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Water impact

Effect of multicomponent fouling during
microfiltration of natural surface waters
containing nCgg fullerene nanoparticlesy

R. Floris, @2 G. Moser, @2 K. Nijmeijer§® and E. R. Cornelissen*®°

To understand and mitigate the role of surface water composition and associated membrane fouling in the
removal of nCeo nanoparticles by low-pressure membranes, experiments were carried out with micro-
filtration membranes using natural feed waters, mimicking separation in real industrial water treatment
plants. The effects of water composition, the presence of nanoparticles, and membrane fouling were in-
vestigated with a dead-end bench-scale system operated under constant flux conditions including a hy-
draulic backwash cleaning procedure. nCgo nanoparticles can be efficiently removed by microfiltration and
the removal efficiency is found to be independent of the water surface composition. However, the water
composition controls the extent of fouling occurring during filtration. A synergistic effect on membrane
fouling between nCgo and surface water constituents such as natural organic matter (NOM) and its frac-
tions is observed: the synergistic effect resulted in a transmembrane pressure (TMP) increase always higher
than the sum of the TMP increase due to the filtration of NCeg in ultrapure water and the TMP increase due
to the surface water without NCegq.

The potential release of engineered nanoparticles into aquatic environments raises concerns on the security of resources used for drinking water
production. It can also pose challenges to water treatment facilities in terms of operational optimization and proper process control. This research focuses
on how membrane processes in drinking water plants can remove engineered nanoparticles and how these nanoparticles affect membrane operation

performances.

1. Introduction

Given the growth of the nanotechnology industry in the past
20 years' ™ and the accompanying increase in the amount of
engineered nanomaterials and nanoparticles (eNPs) that en-
ter the environment,* environmental and human health rea-
sons require the investigation and assessment of the behav-
iour and toxicity of these new potential pollutants in natural
and engineered environments. Buckminsterfullerene (Cq)’ is
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one of the most widely used eNPs*® due to its particular
physical and chemical properties,” ie. heat resistance, con-
ductivity and electron-acceptor capability. This explains its
widespread use in different applications, e.g. cosmetics,® bio-
logical and medical applications®'® and plastic solar cells.™
Ceo can form nano-sized colloidal aggregates in water (usually
and here as well referred to as nCe)"> and can therefore po-
tentially end up in aquatic compartments when released into
the environment.

The presence of nCg, in aquatic environments'® and con-
sequently in sources for drinking water production® poses
several challenges. Firstly, nCe, has been found toxic to sev-
eral organisms (bacteria, fish and human cell lines'*"”) and
can function as a carrier for other pollutants such as
adsorbed hydrophobic organic contaminants or heavy
metals."®?* Therefore, its removal is mandatory for safe
drinking water production. Secondly, nCg, will interact with
water treatment systems affecting their performance, for in-
stance causing fouling in microfiltration processes.>*>” Both
the removal of eNPs using microfiltration membranes and
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the fouling of microfiltration membranes when filtering these
eNPs are governed by complex interactions between the mem-
brane and the eNPs, which is made even more complex due to
the additional contribution of the natural background of water
constituents. Particularly, natural organic matter (NOM, a com-
plex mixture composed of different organic materials*®) and di-
valent cations such as calcium and magnesium play a critical
role in both eNP stability>® and membrane fouling.****

Investigations into the effects of NOM on the aggregation of
nCg, indicate that the presence of NOM results in diminished
aggregation of eNPs, thus increasing their colloidal stability*>**
by adsorption onto NOM leading to a more negatively charged
surface.”> NOM with a high average molar mass, low polarity
and hydrophobic chains showed a good interaction with nCs,
and increased the stability of nCe.** High-molecular weight
fractions of NOM such as large humic-like materials have been
identified as key components for stabilizing nCg, in monova-
lent electrolyte solutions.***” Electrostatic repulsion among
nCgo was found positively correlated with the concentration of
humic acid in solution.’® The stabilization effect of NOM on
nCgo might be achieved also through the reduced surface hy-
drophobicity.>* Whilst humic substances tend to decrease ag-
gregation and deposition of nCg, the presence of multivalent
cations induces aggregation® because of electrical double layer
compression.*’ The presence of positively charged ions in water
screens the negative surface charge of nCg, resulting in a more
favorable condition for nCe, aggregation. The aggregation be-
havior of nCg, in the presence of NaCl, MgCl, and CaCl, was
found to be consistent with the classic Derjaguin-Landau-
Verwey-Overbeek (DLVO) theory of colloidal stability.** The si-
multaneous presence of humic acids and CacCl, in natural wa-
ter resulted in an increased nCg, stability at low CaCl, concen-
trations, while enhanced aggregation occurred at high (>10
mM) CaCl, concentrations. The enhanced aggregation was at-
tributed to intermolecular bridging of humic acid-coated nCs,
by calcium.?*7*%

