 1°C). The results were averaged and reported.

6.2.4. Cross-flow and flux along the fiber

Solely inside-out dead-end filtration with hollow fiber membranes in fact does not
exist. In the case of a module fed only from one side, distribution of the liquid inside the
fiber causes different cross-flows over the length of the membrane fiber. This cross-flow
is highest at the entrance of the module, and goes to zero at its exit due to the closed end
of the fiber. Moreover, flow of the liquid inside the fiber causes a pressure drop. This
results in a non-uniform flux distribution along the fiber length. Like van de Ven et al.
[11], we used a system of two differential equations (Eq. 1) to describe the cross-flow
velocity and transmembrane pressure during filtration of pure water as a function of the
position z along the fiber. The first equation in Eq. 1 is derived from a mass balance
combined with D’Arcy’s law and taking into account permeation through the porous
membrane wall. The second equation is the Hagen-Poiseuille equation, which describes

the pressure drop in the lumen of the fiber [10].

iv(z) :_L(Z)
dz n-r-R,

()

d 8-1m-v(z)

™ P(z2)=———=—

In Eq. 1, v is the cross-flow velocity (m/s), P is the transmembrane pressure (Pa), z is the
axial coordinate (m), 7 is the viscosity of water (Pa-s), r is the radius of the fiber (m), and
R, is the resistance of the membrane (1/m). The boundary conditions used to solve this
system of differential equations were v(0) = O/A4 (resulting from the feed flow at the
entrance of the fiber) and v(L,,) = 0 (the velocity is zero at the end of the module), where
Q is the volumetric flow rate of the feed solution (m’/s), A is the cross-sectional area of
the fiber (m?), and L,, is the total length of the fiber (m). The equations were solved
analytically using Matlab R2013a software (MathWorks).
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6.2.5. Data processing

In the experiments, the transmembrane pressure (TMP) and the accumulated
permeate mass were monitored in time. The local permeate flux was calculated then
according to Eq. 2:
JoAv 1

At z-d-L

where J is the permeate flux (L/m*h), ¥ the volume of permeate calculated from the

@)

accumulated permeate mass monitored by the precision balances (m?), ¢ the filtration
time (s), L is the length of a single membrane section (m) and d is the fiber diameter
(m). The total hydraulic resistance was calculated using Eq. 3:

_ AP

R=—"1
n-J

©)

where R is the resistance (1/m), 4P the transmembrane pressure (Pa) and # the viscosity
of the feed solution (Pa‘s). As the pressure could only be measured at the module
entrance and exit, resistances for individual fiber sections were calculated taking into
account local fluxes and assuming the same transmembrane pressure in every section.
The transmembrane pressure was calculated as an arithmetic average from the pressure
value measured at the module entrance and the module end. We think this approach is
acceptable as the absolute pressure difference between the module entrance and the
module end was never higher than 5 mbar. This is significantly below the accuracy of
the pressure transducers in the set-up (8 mbar). Permeate was collected in batches of 50
mL. To determine the nanoparticle concentration in the feed and permeate samples, ICP-
MS (Inductively Coupled Plasma Mass Spectrometry, Thermo Fisher Xseries 2) was

used. The silica nanoparticle rejection was calculated according to Eq. 4:

T~ 4)
o=1——
Cf

where o is the rejection (-), Cp is the concentration of the nanoparticles in the permeate
(mg/L), and Cris the concentration of the nanoparticles in the feed solution (mg/L).
6.3. Results and Discussion

6.3.1. Cross-flow velocity, pressure and local fluxes along the fiber for pure water

filtration

Permeation of the feed as well as the varying hydrodynamic resistance towards

flow along the fiber lead to a distribution of the cross-flow velocity, pressure and the
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local fluxes over the fiber length. This variation in hydrodynamic conditions can affect
the local flux and shear forces inside the fiber and this can affect the fouling and
rejection development along the hollow fiber membrane. In order to describe the
hydrodynamics for pure water in the applied filtration module, the system of differential
equations given in Eq. 1 was solved for the experimental conditions applied. In the
calculations, we used the resistance of the membrane (3.1-10'° 1/m) [16], the total length
of the permeating part of the membrane (20 cm) and three volumetric feed flow rates:
0.2 L/h, 0.5 L/h and 0.8 L/h. The results of the calculations of the axial velocity and the

pressure profile along the fiber length are given in Fig. 3.
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Fig. 3. a) Calculated axial velocity/Reynolds number and b) transmembrane pressure
(TMP) along the applied hollow fiber microfiltration membrane as a function of the
axial position in the module during dead-end filtration of pure water. The calculations
are obtained for three volumetric feed flow rates (0.8 L/h, 0.5 L/h and 0.2 L/h). Axial
position = 0 is the entrance of the fiber, and axial position = 1.0 is the end of the fiber. R
=3.110" 1/m [16], r = 1.5 10° m, n = 1-10° Pas.

