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The potential environmental and health risks of engineered nanoparticles such as buckminsterfullerene
Ceo in water require their removal during the production of drinking water. We present a study focusing
on (i) the removal mechanism and (ii) the elucidation of the role of the membrane pore size during
removal of nCgg fullerene nanoparticle suspensions in dead-end microfiltration and ultrafiltration
mimicking separation in real industrial water treatment plants. Membranes were selected with pore
sizes ranging from 18 nm to 500 nm to determine the significance of the nCgg to membrane pore size
ratio and the adsorption affinity between nCgp and membrane material during filtration. Experiments
were carried out with a dead-end bench-scale system operated at constant flux conditions including a
hydraulic backwash cleaning procedure. nCgp nanoparticles can be efficiently removed by low pressure
membrane technology with smaller and, unexpectedly, also by mostly similar or larger pores than the
particle size, although the nCg filtration behaviour appeared to be different. The nCgg size to membrane
pore size ratio and the ratio of the cake-layer deposition resistance to the clean membrane resistance,
both play an important role on the nCgg filtration behaviour and on the efficiency of the backwash
procedure recovering the initial membrane filtration conditions. These results become specifically sig-
nificant in the context of drinking water production, for which they provide relevant information for an
accurate selection between membrane processes and operational parameters for the removal of nCgp in
the drinking water treatment.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

colloidal aggregates in water (usually and here as well referred to as
nCgp) (Deguchi et al., 2001) and could therefore end up in aquatic

The increasing use of engineered nanoparticles (eNPs) in con-
sumer products like food, paints, coatings, cosmetics, personal care
products, etc. (Benn et al., 2011; Murayama et al., 2004; Osawa,
2002) will lead to direct and indirect release of eNPs to the envi-
ronment and to sources for drinking water. Specifically Buckmin-
sterfullerene (Cgp) (Kroto et al., 1985) has received a considerable
amount of attention due to its particular chemical physical prop-
erties (Guldi and Prato, 2000) i.e. high hydrophobicity, heat resis-
tance and superconductivity, which explains its wide spread use in
different applications (Baena et al., 2002; Osawa, 2002). Although
non derivatized Cgp nanoparticles have a very low solubility in
water (Heymann, 1996) and are highly hydrophobic (Kow = 6.67
(Jafvert and Kulkarni, 2008)) Cgp nanoparticles can form nano-sized
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environments when released to the environment. Several studies
reported Cgp toxicity to various organisms (Chae et al., 2009; Lyon
et al., 2006; Sayes et al., 2005; Song et al., 2012). These results are
still under debate because it is not completely clear if the toxicity
reported is related to the Cg itself or that the preparation method
of nCgg colloidal suspensions as well influences the toxicological
results (Zhu et al., 2006). However, due to this possible toxicological
nature, the removal of nCgy from water becomes mandatory to
ensure the production of safe drinking water and to minimize hu-
man exposure to eNPs via ingestion. Moreover, eNPs can serve as
pollutant carriers (Hofmann and von der Kammer, 2009; Navarro
et al., 2008; Stone et al, 2010) potentially resulting into in-
adequacy of existing treatment processes. This uncertainties on
nCgp toxicity and the nCgg potentiality as pathogens carrier result in
a mandatory removal of nCgy in water treatment plants. Low
pressure membranes are a viable solution in removing contami-
nants that are similar in size to nNPs such as viruses, protozoa cysts
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(H. Guo et al., 2010a,b) and colloids (Schafer, 2000). Thus it is ex-
pected that eNPs can be effectively removed by low pressure
membrane filtration as well. However so far, detailed studies on the
effectiveness of the filtration for eNPs, their filtration behaviour and
their exact removal mechanism are lacking.

Some studies focused on a single specific aspect related to in-
teractions between eNPs and low pressure membranes have been
carried out in different fields of membrane research, such as eNP
characterization (Baalousha et al, 2011), eNP size separation
(Akamatsu et al., 2010; Xie et al., 2009) and membrane integrity
tests (H. Guo et al., 2010a,b), but to the best of our knowledge only
very few studies dealt with the understanding of the removal
mechanism of eNPs by membrane filtration techniques. Destabi-
lized fullerene suspensions (nCgy and fullerol) were filtered
through 20 nm ceramic membranes under variable ionic strength,
ionic composition and pressure gradients (Jassby et al., 2010). The
removal efficiency was below 80% at a transmembrane pressure of
20 kPa. The separation of fullerenes from the aqueous suspension
increased, or decreased, depending on the solution pH and ionic
strength, while transmembrane pressure only affected the reten-
tion of fullerol. The interactions between a set of functionalized
eNPs and polymeric membranes composed of different materials
and pore sizes (ranging from 2 nm to 200 nm) were investigated as
well (Ladner et al.,, 2011). The authors observed in general (i) a
dependency of the particle size to membrane pore size ratio on the
removal efficiency and (ii) that removal mechanisms were influ-
enced by the surface affinity between nanoparticles and mem-
branes, facilitating also the removal of eNPs smaller in size than the
membrane pores. They also concluded that the eNP properties
appeared to be more important in determining the transport
behaviour than the membrane properties. Although the afore-
mentioned studies provided valuable knowledge on the in-
teractions between eNPs and low pressure membranes, the results
are difficult to translate to real water treatment plants because
none of the reported studies (i) was performed under typical full-
scale conditions such as a constant flux operating mode in dead-
end membrane systems and (ii) used a hollow fiber membrane
configuration typically used in water treatment plants (Crozes et al.,
1997; Howe et al., 2007; Tarabara et al., 2002). To bridge this gap
the focus of the present study is on (i) the removal mechanism of
nCgo fullerene nanoparticles from suspensions in dead-end hollow
fiber microfiltration and ultrafiltration and (ii) the elucidation of
the role of membrane pore size on the removal and removal
mechanisms of nCgp fullerene nanoparticles. To the best of our
knowledge this work is the first one reporting nanoparticle filtra-
tion experiments performed under constant flux operating mode in
dead-end membrane systems using commercially available hollow
fiber membranes and including a backwash cleaning procedure
with multiple cycles. Removal and removal mechanisms were
evaluated by analysing transmembrane pressure (TMP) changes
during filtration, measuring permeability recovery and performing
membrane autopsy by visual and electron microscopy observation
of the deposition of nCgp on the inner membrane surface.