Not only does the composition of the water have an influ-
ence on the stability of nCgp, but the composition and the
characteristics of the water also determine, to a large extent,
membrane fouling.””> Previous work has been carried out to
understand the role of the amount, composition and proper-
ties of NOM and divalent cations in membrane fouling in
drinking water treatment processes. NOM plays a significant
role in fouling of microfiltration membranes even though it
is retained only to a small extent.”*** The major contribution
to fouling is attributed to the NOM fraction composed of bio-
polymers.*> Meanwhile, the NOM fractions comprising humic
and fulvic acids have only a minor contribution to micro-
filtration membrane fouling.** Shang et al. (2015)* found
that, depending on the size of the membrane pores, the ad-
sorption of NOM foulants can induce internal fouling. Based
on experimental measurements, Yamamura et al. (2007)*
proposed a two-step fouling model where hydrophobic low-
molecular weight (humic-like) components are adsorbed first
on the membrane surface, thereby narrowing the size of the
membrane pores, followed by hydrophilic higher-molecular
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weight (carbohydrate-like) compounds that plug the narrowed
pores of the membrane. Furthermore, the presence of calcium
and its interactions with NOM play a major role in micro-
filtration fouling of surface waters.”® Divalent cations reduce
humic acid interchain repulsion resulting in the formation of a
more densely packed fouling layer on the membrane surface.*'

The studies mentioned above focused either on the inter-
action of divalent cations and NOM (fractions) or solely on
membrane fouling or nCg, stability, but studies on the com-
bined effect of multiple parameters, i.e. a comprehensive
study combining the influence of divalent cations, NOM and
its fractions on nCg, removal and membrane fouling in
microfiltration of natural surface water, are still lacking, al-
though essential to guarantee safe drinking water in the lon-
ger run. In the present study, we investigate the micro-
filtration behavior of nCg, dispersed in real surface water and
focus on the elucidation of the role of NOM and divalent cat-
ions in (i) the removal of nCg, in semi dead-end hollow fiber
microfiltration and (ii) membrane fouling during natural sur-
face water microfiltration in the presence of nCg. Filtration
experiments with commercially available polymer membranes
were conducted, including a regular backwash cleaning pro-
cedure with multiple cycles. The removal degree and removal
mechanisms of fullerene nCq, were evaluated by analyzing
transmembrane pressure (TMP) changes during filtration,
evaluating the development of reversible and irreversible
fouling and performing membrane autopsies with scanning
electron microscopy observations.

2. Materials and methods
Reagents and chemicals

Fullerene-Cg, (purity >99.5%) was obtained from Sigma Al-
drich (Steinheim, Germany). Toluene was purchased from
Mallinckrodt Baker B. V. (Deventer, The Netherlands).
Lewatit VPOC 1071 type (Lanxess, Germany) hetero-
disperse anion exchange gel-type resins were used for NOM
removal. The anion exchange (AIEX) resins were based on a
polyacrylamide backbone functionalized with quaternary
amine (type I) groups. The average AIEX resin size was 0.55
mm and the resin density was 1.09 g ml™". Lewatit MonoPlus
S 108 (Lanxess, Germany) monodisperse cation exchange
resins were used for Ca®"(aq) and Mg>*(aq) removal. The cat-
ion exchange (CIEX) resins were based on a styrene-divinyl
benzene copolymer. The average CIEX resin size was 0.65
mm and the resin density was 0.79 g ml™". Before use, both
AIEX and CIEX resins were pre-rinsed and regenerated
according to a procedure described elsewhere (Cornelissen
et al., 2010).*° Briefly, 500 g of resin was rinsed for 12 h in
12.5 1 of tap water. Afterwards, the resin was removed from
the tap water and then mixed in 15 1 of 10% w/w NaCl solu-
tion over 2 h for regeneration. Four different pre-treated wa-
ter types were obtained after IEX treatment using the above
described IEX resins employing the same surface water batch
collected from the Lek Canal (Nieuwegein, The Netherlands)
prior to the Amsterdam Water Supply Dunes (AWDs) uptake.
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Preparation and characterization of nCg, dispersions

Stable aqueous nCg, suspensions were prepared using a sol-
vent exchange/sonication procedure.*’ Briefly, 50 mg of Cgo
fullerene powder was added to 100 ml of toluene and the
mixture was stirred for at least 12 h to achieve complete dis-
solution of the fullerenes. The Cg, solution was added to 350
ml of ultrapure water (18.2 MQ c¢m) in a 600 ml beaker. Tolu-
ene was evaporated in a sonication bath (Branson) at an en-
ergy intensity of 125 W. Ultrapure water was regularly added
each hour to compensate for the volume loss due to toluene
evaporation and to avoid fullerene deposition. The resulting
colloidal dispersion was finally filtered through a 0.45 and a
0.22 um cellulose acetate vacuum filter system (Corning Am-
sterdam, The Netherlands). This procedure was repeated 6
times resulting in nCg, stock concentrations of 15-20 mg 17"
The obtained stock was diluted afterwards in the four differ-
ent water types to reach a final concentration of 1 mg ™.