The calculations show that the axial velocity and the pressure difference over the
membrane decrease near-linearly over the fiber length. When using a hollow fiber

membrane in constant flux dead-end mode, the axial velocity is the highest at the
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entrance and decreases to zero at the end of the membrane. The initial cross-flow
velocity at the fiber entrance is proportional to the volumetric feed flow rate, so the
higher the volumetric feed flow rate, the higher the cross-flow velocity at the entrance of
the fiber. The decline of the axial velocity is greater for higher volumetric feed flow rates
applied, as at the end of the fiber the feed flow rate is zero (Fig. 3a). The range of cross-
flows investigated shows that all the experiments are carried out in the laminar flow
regime (Re <<2100) [17] and that the maximum cross-flow velocity, obtained for a feed
flow rate of 0.8 L/h, was 0.125 m/s at the module entrance (see Fig 3a). As shown in Fig.
3b, for the filtration of pure water, the calculated transmembrane pressure decreases
slightly with fiber length (2.4%). The pressure in the fiber declines towards the end of
the module, mainly due to the hydraulic resistance to flow inside the capillary and the
permeation of water through the porous membrane. Consequently, the driving force for
water permeation (the transmembrane pressure) decreases slightly over the fiber length.
This reduction in driving force results in a decrease of the local flux with the length of
the membrane. We confirmed this effect of the reduction in driving force on the local
flux experimentally (Fig. 4). The decline in local flux over the fiber length is in
agreement with observations reported in literature (e.g. van de Ven et al. [11]) describing

axial transport variations during dead-end hollow fiber membrane operation.
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Fig. 4. Experimentally determined local fluxes during hollow fiber dead-end
microfiltration of clean water for the five fiber sections, at three different feed flow rates:
0.2 L/h, 0.5 L/h and 0.8 L/h.
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6.3.2. Fouling development along the fiber length

The differences in hydrodynamics inside a microfiltration hollow fiber (Figs. 3a and 3b)
cause variations in local flux along the fiber length (Fig. 4). For feed solutions containing
nanoparticles, this will result in fouling development that is not only time dependent but
also depends on the position along the fiber length. The fouling behavior as a function of
the axial position in the fiber is investigated experimentally for a feed flow rate of 0.5
L/h. Fig. 5 shows the local flux development as a function of the filtration time during
hollow fiber dead-end filtration of 10 mg/L silica nanoparticles for the five fiber

sections.
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Fig. 5. Experimentally determined local fluxes for the five fiber sections as a function of
the filtration time during microfiltration of 10 mg/L silica nanoparticles at pH 8 and at a
constant volumetric feed flow rate of 0.5 L/h.

Fig. 5 shows that during filtration, the permeate flux in section 1 increases significantly
with time, whereas in the same period in sections 2-5 the local permeate flux declines
slightly. This is due to nanoparticle deposition and fouling. An increasing flux in time
and the least severe fouling in section 1 of the fiber stems from the fact that at the fiber
entrance experiences the highest cross-flow velocity, as is shown in Fig. 3a. The higher
shear force in section 1 reduces the deposition of the nanoparticles and facilitates their
transport towards the end of the fiber [9, 11]. This phenomenon causes an increase of the
nanoparticle deposit thickness towards the end of the fiber in sections 2-5 [9, 11, 14], as
schematically shown in Fig. 6. Due to accumulation of the nanoparticles in sections 2-5
the local permeate flux decreases in these sections, as can be seen in Fig. 5. In order to

maintain a constant permeate flux (notice the constant feed flow of 0.5 L/h imposed)
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through the whole membrane, the reduced local permeate flux in sections 2-5 has to be

balanced by an increase in the local permeate flux in section 1.

11§ 0

Fig. 6. Schematic representation of nanoparticle deposition inside a hollow fiber
membrane during dead-end operation (adapted from van de Ven at al. [11]). Horizontal
arrows indicate cross-flow velocity inside the fiber, whereas the parabolas show the
laminar flow profile; the vertical arrows are the local permeate fluxes along the length

of the fiber.

Deposition of nanoparticles on the membrane surface causes an increase of the filtration
resistance. Fig. 7 shows the development of the resistance as a function of the permeate
volume for the five fiber sections investigated. Due to differences in the local fluxes
(Fig. 5), the resistance increase is not uniform for all fiber sections. The highest
resistance and the strongest resistance increase is observed in sections 2-5 and
significantly lower resistance increase is observed in section 1. Moreover, as a result of
the non-uniform distribution of local fluxes, the collected amount of permeate is the
highest for section 1 (approx. 350 mL) in comparison to the sections 2-5 (approx. 250

mL per section), as shown in Fig. 7.
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Fig. 7. Resistance as a function of permeate volume during filtration of 10 mg/L
silica nanoparticles at pH 8 at a constant volumetric feed flow rate of 0.5 L/h for the
five fiber sections.
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Since fouling develops differently along the length of the membrane we expect that also
nanoparticle rejection will depend on the axial position in the hollow fiber membrane,
similarly to what was reported by van de Ven et al. for humic acid filtration [11].
Furthermore, the large difference between the pore size of the membrane (~200 nm) and
the nanoparticle diameter (~25 nm) results in a slow increase of the rejection during the
pore blockage stage, as described in our previous work [16]. Fig. 8 shows the initial
nanoparticle rejection (at the beginning of the filtration process) and the final

nanoparticle rejection (at the end of the filtration process) for the five fiber sections.
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Rejection [-]
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0.6
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Fig. 8. Initial (first permeate sample) and final (last permeate sample) nanoparticle
rejection for the five fiber sections obtained during filtration of 10 mg/L silica
nanoparticles at pH 8 and at a constant volumetric feed flow rate of 0.5 L/h.