2. Theory

Based on previous studies (Jassby et al., 2010; Ladner et al.,
2011), particle size distribution is expected to play an important
role in determining the removal efficiency and removal mechanism
by low pressure membrane filtration. A high removal of nano-
particles by tight membranes (pore size smaller than nanoparticle
diameter) is expected and size exclusion is expected to be the
dominant separation mechanism, whereas for the more open
membranes (pore size larger than nanoparticle diameter) a lower
removal is expected, where removal is predominantly due to a

combination of adsorption onto the membrane material and pore
entrapment in the internal membrane structure. Removal can also
occur when the membrane pore size is much larger than the
nanoparticle diameter (Ladner et al., 2011) if membrane and
nanoparticles have an adsorption affinity (Fig. 1c).

Retention can occur (a) by deposition onto the membrane sur-
face resulting in external deposition (cake layer formation) and
pore blocking (Fig. 1a: the pore size is smaller than the nano-
particles diameter), (b) by deposition into the membrane internal
structure resulting in pore entrapment and pore narrowing (Fig. 1b:
the pore size is larger than/comparable to the nanoparticle diam-
eter) and (c) by adsorption onto the internal and external mem-
brane surface due to nanoparticle and membrane adsorption
affinity (Fig. 1c). Retention cannot occur if the membrane pore size
is larger than the eNPs diameter and there is no adsorption affinity
between eNPs and the membrane material (Fig. 1d).

Some eNPs accumulated on the membrane surface or in the

a)

:

Fig. 1. Different nCgg removal mechanisms expected for low pressure membranes: a)
Pore size smaller than nCgp size resulting in high removal efficiency and surface layer
deposition combined with pore blocking; b) Pore size larger/comparable than nCe size
resulting in partial removal and internal membrane deposition (pore entrapment and
pore narrowing); c) Pore size larger than nCgg size and adsorption affinity resulting in
partial removal of eNPs; d) Pore size larger than nCgy size without adsorption affinity
resulting in eNPs breakthrough (adapted from (Ladner et al., 2011)).
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membrane structure may be removed by physical (or chemical)
cleaning but some fouling, more likely fouling that deposit in the
membrane structure might be irreversible (Fane et al., 2006). eNPs
that deposit within the membrane pore structure are likely to be
subjected to less substantial hydraulic shear forces, and may
therefore not be effectively removed through physical actions like
backwashing (Henry et al., 2012). Therefore we assume that a
deposited cake-layer (Fig. 1a) can be removed by a hydraulic
backwash sequence recovering the initial membrane permeability
(Li et al., 2010; Mulder, 1991), while pore blockage, pore constric-
tion and adsorption (Fig. 1b and c) will result in nCgp accumulation
in the membrane structure in time resulting in an increase of the
transmembrane pressure in time (Crozes et al., 1993; Huang et al.,
2007; Singh, 2015).

The resistance in series model can be applied to identify dif-
ferences in the particle deposition/removal mechanisms (Cho et al.,
1999; Hong and Elimelech, 1997; Mulder, 1991). The flux in porous
media can be described by Darcy's Law (Equation (1)):

_TMP
~ v+Ryot

(1)

Where ] is the water flux [L/m?-h], TMP is the transmembrane
pressure [bar], v is the dynamic viscosity of the feed solution [Pa-s],
and Rr is the total hydraulic membrane resistance [1/m]. Rycan also
be written as:

Rr =Ry +Rg +R; (2)

Where Ry is the hydraulic resistance of the clean membrane, Rg is
the resistance due to the external cake-layer deposition (Fig. 1a)
and R; is the resistance due to internal pore blockage and pore
constriction (Fig. 1b and c). All resistances are expressed in 1/m and
can be obtained from the experimental data of a series of filtration
and backwash cycles. Rearrangement of Equation (1) after substi-
tution of Equation (2) in Equation (1) yields Equation (3):

Ry — TMP’

ve]
During filtration of ultrapure water through a virgin membrane,
internal and external deposition of eNPs does not occur. Therefore