Characterization of the nCg, stock was performed with a
set of different analytical techniques. The presence of colloi-
dal dispersions was measured by UV-vis spectrophotometry.
The nCg, UV/vis absorption spectrum of the stock displayed
two typical peaks at 250 and 360 nm (not shown here), as
was observed before (Jung, Kim, Kim & Kim, 2013).>° Concen-
trations of nCq, were measured after liquid-liquid extraction
with toluene®" by using normal-phase liquid chromatography
coupled to high-resolution mass spectrometry and UV
spectrophotometry (LC-MS-UV). Due to the required concen-
tration range, two approaches were used: (i) concentrations
ranging from 0.1-128 pg 1" were quantified by using the ac-
curate molecular ion mass-to-charge ratio (m/z) of Cgo
(720.00055 m/z) and (ii) concentrations >128 ug 1™ were de-
termined by UV spectrophotometry (at 335 nm).

The nCg, size distributions in the 4 different treated sur-
face waters (directly after dosing nCs, in the surface water)
were determined by dynamic light scattering (DLS). Measure-
ments were performed with a Zetasizer Nano-ZS (Malvern In-
struments, Worcestershire, UK). Samples were measured at
25 °C in triplicate. Zeta potential measurements were carried
out using the same equipment to evaluate the surface charge
and zeta potential of the nCg, (samples were measured 9
times per measuring point) in the 4 different treated surface
waters (directly after dosing nCs, in the surface water). The
average particle size of the nCg, in ultrapure water was deter-
mined by dynamic light scattering (146 nm), nanoparticle
tracking analysis (134 nm) and analytical ultra-centrifugation
(106 nm).>® The zeta potential of nCg, in ultrapure water,
measured in previous work, was —42.8 + 1.33 mV.*° This high
zeta potential was also reported in several previous stud-
ies®®”? and indicates high stability of the dispersion.

Preparation and characterization of water type backgrounds

To understand the role of the water quality parameters in the
removal of nCg, by microfiltration, experiments were
performed with nCg, dispersed in waters containing different
amounts and compositions of NOM and in the presence or
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absence of divalent cations. The investigated water types were
(i) pre-filtered surface water (PF), (ii) pre-filtered and anion
exchange-treated surface water (AIEX), (iii) pre-filtered and
cation exchange-treated surface water (CIEX) and (iv) pre-
filtered and both anion and cation exchange-treated surface
water (ACIEX). Filtration experiments involving nCg, dis-
persed in ultrapure water (Millipore, Bedford, MA) were also
performed as a reference. Pre-filtered surface water was
obtained by filtering the raw water subsequently through a
0.45 and a 0.22 um cellulose acetate vacuum filter system
(Corning Amsterdam, The Netherlands) to reduce turbidity
and remove suspended solids present in the water. Anion
and cation exchange-treated surface waters were obtained by
stirring 25 1 of such pre-filtered surface water with 500 g of
resins for 24 h. The four water types were stored until use
(maximum of 2 weeks) in the dark at 4 °C to minimize
changes in the water composition before the experiments.
The water compositions of the pre-filtered surface water and
the anion, cation and anion/cation exchange-treated waters
were determined by the laboratory of the water company
Vitens (The Netherlands) with in-house methods VL-W-ACO1/
02, VL-W-ME04, VL-T-AL35 and VL-W-0002 according to
NEN-EN-ISO/IEC 17025, NEN-EN-ISO 9001:2008, OHSAS
18001:2007 and ISO 14001:2004 standards.

Membrane and membrane characterization

Commercially available hollow fiber membranes made of a
blend of polyethersulfone/polyvinylpyrrolidone were supplied
by pentair X-Flow (Enschede, The Netherlands). According to
the manufacturer and previous studies,””>> the membranes
were moderately hydrophilic with pore diameters varying be-
tween 160 and 240 nm, having an average membrane pore
size of 200 nm, with a highly asymmetric structure and selec-
tive layer several hundreds of nanometers in thickness on the
inside of the fiber. The zeta potential of the inner surface of
the membranes was -23 mV measured at pH 8 using a Sur-
PASS electrokinetic analyser.>®

Filtration set-up and procedure

All experiments were performed in constant flux and inside-
out mode. Pure water flux (volumetric flow rate per unit area
of the membrane) and nCg, filtration measurements were
performed with a lab-scale pilot (Fig. 1a). A constant feed
flow of 0.5 1 h™ was provided by a pulsation-free neMESYS sy-
ringe pump (Cetoni GmbH, Germany) connected to the feed
vessel. A pressure sensor in the feed line measured the feed
pressure every 5 seconds and an average transmembrane
pressure (TMP) (n = 3) was calculated and logged every 15
seconds. A pressurized backwash vessel (3 bar) containing
fresh ultra-pure water combined with a flow controller was
connected to a permeate line for the backwash sequence. A
backwash for 20 seconds occurred automatically every 20
min, which is a cleaning frequency relevant to membrane
processes in drinking water treatment.”® The total filtration
duration was 2 hours including a series of 6 filtration cycles