The nanoparticle rejection increases for all fiber sections from approx. 0.83-0.87 (initial
sample) to 0.98 (final sample) during a filtration experiment. The relatively high flux
applied (compared to normal operation of UF membranes) immediately results in the
transport of nanoparticles towards the membrane surface, followed by their deposition
and pore blockage. Subsequently, a filtration cake is formed that acts as a secondary
membrane enhancing nanoparticle rejection. Since accumulating nanoparticles increase
the thickness of the nanoparticle deposit, the nanoparticle rejection will be enhanced for
all membrane sections during the filtration course. The difference in nanoparticle
rejection between the five fiber sections is negligible when the error bars in Fig. 8 are
considered. Contrary to the findings of van de Ven et al. who observed a decrease in
humic acids rejection with the length of the fiber [11] apparently in this configuration for
silica nanoparticles the rejection is not dependent on the axial position in the hollow fiber

membrane. An increasing nanoparticle concentration along the fiber does result in
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increased concentration polarization, but apparently this does not reduce nanoparticle
rejection. We think that the monodisperse silica nanoparticles form an additional barrier
that is less prone to be influenced by concentration polarization than the for soft and
polydispersed humic acids used by van de Ven et al. [11]. We speculate that differences
in softness, size and polydispersity between silica nanoparticles and humic acids are
responsible for the different behavior in terms of rejection. For smaller, softer and
polydisperse humic acid, diffusion through the deposit is more likely to occur, whereas
significantly larger, more rigid and monodisperse nanoparticles have more difficulties to

be transported through the filtration cake by means of diffusion.

6.3.3. Effect of the feed flow rate

The feed flow rate applied determines the convective flux through the membrane and the
hydrodynamic conditions such as cross-flow velocity and transmembrane pressure inside
the hollow fiber (see Figs. 3a and 3b). In order to investigate the influence of the applied
feed flow rate on the uniformity of the fouling along the fiber length, 10 mg/L silica
nanoparticles were filtered at feed flow rates of 0.2 L/h, 0.5 L/h and 0.8 L/h. The local
fluxes as a function of the filtration time for the three feed flow rates investigated are
given in Fig. 9. For clarity, we plotted only the results for the first section (1), the middle

section (3) and the last section (5).
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Fig. 9. Local fluxes for three fiber sections as a function of time during filtration of 10
mg/L silica nanoparticles at pH 8 at volumetric feed flow rates of a) 0.2 L/h, b) 0.5 L/h
and c) 0.8 L/h.

A comparison of Figs. 9a, 9b and 9c shows that an increase of the feed flow rate results
in a higher local flux for all fiber sections. Moreover, development of the local flux in
time varies with the feed flow rate applied. At the reference feed flow rate of 0.5 L/h the
local flux increases only in the first fiber section, whereas in other fiber sections the local

flux slightly decreases or is stable.
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In the case of a feed flow rate of 0.2 L/h (Fig. 9a) the first section also initially exhibits
the highest local flux but after about 100 min this local flux in this section stabilizes.
This behavior is quite expected since in this section the highest cross-flow is imposed
resulting in the lowest amount of fouling in this section. Similar behavior is observed for
middle section (3), whereas flux increases slowly with time to the same value as for first
section (1). Furthermore, as expected, the lowest local flux was obtained in the last
section (5) due to accumulation of the nanoparticles.

For the highest feed flow rate applied (0.8 L/h), also the local flux in the initial section is
highest and it increases during filtration (Fig. 9c). At the same time, the flux in the
middle section (3) decreases, whereas the flux in the last section increases again with
time. The reduction of the flux in the middle part of the fiber is explained as before by
extensive fouling due to the lowered cross-flow velocity allowing deposition of
nanoparticles transported towards the end of the module (section 6.3.2). Since at the end
of the fiber the cross-flow is the lowest and even decreases to zero, and since the
nanoparticles are transported to the end of the fiber where they are assumed to deposit to
the largest extend, we expect a greater decrease of the flux at the end of the fiber. In
contrast to the results obtained for feed flow rates of 0.2 L/h and 0.5 L/h, this is not the
case for 0.8 L/h. We think that an increase of the flux in the last fiber section originates
from the dynamics of the fouling development and the initial distribution of the fluxes
along the fiber length. A slightly higher flux in the middle part of the module (section 3)
than in the last section (section 5) directly from the beginning of the filtration, in
combination with transport of nanoparticles from the 1% section to the 3™ section, might
have resulted in the preferential formation of a compact cake structure in the middle of
the fiber. This causes the initially high flux in section 3 to become smaller in time.
Consequently, taking into account conservation of the mass, this reduced flux in the
middle of the fiber not only leads to a higher flux in the initial (section 1) but apparently
in this case also in the last section (section 5) of the fiber. An increase of the flux at the
fiber end and the minimal cross-flow there should result in acceleration of the fouling
and extensive nanoparticle deposition. However, this is not the case here and we do not
have a satisfactory explanation for this behavior. We suggest additional studies on fluid
dynamics, which could help in understanding this unusual distribution of the local
fluxes.