Re = Ry = 0 and only Ry contributes to the total hydraulic resistance,
which can thus be calculated as follows:

(3)

TMP
Rw=",

(4)

virgin
Rt is obtained from the nCg filtration experiments considering

the TMP at the end of the filtration cycle after both external and
internal deposition:

Ry — TMP
veJ

Experimental data on ultrapure water permeation through a
fouled and backwashed membrane (assuming that external depo-
sition is completely removed by hydraulic shear forces) allows the
calculation of the remaining resistance:

(5)

fouled

TMP
R = (6)
V*J |backwashed
Finally Rg can be obtained by rearranging Equation (2):
Re =Rr —Ry - Ry (7)

3. Material and methods
3.1. Reagents and chemicals

Fullurene-Cgg (purity >99.5%) was obtained from Sigma Aldrich
(Steinheim, Germany). Toluene was purchased from Mallinckrodt
Baker B.V. (Deventer, The Netherlands). Ultrapure water
(18.2 mQ cm) was obtained by purifying demineralized water in a
Milli-Q system (Millipore, Bedford, MA).

3.2. Preparation of aqueous fullerene suspensions

Stable aqueous nCgp nanoparticle suspensions were prepared
using a solvent exchange/sonication procedure (Chen and
Elimelech, 2007). Briefly, 50 mg of Cgo fullerene powder was
added to 100 mL toluene and was stirred for at least 12 h to achieve
complete dissolution of the fullerenes. The Cgg solution was added
to 350 mL ultrapure water in a 600 mL beaker. Toluene was evap-
orated in a sonication bath (Branson) at an energy intensity of
125 W. Ultrapure water was regularly added each hour to
compensate the volume loss due to toluene evaporation and to
avoid fullerene deposition. The resulting colloidal suspension was
finally filtered through a 0.45 and 0.22 pm cellulose acetate vacuum
filter system (Corning Amsterdam, The Netherlands) resulting in a
nCgp stock solution concentration of 15—20 mg/L. Prior to the
filtration experiments the obtained stock solution was diluted in
ultrapure water to obtain a membrane feed solution of
1.03 + 0.17 mg|/L.

3.3. Characterization of aqueous fullerene suspension size

Characterization of the nCgp feed suspension, permeate and
backwash samples, was performed with a set of different analytical
techniques. The formation of the colloidal suspensions was
corroborated by a UV—vis spectrophotometer. Concentrations of
nCgp suspensions were measured after liquid—liquid extraction by
liquid chromatography coupled to high-resolution mass spec-
trometry and UV spectrophotometry (LC-MS-UV) (Kolkman et al.,
2013). The size distribution was determined by dynamic light
scattering (DLS), nanoparticle tracking analysis (NTA) and analyt-
ical ultra-centrifugation (AUC). DLS measurements were performed
with a Zetasizer Nano-ZS (Malvern Instruments, Worcestershire,
UK). Samples were measured at 25 °C, in triplicate, and each
measurement was the average of at least 15 runs. NTA measure-
ments were performed with a NanoSight LM10 (NanoSight,
Amesbury, UK). Samples were diluted in order to reach the rec-
ommended measurement concentration of about 10® particles/mL
(Filipe et al., 2010) which corresponds approximately to a nCgg
concentration of 0.5 mg/L. The AUC measurements to determine
the nCgp size distributions were made using a disc centrifuge (CPS
Instruments Inc., USA). Measurements were made at a disc rotation
speed of 20,000 rpm and particle sedimentation was carried out at
a 8—24 wt % sucrose density gradient. Prior to each sample mea-
surement the instrument was calibrated using PVC nanosphere
standards (476 nm). Electrophoretic mobility measurements were
used to evaluate the surface charge and zeta potential determined
with a Zetasizer Nano-ZS (samples measured 6 times per
measuring point).

3.4. Membrane and membrane characterization

To understand the role of membrane pore size on the membrane
removal and removal mechanism, three low-pressure membranes
differing in pore size were selected. Two microfiltration mem-
branes (200 nm and 500 nm pore size) and one ultrafiltration
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membrane (18 nm pore size and 150 kDa MWCO) were supplied by
Pentair X-Flow (Enschede, The Netherlands). These were all
commercially available hollow fiber polymeric polyethersulfone
membranes containing polyvinylpyrrolidone that were operated
inside-out. The commercial names of the membranes are reported
in Table 1. Lab-scale membrane modules were prepared by potting
membrane fibers with a two component epoxy resin (Polipox, Poli-
service, Amsterdam, The Netherlands) in a transparent plastic tube
(poly vinyl chloride) of 23 cm length and 1 cm diameter to obtain a
membrane filtration area of 10 cm?. The housing is equipped with a
feed inlet connection (is also the backwash outlet connection), a
permeate outlet connection (is also the backwash inlet connection)
and two manually adjustable valves to release air bubbles that
might form inside the fibers and/or the housing.