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 a) Schematic representation of the lab-scale installation for constant flux filtration experiments; b) filtration protocol and fouling param-
eters as obtained from the TMP increase with time, where TF is the total fouling, RF is the reversible fouling, IF is the irreversible fouling, FIF
is the final irreversible fouling after the final flushing procedure, TMP/"@ is the TMP at the end of filtration cycle i before the backwash

final

cleaning procedure, TMP;{T" is the TMP at the beginning of filtration cycle i + 1 after the backwash cleaning procedure and TMPq is the TMP
at the beginning of the experiment, immediately after the clean water flux measurement.

and 6 backwash sequences. All these experiments were
performed at a constant temperature of 20 °C. Feed samples
were collected before the experiments and permeate samples
were collected during filtration cycle one, two, four and six to
evaluate the nCg, removal at different filtration stages. After
the last backwash, the membranes were flushed with ultra-
pure water to evaluate the membrane permeability recovery
after nCg, filtration, from which the irreversible fouling con-
tribution was calculated. This is an indirect indication of the
amount of particles and other compounds that foul or adsorb
onto the membrane and remain on the membrane after the

This journal is © The Royal Society of Chemistry 2017

flushing procedure. The flushing procedure consisted of 2 fil-
tration cycles of ultrapure water at a constant feed flow (0.5 1
h™ for 20 min) followed by the backwash sequence (2 1 h™
for 20 s). A schematic representation of the filtration protocol
is given in Fig. 1b.

Data handling

The removal efficiency (R [%]) for nCs, was evaluated as the
nCe rejection calculated from eqn (1):

Environ. Sci.: Water Res. Technol., 2017, 3, 744-756 | 747
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where C, is the permeate concentration and Cy is the feed
concentration [mg 17'].

To assess the type of fouling occurring during the filtra-
tion of nCg, using the low-pressure membranes, we analysed
the evolution of measurable process parameters with time as
follows:

Total Fouling (TF,) at the generic cycle number i is the
maximum increase in TMP during filtration, calculated
according to eqn (2):

TF,; = TMP"¥ — T™MP, (2)

where TMP™ is the TMP at the end of filtration cycle i and
before the backwash cleaning procedure and TMP, is the
TMP at the beginning of the experiment, immediately after
the clean water flux measurement.

Irreversible Fouling (IF) is the amount of foulant that can-
not be removed by the backwash cleaning procedure only
and accumulated in/on the membrane compromising the
TMP. The IF at the generic cycle number i is calculated
according eqn (3):

IF; = TMPMital — VP, (3)

In constant flux filtration, TMP increases linearly with
time when an incompressible cake layer is formed.>” In con-
trast, when the cake layer deposition is compressible, the
pressure profile is concave-upward.”® Additional analysis of
the pressure profiles and the corresponding change of the
slope (dTMP/dt) with time (or of the volume filtered) was
performed to obtain more insight into the removal efficiency
and the fouling mechanism.

3. Results and discussion
Water quality parameters

The water compositions of the pre-filtered surface water and
anion, cation and anion/cation exchange-treated waters are
given in Table 1.

All waters showed a low suspended solid content (<1 mg
1) and a low turbidity (~0.2 FTE) as a result of the pre-
filtration treatment through the 0.45 and 0.22 um filters.
AIEX treatment reduced the NOM content measured as DOC
by ~70%, which has been shown elsewhere to be mainly due
to the removal of the humic substance fraction of the total
NOM.* Based on Cornelissen et al., we assumed that the
remaining NOM fraction was mainly composed of neutrals,
biopolymers and building blocks (i.e. hydrolysates of humic
acids).”®* CIEX treatment almost completely removed the
present divalent cations (>99% removal).