The nanoparticle rejection at the beginning of the filtration and at its end for three fiber

sections (1, 3, 5) and for three different feed flow rates is shown in Fig. 10.
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Fig. 10. Initial (first permeate sample) and final (last permeate sample) nanoparticle
rejection for three fiber sections (1,3,5) obtained during filtration of 10 mg/L silica
nanoparticles at pH 8 and at various volumetric feed flow rates (0.2 L/h, 0.5 L/h and 0.8
L/h).

Despite the differences in the fluxes for the different feed flow rates in the different
sections, the rejections only show differences when the initial and the final values are
compared. Independent of the feed flow rate, all initial rejections show the same values
and all the final rejections as well. The higher final rejections compared to the initial
ones are most probably due to an increasing thickness of the nanoparticle deposit with
increasing time. This layer acts as a secondary membrane, and diffusion of nanoparticles
through the filtration cake and membrane becomes is more difficult. Therefore, the final
rejections for all investigated fiber sections and feed flow rates are above 0.95, regardless

of the feed flow rate applied.

6.4. Conclusions

Uniformity of fouling development upon filtration of silica nanoparticles along a hollow
fiber membrane was studied in inside-out dead-end microfiltration under a constant feed
flow rate. This work clearly shows that fouling development is axially non-uniform due
to differences in hydrodynamic conditions over the length at the inside of the fiber. It
was observed that during dead-end hollow fiber microfiltration of silica nanoparticles the
highest local flux always is obtained at the beginning of the fiber due to the highest
cross-flow generated there. The lowest local flux was observed in the middle section of
the fiber at the highest investigated feed flow rate of 0.8 L/h, whereas for the lower feed
flow rates (0.2 L/h and 0.5 L/h) the last fiber section exhibited the lowest local flux.
Nanoparticle rejection increased during the filtration course due to pore blocking and
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subsequent formation of a filtration cake acting as a secondary membrane retaining

nanoparticles. No significant influence of the axial position on the nanoparticle rejection

was observed. After formation of the nanoparticle deposit on the membrane surface,

nanoparticle rejection above 0.95 regardless of the axial position in the fiber.
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General conclusions and outlook
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7.1. Conclusions

This thesis clearly demonstrates the strong influence of particle-particle
interactions between nanoparticles in the feed solution on rejection and fouling
development during nanoparticle membrane filtration.

Chapter 2 shows that during dead-end microfiltration of electrostatically stabilized
monodisperse silica nanoparticles, fouling develops in five stages: adsorption,
nanoparticle transport through the membrane, pore blockage, cake filtration and cake
maturation. In the latter case, approx. 90% nanoparticle rejection is possible, even with
hollow fiber membranes having pores 8 times larger than the nanoparticle diameter. This
is due to the formation of a filtration cake on the membrane surface that acts as a
secondary membrane. Reduced electrostatic repulsion between nanoparticles (due to
increased ionic strength, pH or addition of multivalent cationic salt ions) allows earlier
pore blockage and the formation of a denser filtration cake, which enhances nanoparticle
rejection at the expense of a lower permeability.

In Chapter 3 the effect of polydispersity of the electrostatically stabilized nanoparticles
in the feed solution is investigated. The results show that fouling and rejection of
suspensions with smaller and bigger particles develops in between the results obtained
for both monodisperse nanoparticles. Moreover, the formed filtration cake is still
permeable for smaller nanoparticles due to electrostatic repulsions and possible defects
in the filtration cake. Compaction of the filtration cake at higher transmembrane
pressures does not enhance significantly the nanoparticle rejection.

Chapter 4 describes the role of a common steric stabilizer PVP (polyvinylpyrrolidone)
and its behavior in microfiltration of silica nanoparticles. The results elucidate that the
concentration of PVP, its molecular mass and the transmembrane pressure applied
significantly influence the filtration behavior of the nanoparticles. For low molecular
weight PVP, an increase of its concentration results in longer transport through the pores
due to reduced aggregation of the nanoparticles on the membrane surface and delayed
formation of a filtration cake. This effect is less pronounced at higher PVP
concentrations due to the contribution of the PVP itself to fouling. Delayed pore
blockage is less distinct with an increase of molecular mass although larger stabilizer
molecules can easily block the pores. An increase of the transmembrane pressure applied

results in compaction of the filtration cake, thereby improving the nanoparticle rejection.

The role of anionic (SDS, sodium dodecyl sulphate), cationic (CTAB,

cetyltrimethylammonium bromide), and non-ionic (Triton X-100) surfactants added to
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the feed solution is investigated in Chapter 5. An increased concentration of surfactants
in the nanoparticle-surfactant mixture contributes significantly to the filtration resistance
for all surfactants investigated, even though rejection of the surfactants could not be
measured. The most severe fouling and the highest nanoparticle rejection is observed for
non-ionic Triton X-100, due to significantly reduced repulsive interactions between the
nanoparticles and the formation of a compact nanoparticle deposit on the membrane
surface.

Chapter 6 shows that the hydrodynamic conditions during inside-out dead-end filtration
using a hollow fiber membrane can result in a variation in fouling development over the
fiber length. Fouling behavior along the fiber is strongly determined by the applied feed
flow rate. Nevertheless, unexpectedly, rejection of nanoparticles is not significantly
influenced by the axial position and associated extensive concentration polarization

occurring in some parts of the hollow fiber membranes.