In this study membranes were characterized with respect to
pore size, inner surface charge and pure water permeability. The
pore size and pore size distribution of the membranes was
measured with a Porolux 1000 capillary flow porometer (Poro-
meter NV). Wetting fluid was used to wet the membrane prior to
the measurements, which were carried out in duplicate. The mean
pore diameter was calculated from the mean flow pressure, which
corresponds to the intersection of the wet curve with the calculated
half—dry curve (calculated from a dry and a wet run (Agarwal et al.,
2012; Li et al., 2006)). The zeta potential of the inner surface of the
membranes was measured using a SurPASS electrokinetic analyzer
(Anton Paar GmbH). Measurements were carried out with 5 mM
KCl as a background electrolyte solution. The pH was adjusted to
values between 3 and 9.5 using aqueous 0.1 M NaOH and 0.1 M HCI
solutions. The zeta potential was calculated according to the
Fairbrother-Mastin equation (Ariza and Benavente, 2001). The
membrane characteristics and module geometries are summarized
in Table 1.

3.5. Membrane filtration apparatus and filtration procedure

Pure water flux and nCgq filtration measurements were per-
formed with a lab-scale pilot (Fig. 2). A constant feed flow of 0.5 L/h
was provided by a pulsation free neMESYS syringe pump (Cetoni
GmbH, Germany) connected to the feed vessel. A pressure sensor in
the feed line measured the transmembrane pressure (TMP) in front
of the membrane every 5 s and an average TMP out of 3 mea-
surements was logged every 15 s. A pressurized vessel (3 bars)
containing fresh ultra-pure water combined with a flow controller
was connected to a permeate line for the backwash sequence. A20 s
backwash occurred automatically every 20 min. The filtration
measurement duration was 2 h resulting in a series of 6 filtration
cycles and 6 backwash sequences. All these experiments were
performed at a constant temperature of 20 °C. Feed and cumulative
permeate samples were collected and analysed for rejection cal-
culations. MFO5 permeate samples were collected during filtration
cycle number one, two, four and six to evaluate nanoparticle

Table 1
Membrane and module characteristics.

Backwash
vessel

Permeate outlet

Membrane
module

Feed vessel

Syringe pump

Backwash drain

Fig. 2. Schematic representation of the lab-scale installation for constant flux filtration
experiments.

removal and nanoparticle size distribution at different filtration
stages. After the last backwash procedure, the membrane was
flushed with ultra-pure water to evaluate the membrane perme-
ability after nanoparticle filtration, from which the pure water
permeability recovery was calculated, which is an indirect indica-
tion of the particles remaining on the membrane after the cleaning
procedure.

3.6. Data handling

We evaluated the removal efficiency (R [%]) of nCgg dispersions
as the nCgp rejection calculated from Equation (8):

_ CP
R= (1 cf) x 100 (8)

Where C, is the permeate concentration and Cs is the feed con-
centration [mg/L].

To assess the removal mechanism of nCgy by the low-pressure
membranes, we analysed the evolution of measurable process pa-
rameters in time. The membrane permeability k [m/Pa-s] is defined
as the reciprocal of the filtration resistance and can be calculated by
Equation (9):

_J
k=Tnp ©)
Where ] is the water flux [L/m?-h] and TMP is the transmembrane
pressure [bar].

The subsequent permeability recovery is given by Equation (10):

UFC M5
Ultrafiltration

Commercial name
Membrane process

Pore size* [nm] 18
Average pore size measured [nm] 15
Smallest pore size measured [nm] e
Filtration area [cm?] 10
Fibers/module [-] 2

Inner fiber diameter [mm)] 0.8
Volume/Area ratio [mm] 0.2

Zeta potential*** [mV] —29.7 + 45

MF02 M2 MF05 M2
Microfiltration Microfiltration
200 500

186.6 745.6

180.6 578

10 10

1 1

15 15

0.4 0.4

-19.8 + 5.1 —189+ 7.7

* provided by manufacturer; ** not measured; *** measured at pH 6.5.
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kR _ kAfter backwash « 100 (10)

l(Before filtration

3.7. Application of pore blocking law for constant flux filtration

To clarify the removal mechanism occurring during UF18 and
MFO02 filtration blocking laws for constant flux low pressure
membrane filtration were applied (Huang et al., 2008). Depending
on the pore blocking mechanism the TMP increase during filtration
can be described by

ddT—\]\/’iP: ke (TMP)" (11)
Where Vs (m?/m? or L/m?) is the permeate throughput defined as
the cumulative volume of permeate per unit of membrane area and
ky and n are 2 experimental parameters where n is a dimensionless
number that is related to the pore blocking mechanism and ky is
related to the blocking mechanism and to the foulant concentration
in the filtered water. The model has been applied here in the
linearized form proposed by Huang e t al. (2008). The expressions
and the coefficient are reported in Table 5 (Huang et al., 2008). For a
more detailed explanation of the derivation we refer to the original
publication (Huang et al., 2008).

4. Results and discussion
4.1. Characterization of nCgp Suspensions

The nCgp UV/VIS absorption spectrum of the feed solution dis-
played two typical peaks at 250 and 360 nm, which is similar to
previously reported results (Jung et al., 2013). The feed solution
concentration was measured as 1.03 + 0.17 mg/L. The size distri-
butions obtained by DLS, NTA and AUC are reported in Fig. 3.