After both anion and cation exchange treatment, the wa-
ters showed an increase in conductivity. The increased value
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Table 1 Water quality parameters of the 4 water types

Water types

PF ATEX CIEX ACIEX
Turbidity (NTU) 0.2 0.2 0.2 0.2
Suspended solid [mg "] <1 <1 <1 <1
Conductivity (uS ecm™) 699 1560 1035 2210
pH 8.2 7.8 8.3 7.9
Zeta potential” (mV) -10.1 -6.87 -7.93 -13.9
DOC (mg 1) 2.9 0.7 3.2 0.8
Total hardness (mmol 1" 2.4 2.3 <0.02 <0.02
Cca® (mg 1) 76.0 74.2 <0.5% <0.5%
Mg>" (mg 1) 11.8 11.1 <0.1° <0.1°
K" (mg 1™ 3.9 3.8 0.3 0.4
Na* (mg1™) 46.2 207.0 198 539.0
Cl” (mg1™) 86.0 380.0 160 550.0
NO;” (mg1™) 13.7 2.6 — 4.0
SO, (mg1™) 55.0 <2 56 <2
HCO; (mg1™) 185.0 78.0 184 84.0

“ Removal >99% from PF water. ” Of the NOM and the colloidal
particles naturally present in the water; *not measured.

of water conductivity is due to the increased concentration of
Na’ and CI” released from the resins, as a consequence of
the exchange process with NOM and Ca”>* and Mg>". This is
also visible in Table 1, which shows higher concentrations of
Na" and CI in all treated waters compared to pre-filtered wa-
ter (PF). The dissolved salt content can potentially affect the
nCe, removal efficiency. However, it is also proven that desta-
bilization of eNPs in water increases with increasing ion va-
lence, due to higher compression of the eNP double layer.>*
In this study, we removed the amount of divalent cations
(Ca** and Mg**) since these are the fractions of salinity in wa-
ter that control the nCg, stability®> and consequently its re-
moval efficiency.

nCg, size and zeta potential

The zeta potential and the average particle size of the nCg,
dispersed in the 4 different treated surface waters are
reported in Fig. 2.

When dispersed in natural water, nC, is subject to stabili-
zation effects of NOM and destabilization effects of cations
present in the water. Dispersed particles are destabilized
when their electrostatic surface charge is neutralized by posi-
tively charged ions.”® On the other hand, the stability will in-
crease as a result of the additional negative charge imparted
by NOM adsorbed onto the nCeo.*"*° The resultant impact of
these two competitive effects can be analysed by zeta poten-
tial measurements. Colloids with a zeta potential more nega-
tive than —-30 mV are considered to exhibit strong electro-
static repulsions and tend to remain dispersed, while a value
of the zeta potential less negative than —-30 mV makes them
prone to aggregation and destabilization due to only weak
electrostatic repulsions between the particles.>®*"

From our zeta potential measurements, significant differ-
ences can be observed between water with Ca®>" and Mg>" cat-
ions (PF and AIEX) and without Ca®>" and Mg”" cations (CIEX

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Zeta potential and average particle size of nCgg dispersed in the 4 different treated surface waters (25 °C and pH 8 + 0.2).

and ACIEX). Without these cations in the water, the value of
the zeta potential is slightly higher than -30 mV (CIEX: —-31.4
+ 2.13 mV and ACIEX: -35.1 + 2.01 mV). Therefore, these two
dispersions can most probably be considered stable. How-
ever, in apparent contradiction with previous studies, the
change in zeta potential due to removal of NOM fractions
was not observed most likely because of the different water
background. Previous studies reported zeta potential values
in synthetic water while here we used real (pre-treated) sur-
face water. Therefore, the results reported here can still be
considered general in the context of real surface waters. In
contrast, when Ca>" and Mg>" are present in the water, these
ions screen the nCg, surface charge and the zeta potential
measured is less than -30 mV (PF: -14.8 + 1.56 mV and AIEX:
-16.9 + 1.31 mV). This results in incipient instability of the
dispersions.®> The nCg, particles show comparable sizes in
both PF (143.2 + 0.7 nm) and AIEX (142.2 + 2.3 nm) treated
water, which is also in agreement with the nCg, size reported
in ultrapure water (146 + 1.9 nm (ref. 26)). This suggests that,
despite the potential instability due to charge screening by
Ca®" and Mg>", agglomeration of the particles did not happen
before the filtration experiments. The particle sizes in the ab-
sence of divalent cations (CIEX and ACIEX) are slightly
smaller and measure approximately 127 + 1 nm and 124 + 4
nm. In the absence of divalent cations (CIEX and ACIEX), the
particle sizes are also smaller than the nCg, particle size in
ultrapure water. The smaller size of nCs, treated surface wa-
ter does not depend on the presence of negatively charged
NOM since both CIEX and ACIEX water show comparable
particle size. Therefore, we hypothesize that this decrease in
particle size is related to the interaction of nCe, with the
neutral and positively charged fractions of NOM. However,
regardless of the origin of the smaller nCs, size in the ab-
sence of divalent cations (CIEX and ACIEX), the ratio of
nCq, size to mean membrane pore size (0.7/0.6) does not
change significantly for the 4 water types analysed in this
work.