7.2. Outlook

Physico-chemical properties of nanoparticles have a profound effect on their
filtration behavior using polymeric membranes. The variety of nanoparticle types
present, possible stabilizers that can be applied, and specific nanoparticle properties
complicate a general and accurate prediction of the filtration behavior of engineered
nanoparticles as a group. Future work on membrane filtration of engineered
nanoparticles should mainly focus on revealing fundamental phenomena occurring
inside the membrane pore, and the membrane-feed interface and inside the filtration

cake.

7.2.1. Fouling observation

Chapter 3 and Chapter 4 show that nanoparticles can be transported through the
nanoparticle deposit formed on the membrane surface, reducing their rejection in the
cake filtration stage. We hypothesized that the origin of such behavior is the strong
repulsive interaction between nanoparticles and reduced ordering of the filtration cake.
Nevertheless, direct observation of nanoparticles during filtration and their behavior at
the membrane surface would bring an additional level of understanding. The difficulty,
however, is related to the size of the nanoparticles, as the particles cannot be observed by
classical optical microscopes or high speed cameras. Nevertheless, exponential progress

in fluorescent microscopy allows the observation of objects with sizes below 100 nm
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after preparation of the sample with appropriate fluorescent dye [1]. In that case, the
nanoparticles in the feed can be monitored during the filtration process. Moreover,
investigation of more complicated feeds (e.g. polydisperse nanoparticles or sterically
stabilized nanoparticles) would also be possible by applying markers for the more
interesting fractions in the feed solution. Of course, equally important is the preparation
of the microfluidic chip necessary to visualize the particles, which could resemble a
model membrane. Such a microchip can be prepared e.g. from PDMS
(polydimethylsiloxane) rubber similarly to the one presented in the work of Bacchin et
al. [2] or Marty et al. [3]. Nevertheless, downscaling of the pore size in the microfluidic
chip is necessary since in the work of Bacchin et al. [2] the pore mouth has a size of
about 20 um, which is definitely too large to investigate ultra- or microfiltration of
nanoparticles. In order to further study the effects described in this thesis, the pore size of
the chip should be at least approx. 500 nm. Application of photolithographic techniques
in the preparation of the microfluidic chip allow the formation of approx. 80 nm

channels [4], which may act as model UF or MF membrane pores

7.2.2. Fouling: modeling versus experiment

Mathematical models are necessary for the fundamental understanding of the
phenomena occurring during membrane filtration. Especially models that take into
account phase transitions of the nanoparticles [5] and local hydrodynamics [6] in a
hollow fiber membranes during filtration, can be helpful for the explanation of the
phenomena occurring during nanoparticle filtration. Often, however, good models are
not only very complex but also difficult in assessing their validity with regard to the
experimental results. Due to simplifications and multiple parameters omitted by these
models, such verification of fouling models is often challenging. Ideally, the
experimental setup used for the validation of a theoretical model should be as simplified
and as idealized as is possible. Development of a microfluidic platform (as proposed in
section 7.2.1.) that provides stable and tunable properties of the filter after many tests can
be an answer for this problem. Moreover, chosen modeling approaches set the window
for model validation. In general, results obtained from stochastic approaches such as
diffusion-limited aggregation or other stochastic particle-based methods [7, 8] are
obtained for single pore systems, which can be computationally prohibitive to expand to

a larger system with pore-size distributions, including surface roughness effects, etc.
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This motivates the use of simpler continuum macroscale models, such as a finite element

approach [6].

7.2.3. Choice of model nanoparticles

Engineered nanoparticles can be classified into different groups according to their
mechanism of stabilization, their toxicity and their physical or chemical properties. In
this work, silica nanoparticles were selected as a model nanoparticle representative for a
broader group of electrostatically stabilized nanoparticles. Our choice was based on their
high suspension stability in water, easy availability of various sizes and surface
properties. Nevertheless, further studies should focus on nanoparticles representative
also for other nanoparticle groups. For example, nanoparticles having a proven negative
influence on living organisms such as carbon nanotubes, metal nanoparticles or heavy
metal nanoparticles [9] can be examined in terms of their removal from water using
membranes. Other interesting parameters to investigate can be rigidity and deformability
of the nanoparticles and the influence on nanoparticle rejection [10]. In chapter 6 we
showed that for rigid monodisperse silica nanoparticles, concentration polarization does
not influence their rejection, whereas van der Ven et al. [11] reported that in the case of
soft and polydisperse humic acid, severe concentration polarization results in a drop of
the rejection. Consequently, under some conditions, filtration of rigid metal, metal oxide
or cross-linked polymeric nanoparticles can be considerably different than filtration of

microgels, proteins or viruses.