Similar and almost mono-modal asymmetric distributions were
obtained. Next to the three different size distributions Fig. 3 also
reports the mean particle size. The three size characterization
techniques showed comparable results considering that these are
based on different principles and measure different quantities: DLS
measures the variation in intensity of scattered light, AUC de-
termines UV adsorption by particles after separation in a concen-
tration gradient, and NTA tracks (fluorescent) particles. For DLS, the
distribution of the intensity is weighted based on the scattering
intensity of each particle, which is proportional to the sixth power
of the particle radius. This explains the presence of larger particles
in the distribution (Fig. 3a). Despite of the differences in the size
ranges detected by the different techniques, the size distributions
show rather similar average values (Fig. 3). NTA measurements
indicate a bimodal size distribution (Fig. 3b) which is most likely
due to an artefact of the applied model used to interpret the NTA
data or a consequence of the limited number of frames per particle
analysed (Montes-Burgos et al., 2010). DLS is known to be prob-
lematic in detecting multimodal distributions (Dieckmann et al.,
2009). However the second peak is not detected by AUC (Fig. 3c)

Table 2
Water permeability and corresponding resistance calculated according to Equations
(9) and (4) respectively.

UF18 MF02 MFO05
Permeability (10> L/m?-hour-bar)  0.87 + 0.07 5.05+045 83 +0.19
Membrane resistance (10" 1/m) 43 0.7 0.5

Table 3

Membrane rejection of nCg.
Membrane UF18 MF02 MFO5
Pore Size [nm] 18 200 500
Rejection [%] 929 99 10

Table 4

Surface tensions components and free energy of adhesion calculation.

YW(mjm?) vt (mlim*) vt (mjm*)  AGmws (m]/m?)

Water 21.8 25.5 25.5
Fullerenes* 43.16 0.61 1.66
PES** 43 0.5 0.1 —80.259
pPVp*** 43 0 29.7 —41.751

* data obtained from (Henry and Brant, 2012); ** data obtained from (Cornelissen
and Strathmann, 1998); *** data obtained from (Oss, 2006).

Table 5
Clean membrane and total hydraulic resistance calculated according to Equations (4)
and (5) respectively.

UF18 MF02 MFO5
Clean membrane resistance (10'! 1/m) 43 0.7 0.5
Total hydraulic resistance (10! 1/m) 4.4 1.1 0.5

whereas this is the only technique performing a sample fraction-
ation during the measurements. AUC has higher resolution and
accuracy compared to DLS and NTA (Anderson et al., 2013) and this
supports the hypothesis of an artefact in the NTA size distribution.
All size distributions obtained indicate that there is no overlap
between the eNP size and the pore size of the UF18 and MF05
membranes. An overlap exists between particle size and pore
diameter in case of the MFO2 membrane. The largest sizes detected
by NTA and AUC are in the range of 200—228 nm overlapping the
MF02 membrane pore sizes. Despite of the small relative amount
(2% and 0.4% respectively) this can play a role in the removal and
removal mechanism of nCgp, as discussed later in this paper.

4.2. Clean water flux measurements

Prior to each experiment milli-Q water was filtered at 0.5 L/h for
at least 1 h or until a constant TMP was achieved to evaluate the
clean water permeability of the membranes. When a constant TMP
was not reached after 2 h of filtration the membrane module was
discarded and replaced with a new one. Table 2 shows the clean
water permeability for all 3 different membranes at a constant feed
water flux together with the membrane resistance, calculated by
Equations (9) and (4) respectively. Differences in values between
the 3 membranes are the result of variations in several membrane
morphological parameters such as porosity, tortuosity and pore
interconnections (Alspach et al., 2008). The permeability values are
within the typical range for UF and MF membranes (Mulder, 1991).
These values will be used for the permeability recovery calculation
of each membrane and to verify the stability and integrity of each
membrane module.

4.3. Removal efficiency

The removal efficiency was observed to be dependent of the
membrane pore size (Table 3).

The tight membrane (UF18) with pore sizes smaller than the
nanoparticle diameter removed more than 99% of the nCgy sus-
pended in water. As the minimum nCg size determined was larger
than the membrane pore size, the main removal mechanism is size
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Fig. 3. nCg size distributions with mean values (dashed lines): a) Intensity by DLS; b)
Number of particles by NTA; c) Adsorption by AUC.

exclusion, as expected from the theoretical framework (Fig. 1a).
However small amounts of nCgy were detected in the permeate
samples (~8 pg/L). This can be attributed to an overlap between the
membrane pore size and the nCgg size distribution, which could not
be identified by our measurements. Another explanation was the
existence of (i) nanoparticle clusters smaller than 18 nm or (ii)
membrane pore sizes larger than the smallest eNPs cluster size
measured (25 nm by NTA and 50 nm by DLS and AUC) occur.
Another explanation if cluster-squeezing or partial cluster

disaggregation due to the pressure gradient applied to the mem-
brane interface (Jassby et al., 2010). The obtained removal efficiency
was about 20% higher than the values reported in literature with
similar membrane pore sizes (Jassby et al., 2010). This difference is
hard to explain because detailed characterization of the ceramic
membrane used by Jassby et al. is lacking. Furthermore, differences
exist in the applied experimental conditions (e.g.: initial feed
concentration, suspension volume filtered, filtration operation
system, analytical method). The authors attributed the non-
complete removal of nCgp to an overlap between the particle size
distribution and the membrane pore size revealed by intensity-
weighted PSD measurements of nCgp suspensions.