Filtration behaviour of nCg, in different water backgrounds

Fig. 3 shows the TMP increase during microfiltration of the 4
different water types with the addition of 1 mg I™* nCe, (black

This journal is © The Royal Society of Chemistry 2017

symbols). In the graphs, the TMP increases during micro-
filtration of (i) (treated) surface water without nCg, (PF, CIEX,
AIEX or ACIEX) (dark grey) and (ii) a 1 mg I™* nCe, dispersion
in ultrapure water (light grey symbols) are also reported as
references. Reference filtration experiments involving nCs, in
ultrapure water and the 4 different water backgrounds with-
out nCg, were performed to determine synergistic effects due
to interactions between the water constituents and nCgy.

Filtration of 1 mg 1™ nCq, dispersed in ultrapure water
resulted in a moderate TMP increase of 0.027 mbar over 6 fil-
tration cycles (Fig. 3, light grey symbols). The TMP increase
with time is due to pore blocking and cake layer deposition
of the nCg, on the membrane surface.>® The TMP increase is
only partially reduced by the backwash procedure with an ir-
reversible fouling contribution of about 57% of the total foul-
ing in the case of nCg, in ultrapure water.

Filtration of 1 mg 1" nCe, dispersed in surface water
resulted in different TMP increases and fouling behaviors
depending on the NOM fraction and the amount of Ca*
and Mg>" in the surface water used as a background
(Fig. 3, black circles). Filtration of nCe, in waters containing
the complete NOM fraction (PF and CIEX-treated waters)
results in the highest increase of TMP (up to 1000 and 1200
mbar) over the 6 filtration cycles (Fig. 3a and b). The TMP
increase is significantly reduced (in the range of 200-250
mbar) when the negatively charged NOM fractions are
removed (AIEX- and ACIEX-treated waters, Fig. 3c and d), as
a consequence of the lower amount of NOM (about 75%
removal due to anion exchange treatment), which is thus
responsible for the severe TMP increase.

The presence (PF and AIEX waters) or absence (CIEX and
ACIEX waters) of Ca®>" and Mg** does not significantly impact
the TMP increase within the 6 filtration cycles when the con-
tribution of the NOM fraction is excluded. Consequently, the
reduced stability of nCs, when bivalent cations are present
(PF and AIEX) does not seem to affect the TMP increase dur-
ing the filtration experiments.

Overall, despite differences in the amount of NOM and
concentrations of Ca** and Mg”* present in the different wa-
ter backgrounds, in all cases, a strong synergistic effect be-
tween the nCg, the cations and NOM during filtration of the
different water types containing nCs, is observed. The TMP

Environ. Sci.. Water Res. Technol., 2017, 3, 744-756 | 749


https://doi.org/10.1039/c7ew00041c

Paper
1400 T
e PF+C60 a) PF
12004 = PF g
Ultrapure water + C60
1000 |
& 800 ]
= 600
= | ]
E 400— g
200- g
0 r T T
0 50 100 150 200
Time (min)
300 T
e AIEX + C60 ¢) AIEX
= AIEX
Ultrapure water + C60 /
2001 / / /
]
Ke)
E /
o o
= 100+ i
'_
0 T T T
0 50 100 150 200
Time (min)

View Article Online

Environmental Science: Water Research & Technology

1400 CIEX + C60 ' " b) CIEX
12004 = CIEX i
Ultrapure water + C60
1000 4
& 800 ]
= 600
o g 4
g 4001 ]
2004 J
0
0 50 100 150 200
Time (min)
300 T
e ACIEX + C60 d) ACIEX
= ACIEX
Ultrapure water + C60
__ 2004 // J
©
E_/ "___‘_,‘-//f e,
= 1004 ]
=
0 T T T
0 50 100 150 200

Time (min)

Fig. 3 TMP versus time for the filtration experiments involving nCg in the four different water type backgrounds (black symbols): a) pre-filtered
water, b) CIEX-treated water, c) AIEX-treated water and d) AIEX and CIEX-treated water. Corresponding experiments for the four different water
types without nCe (dark grey symbols) and for nCeq in ultrapure water (light grey symbols) are also shown as references (mind the different scales

of the Y-axis).

increase is always higher than the sum of the TMP increase
due to the filtration of nCg, in ultrapure water and the TMP
increase due to the surface water without nCg,. This synergis-
tic effect is especially dominant when the negatively charged
NOM fraction is present in the water (Fig. 3a and b) and less
dependent on the presence of divalent cations.

It is hypothesized that this synergetic effect is the result of
different structural properties of the cake layer formed on top
of the membrane surface, especially in the presence of nega-
tively charged NOM. When only NOM is present in the water,
the deposition layer formed on top of the membrane exhibits a
certain cake porosity. During filtration of water simultaneously
containing NOM and eNPs, the eNPs may fill the void spaces of
the NOM deposited on the membrane surface, thus leading to
a lower cake porosity and therefore a higher filtration resis-
tance. In this scenario, it seems reasonable to assume a higher
synergetic effect when all the NOM fractions are present in the
water. Moreover, it was previously shown®® that ultrafiltration
of NOM (a mixture of humic acid and alginates (polysaccha-
rides)) and inorganic particles (kaolinite with a particle size of
450 nm) resulted in a synergistic fouling effect due to particle
stabilization by NOM and steric interferences between the two
foulants. Although the particle size in our experiments is differ-
ent and considerably smaller, similar effects in our filtration ex-
periments are envisaged to take place.
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To explain the synergistic effect, it can also be hypothe-
sized that the interactions between nCg, and NOM can ulti-
mately change the physical-chemical properties of the NOM
and its fractions. Again, this will result in different structural
properties of the cake layer formed on top of the membrane
surface and different TMP increases. Both hypotheses need
to be investigated more thoroughly and therefore future re-
search in these directions is recommended.