7.2.4. Synergic fouling

The results in Chapter 4 and Chapter 5 of this thesis clearly demonstrate the
importance of synergic effects between nanoparticles and various additives present in the
nanoparticle suspension on the filtration behavior of the nanoparticles. Further studies on
the role of such additives on particle-particle and membrane-particle interactions need to
be carried out in order to fully understand the filtration behavior of the nanoparticles in
more challenging feed solutions, such as surface or produced waters. Due to the
complexity of the feed solution, the membrane-additive, additive-particle and
membrane-particle interactions should be investigated separately on model systems prior
the investigation of complex feed solutions. Only the combination of the results obtained
for simplified cases can give valid insights helpful in fouling description of complex feed

solutions. However, due to the various types of additives used, this task requires first a
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definition of representative groups, which would cover the whole spectrum of interesting

stabilizers.
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Summary

Sustainable development requires focus not only on the advantages of a certain
technology, but also on its drawbacks and threats. The same is valid for nanotechnology,
involving the manufacturing and use of engineered nanoparticles. Therefore, more and
more attention is drawn to the fate of engineered nanoparticles after usage and their
removal from aquatic environments. Membrane technology is an emerging technology
frequently applied in water purification and can be a solution for nanoparticle removal in
water sources since porous membranes are designed to retain colloidal particles.
However, nanoparticles are a new, unexplored cause of water contamination, and the
application range of membranes for nanoparticle filtration and retention combined with
the exact mechanisms responsible for their removal using membranes need to be
investigated in order to guarantee safe and secure drinking water in the future as well.
The research presented in this thesis aims at providing a better understanding of the
fundamental aspects responsible for nanoparticle removal and fouling development
during filtration of engineered nanoparticles. The emphasis is put on the role of
interparticle interactions in the feed solution, nanoparticle stability and aggregation in
relation to the filtration mechanism.

In order to investigate the role of electrostatic interactions during membrane filtration of
nanoparticles, a microfiltration hollow fiber membrane was used in constant pressure
dead-end mode for the filtration of model silica nanoparticles. A low concentration of
nanoparticles in the feed solution and a large difference between the membrane pore size
(~200 nm) and the nanoparticle size (25 nm) allow determination of the fouling
mechanisms. We postulate that for a stable suspension of electrostatically stabilized
nanoparticles fouling occurs in five subsequent stages: adsorption, unrestricted transport
through pores, pore blocking, cake filtration and finally cake maturation (Chapter 2).
After the pore blockage stage, nanoparticle rejection is enhanced from approx. 10% to
90-95%. An increase of the nanoparticle concentration does not change the filtration
behavior but only accelerates fouling. Due to the high sensitivity of the stability of
electrostatically stabilized nanoparticles to the solution chemistry, the presence of salts,
solution pH and valence of the cation strongly influences the duration and severity of the
fouling stages. In general, lower repulsive interactions between the nanoparticles
accelerate fouling by faster pore blockage and aggregation on the membrane surface.
Moreover, porosity and permeability of the formed filtration cake are strongly dependent

on the repulsive interactions between the nanoparticles.
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In Chapter 3, the role of nanoparticle size and polydispersity on fouling development
and nanoparticle rejection during dead-end microfiltration of electrostatically stabilized
silica nanoparticles was investigated. We demonstrate that bigger monodisperse silica
nanoparticles block membrane pores easily, accelerating pore blockage and cake layer
formation, acting as secondary membrane responsible for nanoparticle rejection. In the
case of polydisperse silica nanoparticles (obtained by mixing monodisperse suspensions
in various ratios), an increasing concentration of smaller nanoparticles in the suspension
causes delayed pore blockage and cake filtration occurs at a later stage. Moreover, due to
the surface charge of the nanoparticles and a less ordered structure of the filtration cake
formed due to the polydispersity of the particles in the suspension, the filtration cake has
a more porous, open structure. This allows transport of smaller nanoparticles through the
filtration cake and the polymeric membrane. As a result, nanoparticle rejection is
reduced proportional to the fraction of the smaller nanoparticles present in the feed
solution. An increase in transmembrane pressure applied during filtration of the
polydisperse suspension causes densification of the filtration cake with only a slight
improvement in nanoparticle rejection.

Stabilizers or surface-active compounds added to a feed solution containing
nanoparticles change both membrane-nanoparticle and nanoparticle-nanoparticle
interactions. An improved stability due to enhanced steric repulsions (introduced by
polymers) or stronger surface charges (introduced by low-molecular weight compounds,
e.g. surfactants), reduce aggregation of nanoparticles. This facilitates their transport
through the porous membrane and increases porosity of the filtration cake formed. On
the other hand, stabilizers can also act as foulants, and as such can increase the thickness
of the filtration cake and occupy the voids between the nanoparticles in the filtration
cake.

Chapter 4 shows that the molecular mass, concentration of the steric stabilizer (in our
case PVP) and the transmembrane pressure applied significantly influence the pore
blockage and the cake filtration stage during filtration of model silica nanoparticles. In
general, PVP with a lower molecular mass is a better stabilizer for nanoparticles and
contributes less to fouling by delaying the occurrence of pore blockage. On the other
hand, at a higher PVP concentration, PVP contributes to the fouling due to an increase of
the total solute load. Moreover, stabilizers with a higher molecular mass block the pores
more easily, leading to faster fouling- and rejection development. The nanoparticle

rejection drops with increasing PVP concentration and this effect is more pronounced for
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low-molecular weight PVP. Use of a higher transmembrane pressures results in
compression of the filtration cake and improved nanoparticle rejection at the expense of
permeability.