High removal (99%) of nCgg was also observed for MF02 despite
the fact that the membrane pore size is predominantly larger than
the size of nCgp. In this case, the smaller clusters of nCgg particles
are expected to penetrate the membrane structure and either de-
posit on it or permeate through (Fig. 1b), whereas larger clusters of
nCgp particles most likely deposit on the membrane surface either
blocking or narrowing the membrane pores. The removal mecha-
nism can be attributed to a combination of external deposition on
and internal deposition in the membrane as will be further dis-
cussed in the membrane autopsy section. Removal results can also
be affected by the duration of the experiments: longer filtration
times could lead to a complete saturation of the membrane internal
deposition volume available leading to a subsequent nCgy break-
through. We could not observe this within the time frame of 6
cycles. The complete saturation of the internal membrane volume
available for internal deposition can be expected after approxi-
mately 37 filtration cycles following a linear regression of the
permeability recovery of MF02 in time (Fig. 5, discussed later)
assuming that the permeability linearly decreases as filtration
continues. As expected, the MFO5 membrane showed a low nCgg
removal of 10%, which can be explained from the removal scenario
indicated in Fig. 1c. Free energy of adhesion calculations were
performed using the Young—Dupré equation using surface tension
components obtained from literature (Table 4). Calculations resul-
ted in negative values for both polymers (PES and PVP) (Table 4)
indicating that adhesion between nCgg and the membrane material
is expected.

Possible fractionation effects on the eNP size distribution during
filtration were investigated by comparing the feed size distribution
with the permeate size distribution. Due to the low nCgg concen-
tration in the UF18 and MF02 permeate samples the analysis was

0.4+

0.3 1

TMP [bar]

0.2+

el

0.0 T T —T T T

) T T T v T T
0 20 40 60 80 100 120 140 160
Time [minute]

Fig. 4. Increase of the feed pressure due to nCgy deposition. Dashed line represents
initial feed pressure.
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Fig. 5. Cumulative permeability recovery versus number of backwash cycles.

only conducted for the MFO5 permeate samples and samples were
analysed by DLS only. Permeate samples collected during filtration
cycle number one, two, four and six showed the same average and
polydispersity index values as the feed size distribution. This
indicated that each size fraction is rejected at the same degree
(10%).

4.4. TMP and permeability recovery (backwash efficiency)

During filtration when nCgg is retained by the membrane, the
filtration resistance increases in time resulting in an increase in
TMP during filtration at constant flux. The typical effect of nCgg
deposition on TMP during 6 filtration cycles (5 filtration cycles for
the UF18 membrane) and 6 backwash cycles is presented in Fig. 4.
During constant flux filtration, the TMP increases due to the
retention of nCgp and its deposition on and in the membrane for the
UF18 and the MFO2 membrane. Differences in initial TMP values for
the 3 different membranes (see pure water flux section) are caused
by differences in the membrane resistance due to differences in
membrane porosity and membrane pore structure. During UF18
filtration the TMP increase per cycle is 31 + 6 mbar on average and
after the backwash procedure the initial TMP is almost completely
restored (Fig 5). For the MFO2 membrane, the TMP increase per
cycle is 59 + 8 mbar on average, but the initial TMP was not restored
after backwash cleaning (Fig 5). The initial TMP before each filtra-
tion cycle kept increasing suggesting the occurrence of internal
particle deposition (Lohwacharin and Takizawa, 2009). After each
filtration cycle, the initial permeability of the UF18 membrane is
recovered by the backwash up to 99 + 1% (Fig 5). In contrast, the
permeability recovery of the MFO2 membrane showed a decreasing
trend between the first and the last cycle from 93% to 81% (Fig. 5).
This indicates the occurrence of pore entrapment and/or pore
narrowing (Lohwacharin and Takizawa, 2009) (Fig. 1 b). The
deposition of nCgp on MFO05 did not significantly affect the TMP
pressure during the experiments (1 mbar increase over 6 filtration
cycles) and consequently the effect of the backwash procedure on
the initial permeability was not observed. The evolution of
permeability recovery following backwash cleaning highlights the
differences in the removal mechanisms between UF18 and MF02
membranes. Although both membranes obtained the same high
removal value, the MFO2 membrane is more susceptible to pore
entrapment and pore narrowing (internal deposition).