Fig. 4 shows the total and the irreversible fouling (both
expressed in TMP increase) over the six filtration cycles of
nCse, dispersed in the 4 water backgrounds investigated. The
total fouling and the irreversible fouling of the surface waters
without nCg, are reported in the ESIT (Fig. S1).

The major fraction of the total fouling of waters
containing the original NOM composition (PF and CIEX,
Fig. 4a and b) is mostly reversible, which indicates that the
backwashing procedure and the final flushing procedure (re-
ferred to as cycles number 7 and 8 in Fig. 4) enable the re-
moval of the majority of the foulants accumulated on the
membrane. The irreversible fouling is 5.8% for PF water and
24% for CIEX water at the end of cycle 6. The TMP is partially
restored to the original value after the backwash cycles. This
can be explained considering that a large part of the NOM
(2.1 mg 1" DOC, Table 1) in PF and CIEX water is composed
of negatively charged humic acid, which forms a cake layer

This journal is © The Royal Society of Chemistry 2017


https://doi.org/10.1039/c7ew00041c

Environmental Science: Water Research & Technology

I:lTotlaI fouling I A a) PF

1200
J- Irreversible fouling

1000
800+ 1
6004 1
400+ 1

2004 1

Total / irreversible fouling (mbar)

0-
1 2 3 4 5 6 7 8

Backwash cycle number

1200 N
|:| Total fouling
1000 | I Ireversible fouling

&) AIEX

800+ 8
600 1
400 1

200+ 1

Total / irreversible fouling (mbar)

1 2 3 4 5 6 7 8
Backwash cycle number

View Article Online

Paper

b) CIEX

1200 T T T T
J\__'_l Total fouling

1000 I Irreversible fouling

800- 1
600- 1
400 1

200+ 1

Total / irreversible fouling (mbar)

0-

1 2 3 4 5 6 7 8
Backwash cycle number

1200 T T T T T T
[ Total fouling d) ACIEX
1000 I Irreversible fouling 1

800
600
400+

200+ ]

Total / irreversible fouling (mbar)

0-
1 2 3 4 5 6 7 8

Backwash cycle number

Fig. 4 Total fouling and irreversible fouling (expressed as pressure increase) versus the backwash cycle number for the various nCgg filtration
experiments (cycles 1-6) on the four different water type backgrounds: a) pre-filtered water, b) CIEX-treated water, c) AIEX-treated water and d)
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on the microfiltration membrane surface® that is apparently
easily removed by the backwash procedure using ultrapure
water.®

Nevertheless, when the cations are removed (CIEX), the
remaining irreversible fouling at the end of the filtration ex-
periment (after backwash cycle 6) is higher (24%) than that
for PF water. This might be caused by the slightly smaller
size of nCe, in CIEX-treated water (Fig. 2, CIEX), resulting in
a more compact cake layer that is more difficult to remove.
The evolution of irreversible fouling was not monotonic and
this can be the result of different backwash efficiencies cycle
by cycle. In addition, the slightly smaller size of nCs, in
CIEX-treated water can also increase the occurrence of pore
blocking at the beginning of the filtration cycle. In both cases
(PF and CIEX-treated waters), the fouling that is not removed
by backwash cycle 6 is partially removed after the final flush-
ing procedure (cycles number 7 and 8) for both PF and CIEX-
treated waters. A possible explanation is that the ultrapure
water used in cycles number 7 and 8 removes some of the di-
valent cations from the cake layer making the following back-
wash procedure more effective in removing the cake layer.*®
This is also visible in the TMP increase (Fig. 3a and b) that
can then be reduced to its original level.