Low-molecular weight compounds such as surfactants are often added to nanoparticle
suspensions in order to influence their surface properties and stability. Chapter S
demonstrates that the type of surfactant used (anionic, cationic or non-ionic) and its
concentration determine the nanoparticle stability. This directly affects the fouling
behavior of the nanoparticles and their rejection during dead-end constant flux
membrane filtration. Reduced repulsive interactions between nanoparticles due to the
addition of non-ionic surfactant (Triton X-100) cause the most severe fouling and the
highest nanoparticle rejection. We hypothesize that the difference in nanoparticle
rejection in the presence of the investigated surfactants has its origin in the homogeneity
and density of the cake layer formed.

Non-homogeneous hydrodynamic conditions over the length of a membrane fiber during
inside-out dead-end filtration can result in different fouling development depending on
the axial position inside the fiber. Chapter 6 demonstrates that fouling along the fiber
length develops irregularly during filtration of model silica nanoparticles. Moreover, the
exact fouling behavior along the hollow fiber membrane is strongly influenced by the
applied feed flow rate. However, after the occurrence of pore blockage and the formation
of nanoparticle deposit on the membrane surface, rejection of the nanoparticles is no
longer determined by the position inside the hollow fiber. Extensive concentration
polarization as occurs at some parts of the fiber does not influence significantly the
rejection of the silica nanoparticles.

Finally, Chapter 7 discusses the challenges in nanoparticle filtration and suggests
directions for further studies that can contribute to a better understanding of the

mechanism of nanoparticle filtration.
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Samenvatting

Duurzame ontwikkeling richt zich niet alleen op de voordelen van een bepaalde
technologie, maar ook op de nadelen en bedreigingen. Hetzelfde geldt voor
nanotechnologie, en dan vooral voor het vervaardigen en het gebruik van nanodeeltjes.
Daarom wordt meer en meer de aandacht gevestigd op de bestemming van
synthetische nanodeeltjes na gebruik, en het verwijderen ervan uit waterige milieus.
Membraantechnologie is een opkomende technologie, veelvuldig toegepast in de
waterzuivering. Deze techniek kan een oplossing zijn voor het verwijderen van
nanodeeltjes uit waterbronnen omdat poreuze membranen zijn ontworpen om
colloidale deeltjes tegen te houden. Echter, nanodeeltjes zijn een nieuwe en weinig
onderzochte oorzaak van verontreinigingen in water. Het toepassingsgebied van
membranen voor nanodeeltjes filtratie en -retentie zal onderzocht moeten worden om
veilig drinkwater in de toekomst te kunnen garanderen. Dit zal gecombineerd moeten
worden met onderzoek naar de exacte mechanismen die ervoor zorgen dat de
nanodeeltjes worden verwijderd door deze membranen. Dit proefschrift heeft als doel
een beter inzicht te verkrijgen in de fundamentele aspecten verantwoordelijk voor het
verwijderen van nanodeeltjes en de membraanvervuiling die optreedt tijdens de
filtratie van synthetische nanodeeltjes. De nadruk wordt gelegd op de rol van
interacties tussen deeltjes in de voedingsstroom, stabiliteit van de nanodeeltjes, en
aggregatie van de nanodeeltjes in relatie tot het filtratiemechanisme.

Om de rol van elektrostatische interacties tijdens membraanfiltratie van nanodeeltjes te
onderzoeken, werd een holle vezel microfiltratie membraan gebruikt. Deze werd bij
constante druk in dead-end mode gebruikt voor het filtreren van silica nanodeeltjes als
modelstof. Een lage concentratie van nanodeeltjes in de voedingsoplossing en een
groot verschil tussen de membraan poriegrootte (~200 nm) en de nanodeeltjes grootte
(25 nm) maken het mogelijk de vervuilingsmechanismen te onderzoeken. We
veronderstellen dat er bij een stabiele suspensie van elektrostatisch gestabiliseerde
nanodeeltjes vervuiling optreedt in vijf opeenvolgende fasen: adsorptie, onbeperkt
transport door porién, porie blokkade, koekfiltratie en tenslotte koekontwikkeling
(hoofdstuk 2). Na het porie blokkade stadium neemt de retentie van de nanodeeltjes
toe van ca. 10% tot 90-95%. Een toename van concentratie van de nanodeeltjes
verandert de filtratie eigenschappen niet, maar versnelt de vervuiling. De hoge
gevoeligheid van de stabiliteit van elektrostatisch gestabiliseerde nanodeeltjes voor de

chemie van de oplossing, de aanwezigheid van zouten, de pH en de valentie van het
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kation, beinvloedt in sterke mate de duur en de ernst van de vervuiling. Minder
afstoting tussen de nanodeeltjes versnelt porie blokkade en aggregatie op het
membraanoppervlak. Bovendien zijn porositeit en permeabiliteit van de gevormde
filterkoek sterk afthankelijk van de onderlinge afstoting tussen de nanodeeltjes.