4.5. Membrane autopsy and SEM photos

The visual effects of the deposition of nCgg on the inner mem-
brane surface after 6 filtration cycles and backwash cycles (5
filtration cycles for the UF18 membrane) are presented in Fig. 6. The
lumen surface of the 3 membranes after nCg filtration was visually
very different. Although the initial membrane permeability was
efficiently recovered after 5 backwash cycles, the inner membrane
surface of the UF18 membrane was covered by a homogeneous dark
brownish/blackish deposition layer consisting of nCgo (Fig. 6a).
Some chunks of the deposition layer were removed, which can be
visually observed in Fig. 6 by the lighter shades in the deposited
black layer as indicated by white circles. A light brow-
nish—yellowish more irregular deposition was observed for the
MF02 membrane (Fig. 6b). Hardly any deposition was observed for
the MFO5 membrane (Fig. 6¢), probably linked to the low nano-
particle removal. Changes in colour of the UF18 deposition layers
can also be an indication of changes in the nCgg stability. Particles
not removed from the membrane surface during the backwash
procedure will increase the cake layer thickness and experience an
increasing pressure difference, eventually giving rise to compres-
sion effects of the deposition layer (Braus et al., 2002). Deposition
layer compression can ultimately bring eNPs beyond the energy
barrier distance compromising their colloidal stability (Tang et al.,
2011; Yiantsios and Karabelas, 1998). It has been shown that
changes in size, structure, and/or interactions between the colloidal
particles and solvent molecules can lead to colour changes
(Gallagher et al., 1995) and this can also be the case of the changes
in colours of the particle deposition layer observed here. More
research is needed to clarify whether the fullerene on the deposi-
tion layer is still in colloidal state or solid precipitate. Differences in
the physical status of fullerene can result in different degree of
compaction of the deposition layer, which can affect both mem-
brane performance (permeability decrease and nCgp removal) and
the efficiency of the backwash cleaning procedure.

SEM photos of the internal membrane surfaces are presented in
Fig. 7.

The inner/bore side surface of the UF18 hollow fiber membranes
was covered by a compact deposition layer (Fig. 7a) with a thick-
ness ranging from 1 to 6 um (Fig. 7b). This is in agreement with the
stipulation that during the filtration experiments particles are not
removed by the backwash procedure, instead they accumulate on
the membrane surface. Residuals of a deposited cake layer

Fig. 6. Autopsy photo of UF18, MF02 and MFO5 after 6 filtration and backwash cycles
(5 for the UF18 membrane).
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Bored side

Cross section

Fig. 7. SEM images of fouled membranes after 6 filtration and backwash cycles (5 for the UF18 membrane): a) UF18 bore side; b) UF18 cross section; c¢) MF02 bore side; d) MF02

cross section; e) MFO5 bore side; f) MFO5 cross section.

appeared also on the bore side surface of the MFO2 membrane.
However the inner/bore side surface was not fully covered (Fig. 7c).
If a cake-layer was observed on the SEM picture the thickness of the
layer deposited was about 100 nm (Fig. 7d). As expected, removal
mainly occurred by external surface deposition visible as a cake
layer and pore blocking instead of internal deposition. This resulted
in a severe permeability loss as shown in Fig. 5. Surface deposition
was also observed on the bore side MFO5 membrane surface as a
consequence of 10% removal of nCgp from the feed water. Regarding
the MFO5 the deposition was identified only on the feed side. The
permeate side of the membrane appeared clean (image not shown
here) in spite the presence of nCgp on the back wash water due to
incomplete retention of the nanoparticles. Particle deposition
seems to be localized into the valleys of the rough surface structure
(Fig. 7e and f). If adhesion was occurring both at the feed and
permeate side, the membrane would be (partially) covered by a
nCgp deposition layer on both sides. Since this was not observed
from the autopsy study using SEM, adhesion between nCgg and the

membrane material is not expected to be the mechanism to
responsible for 10% nCgp removal with the MFO5 membrane. Most
likely the adhesion effects are overshadowed by electrostatic
repulsion effects between the negatively charged membranes
(Table 1) and negatively charged nCgp (—79.3 + 10.9 mV). Thus the
10% removal is attributed to surface deposition mainly occurring
due to the roughness of the membrane surface (Fig. 7f). Deposition
in the internal membrane structure has been identified by SEM
analysis (white circle in Fig. 7f) in lower amounts than the surface
deposition thought we exclude sorption phenomena due to nCgg
and membrane interfacial affinity. This is in accordance with
removal efficiency results discussed previously in Section 4.3. Dif-
ferences in ratio of the cake-layer deposition resistance to the clean
membrane resistance between the UF18 and MF02 explain the
differences in the efficiency of removing the nCgg surface deposi-
tion by the backwash procedure. Resistance values (Table 5) were
calculated by the resistance in series model (Cho et al., 1999; Hong
and Elimelech, 1997).
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In the case of the UF18 it was calculated that the hydraulic
resistance of the deposition layer was one order of a magnitude
lower than the clean membrane resistance. In these conditions the
membrane structure dissipates most of the hydraulic shear stresses
generated by the backwash flux. This results in a lower amount of
energy available for the removal of the deposited cake layer
compared to the MF02 membrane. Fig. 9 shows the ratio of the
cake-layer deposition resistance to the clean membrane resistance
versus the backwash cycle for the UF18 and the MF02 membranes.
The contribution of the external deposition to the total filtration
resistance in case of the UF18 was only ~5% (on average) with a very
small variation within the 5 filtration cycles (+1.4%). In contrast, the
contribution of the external deposition to the total filtration resis-
tance in case of the MF02 membrane was ~26% during the first
filtration cycle and stabilized in the following cycles at ~44 + 1.6%.
Moreover the presence of removed chunks (lighter colour of
deposited black layer as indicated by white circles in Fig. 6) in the
UF18 deposited cake-layer might eventually act as preferential flow
pathways for the backwash flux reducing the potential cleaning
effect of the backwash procedure. Similarly the formation of frac-
tures in the deposition layer itself as shown in Fig. 8 can lead as well
to preferential flow paths. However the fractures in Fig. 8 can also
be the results of the sample drying preparation procedure for the
SEM.

4.6. Application of the blocking laws for constant flux low pressure
membrane filtration

Given the ratio of eNPs and membrane pore size we applied the
intermediate blocking and cake formation model to the UF18 and
MF02 membrane (see Section 3.7). The modelling and experi-
mental results are presented in Fig. 10 for the first filtration cycle.
The sum of squared residual values (S) (sum of squared deviations
of predicted from experimental values of data) are reported in
Table 6. S was adopted as a measure of the discrepancy between the
experimental data and the model results.

Regarding the UF18 membrane the specific flux values from the
experimental data corresponds closely (S = 0.14 + 0.08) (Fig. 10) to
the cake formation blocking law. Although this result does not
exclude that other removal and fouling mechanisms are occurring,
it confirm that deposition on the membrane surface is the major
removal and fouling mechanism occurring in the ultrafiltration
membrane.

Regarding the MFO2 membrane, the experimental specific flux
decrease fall between the calculated flux decrease of the 2 blocking
laws (Fig. 10). It is therefore suggested that for the MFO2 membrane

Fig. 8. SEM photo of fractured deposition layer on UF18 membrane.
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filtration cycle.

both the cake formation and intermediate blocking mechanism are
occurring at the same time.
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Table 6
The sum of squared residual values for the 2 membrane types and the filtration
cycles.

Cycle number

Membrane Blocking law 1 2 3 4 5 6

UF18 Cake formation 0.1 0.1 0.2 02 02
Intermediate blocking 9.6 96 85 84 86

MF02 Cake formation 54 54 53 48 50 41

Intermediate blocking 3.8 39 39 43 4.1 5.1

4.7. Discussion overall filtration behaviour under typical full-scale
conditions

nCgo nanoparticles suspended in ultrapure water was efficiently
removed by low-pressure membranes with an average pore size
smaller and, unexpectedly, also by membranes with similar/larger
than the particle size distribution. Much larger membrane pore size
failed in retaining the nCgp nanoparticles. Membranes with pore
size smaller than nCgp diameter removed more than 99% reaching
efficiency considerably higher than previous studies (Jassby et al.,
2010) reported. Even though small amounts of nCgy were detec-
ted in the permeate samples. During 5 filtration cycles each fol-
lowed by a hydraulic backwash, the initial permeability was almost
completely recovered. Nevertheless the majority of the deposition
layer was still attached to the membrane surface at the end of the
experiments. Visual observations suggest that colloidal stability of
the nCgp might be compromised during the continuous accumu-
lation of nCgg. Filtration by membranes with pore sizes mostly
larger than nCgg size showed an unexpected removal of 99% which
occurred by external surface deposition instead of internal depo-
sition as expected. The backwash procedure was more effective in
removing the deposition cake-layer but failed in recovering the
initial filtration conditions resulting in a severe permeability loss.
The ratio nCgp size to membrane pore size played an important role
on the removal mechanism and on the efficiency of the hydraulic
backwash procedure to recover the initial membrane filtration
conditions. The efficiency of the hydraulic backwash procedure
recovering the initial membrane filtration conditions was found
also dependent on the ratio of the cake-layer deposition resistance
to the clean membrane resistance. Moreover the efficiency of the
cleaning procedure ultimately compromised the colloidal stability
of the nCgg dispersion. The very low removal obtained by much
larger membrane pore size (500 nm) mainly occurred by deposition
on the rough membrane structure. We observed no particularly
relevant adsorption phenomena between the nCgg and the mem-
brane material. However, differently from previous work (Ladner
et al, 2011) in this study the membrane surface proprieties
played an important role in controlling the filtration behaviour of
eNPs as well as their stability.

5. Conclusion

The effect of membrane pore size on the removal and on the
removal mechanism of nCgp by low pressure membrane filtration
including multiple backwash cycles was addressed. Multiple
filtration and backwash cycles gave relevant insight in the filtration
behaviour of nCgp with low pressure membranes. Commercially
available low pressure membranes efficiently removed nCgp under
typical full-scale conditions (i.e. constant flux operating mode in
dead-end membrane systems). Water treatment plants which
include low pressure membrane processes are a viable barrier in
minimizing human exposure to nCgp via ingestion. However the
membrane permeability during filtration and the efficiency of the
backwash cleaning procedure can be strongly influenced by the

ratio nCgp size to membrane pore size. These results become
particularly significant in the context of the drinking water pro-
duction, they give relevant information for an accurate selection
between membrane processes and operational parameters for the
removal of nCgp in the drinking water treatment. The work pre-
sented here provides systematic fundamental insights on the spe-
cific interactions of nCgg and the membranes and forms an essential
understanding basis for future researches that include the use of
natural waters. Further investigation is recommended to validate
these findings in more environmentally relevant conditions
addressing the role of water quality parameters on the filtration
behaviour of nCgp.
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