In hoofdstuk 3 worden de invloed van nanodeeltjesgroote en -polydispersiteit op het
vervuilingsgedrag en de retentie tijdens dead-end microfiltratie van elektrostatisch
gestabiliseerde silica nanodeeltjes onderzocht. We laten zien dat grotere monodisperse
silica nanodeeltjes de blokkade van de membraanporién vergemakkelijken, het
verstoppen van de porién versnellen, en koeklaag vorming bevorderen. Voor
polydisperse silica nanodeeltjes (verkregen door het mengen van monodisperse
suspensies in verschillende verhoudingen), resulteert een verhoogde concentratie van
kleinere nanodeeltjes in de suspensie in een vertraagde porie blokkade. Koekfiltratie
vindt in een later stadium plaats. Door de oppervlaktelading van de nanodeeltjes en
een minder geordende structuur van de gevormde filterkoek door de polydispersiteit
van de deeltjes in de suspensie, heeft de filterkoek een poreuzere, opener structuur. Dit
maakt het transport van kleinere nanodeeltjes door de filterkoek en het polymere
membraan mogelijk. Hierdoor wordt de retentie van nanodeeltjes verminderd,
evenredig aan de fractie van kleinere nanodeeltjes in de voedingsoplossing. Een
toenemende transmembraandruk tijdens het filtreren van de polydisperse suspensie
veroorzaakt verdichting van de filterkoek, met slechts een kleine verbetering van de
nanodeeltjes afwijzing.

Stabilisatoren of oppervlakte-actieve stoffen, toegevoegd aan een voedingsoplossing
met nanodeeltjes, veranderen zowel membraan-nanodeeltje als nanodeeltje-
nanodeeltje interacties. Een verbeterde stabiliteit door verhoogde sterische afstotingen
(door toevoegen van polymeren) of sterkere oppervlakteladingen (door toevoegen van
laagmoleculaire verbindingen zoals oppervlakte-actieve stoffen), vermindert de
aggregatie van nanodeeltjes. Dit vergemakkelijkt het transport door het poreuze
membraan en verhoogt de porositeit van de gevormde filterkoek. Anderzijds kunnen
stabilisatoren zelf ook vervuilers zijn, en als zodanig de dikte van de filterkoek
verhogen en de ruimte tussen de nanodeeltjes in deze filterkoek vullen.

Hoofdstuk 4 laat zien dat molecuulgewicht, concentratie van de sterische stabilisator
(in ons geval PVP) en de transmembraandruk een aanzienlijke invloed hebben op de
porie blokkade en de koekfiltratie tijdens de filtratie van silica nanodeeltjes. Over het

algemeen is PVP met een lager molecuulgewicht een betere stabilisator voor
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nanodeeltjes, en draagt het minder bij aan de vervuiling omdat de porién minder snel
verstoppen. Aan de andere kant, hogere concentraties PVP dragen resulteren in meer
vervuiling vanwege de toename in de totale hoeveelheid opgeloste stoffen. Daarnaast
blokkeren stabilisatoren met een hogere molecuulgewicht de porién makkelijker, wat
weer leidt tot een snellere ontwikkeling van vervuiling en retentie. De retentie van de
nanodeeltjes daalt met toenemende PVP-concentratie. Dit effect is nadrukkelijker
aanwezig bij laagmoleculair PVP. Een hogere transmembraandruk leidt tot
samendrukken van de filterkoek en zorgt voor een verbeterde retentie van
nanodeeltjes. Dit gaat echter wel ten koste van de permeabiliteit.

Laagmoleculaire verbindingen, zoals oppervlakte-actieve stoffen, worden vaak
toegevoegd aan suspensies van nanodeeltjes om hun oppervlakte-eigenschappen en
stabiliteit te beinvloeden. Hoofdstuk 5 toont aan dat het type oppervlakte-actieve stof
(anionisch, kationisch of niet-ionisch) en de concentratie bepalend zijn voor de
stabiliteit van de nanodeeltjes. Dit heeft direct effect op het vervuilingsgedrag van de
nanodeeltjes en hun retentie tijdens dead-end constant flux membraanfiltratie.
Verminderde afstoting tussen de nanodeeltjes door de toevoeging van een niet-
ionogene oppervlakte-actieve stof (Triton X-100) veroorzaakt de meest ernstige
vervuiling en de hoogste nanodeeltjes retentic. We veronderstellen dat het verschil in
retentie van de nanodeeltjes, in aanwezigheid van de onderzochte oppervlakte-actieve
stoffen, komt door de homogeniteit en de dichtheid van de gevormde koek.
Niet-homogene hydrodynamische condities over de lengte van een membraanvezel
tijdens inside-out dead end filtratie kan resulteren in verschillen in de aangroei van de
vervuiling. Dit hangt af van de axiale positie binnen de vezel. Hoofdstuk 6 toont aan
dat vervuiling langs de vezellengte zich onregelmatig ontwikkelt tijdens de filtratie
van silica nanodeeltjes. Bovendien wordt het exacte vervuilingsgedrag langs het holle
vezel membraan sterk beinvloed door het toegepaste voedingsdebiet. Echter, nadat de
porién verstoppen en nanodeeltjes zich afzetten op het membraanoppervlak, wordt de
retentie van de nanodeeltjes niet meer bepaald door de positie in de holle vezel.
Grootschalige concentratie polarisatie, die optreedt in bepaalde delen van de vezels,
hebben geen significante invloed op de retentie van de silica nanodeeltjes.

Tenslotte bespreekt hoofdstuk 7 de uitdagingen bij nanodeeltjes filtratie en geeft
aanbevelingen voor verdere studies die kunnen bijdragen aan een beter begrip van het

mechanisme van nanodeeltjes filtratie.
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