Removing the negatively charged fraction of NOM (AIEX-
and ACIEX-treated waters, Fig. 4c and d) results in a signifi-
cant reduction of the total fouling. However, the results in

This journal is © The Royal Society of Chemistry 2017

Fig. 4 show that the total fouling that does occur is more per-
sistent toward the backwash procedure (compared to PF and
CIEX-treated waters). The irreversible fouling is about 62%
(AIEX) and 48% (ACIEX) of the total fouling, and both the
backwashing procedure during filtration and the final flush-
ing procedure at the end of the nCg, filtration experiments
are less effective and not sufficient to remove the foulants ac-
cumulated on the membrane. Particularly, when Ca*>* and
Mg>" are present in the water (AIEX-treated water, Fig. 4c),
the irreversible fouling formed in the presence of these ions
is more persistent. This can be attributed to enhancement of
the irreversible fouling by divalent cation complexation and
bridging with NOM.?> Moreover, Ca>* and Mg>" can assist the
formation of complexes (i) between NOM and nCg, and (ii)
among nCgp, ultimately resulting in a more resilient cake
layer.>**" This is indicated by a lower TMP decrease after
flushing for the AIEX water compared to the ACIEX water
(Fig. 4c and d).

Removal and fouling mechanism

In all cases, the observed nCg, removal efficiency was very
high (99.99%) during all the filtration experiments (see Table
S1, ESIt). This is in accordance with the removal efficiencies
previously obtained for the filtration of nCe, dispersed in
ultrapure water.”® The removal efficiency was found to be
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independent of the type of water (Table S17), although the pres-
sure profiles reported in Fig. 3 suggest different fouling behav-
iours for the differently treated waters. Although the average
nCq size in surface water is slightly smaller than the size when
dispersed in ultrapure water,”® the ratio of nCg, size and mean
membrane pore size is still comparable. We showed previ-
ously®®* that the microfiltration membrane used has an asym-
metric pore size distribution with smaller pores on the inside
of the fiber. When it is dispersed in ultrapure water, this
resulted in complete removal of nCe, by a combination of size
exclusion and pore blockage. Moreover, if nCs, does not perme-
ate during the first filtration cycle, it is unlikely that perme-
ation will happen in the following cycles as fouling and pore
blocking become even more severe during the course of the fil-
tration process. This explains the high removal efficiency dur-
ing all the cycles of the filtration experiments.

Fig. 5 reports the development of the slopes (ATMP/d¢) of
the pressure profiles with time for the 4 different water dis-
persions and for the first filtration cycle, which is representa-
tive of the slopes during all cycles. Slope trends for the
remaining cycles 2-6 show similar behaviour to the first one
and are reported in the ESIf (Fig. S2). Analysis of the pres-
sure profiles and the change of the slope as a function of
time (dTMP/dt, or of the volume filtered dTMP/dV) can pro-
vide insight into the removal and fouling mechanisms
occurring.”®
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In constant flux filtration, when the cake layer is incom-
pressible, the TMP increases linearly (with constant dTMP/d¢)
with time.>” In contrast, when the deposited cake layer is
compressible, the pressure profile is convex, so dTMP/dt¢ is
not constant but increases with time.>®

For all investigated waters, as presented in Fig. 5, a first
transition zone (from 0 to ~4 min) can be identified. In this
transition zone, the slope, dTMP/d¢, first increases and after-
wards decreases again. In this transition zone, most likely
pore blocking occurs, as was observed in other studies.”>®”
After this transition zone, different behaviours are visible for
the different water types. For AIEX- and ACIEX-treated waters,
the slope dTMP/d¢ stabilizes to a constant value (~2 mbar
min"), which indicates that the TMP increase is linearly re-
lated to the filtration time, and thus an incompressible cake
layer is formed on the membrane surface.”® In contrast, for
water containing all NOM fractions (CIEX and PF waters), af-
ter the first initial 4 minutes, the slope, dTMP/d¢, linearly in-
creases with time, which means that the cake layer formed
on the membrane surface is compressible. During fouling, a
compressible cake layer is formed, ultimately increasing the
hydraulic resistance, and thus the TMP increase, during con-
stant flux filtration.””

It can be hypothesized that the occurrence of a compress-
ible or incompressible cake layer depends on the presence
and amount of organic foulants present in the 4 water types:

25 T T T T
b) CIEX
_ 204 1
£
E
S 15 . ]
g -
= LT
§ 104 ﬁ.rw\ L b
a A"
h n L]
E 54 u h—lll'lﬁv' 7
© -
0 L]
0 5 10 15 20 25
Time (min)
25 T T T
d) ACIEX
_ 20+ 1
£
£
5 154 1
o)
E
5 10+ 1
S
5 51 . |
; P SV e
(B T T T T
0 5 10 15 20 25
Time (min)

Fig. 5 Change of dTMP/dt with time for the 4 different water types: a) PF water; b) CIEX-treated water; c) AIEX-treated water; d) ACIEX-treated

water.
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the literature shows that, during dead-end filtration, the TMP
can compress the cake layer and reduce its thickness.®® How-
ever, this is only possible when a certain critical amount of
foulants is deposited on the membrane. Below this critical
value, the structure of the cake layer remains the same, inde-
pendent of the TMP. Above this limit, the cake layer becomes
compressible and its thickness and porosity decrease with in-
creasing TMP. This scenario seems also applicable to our
work for the 4 different water type backgrounds without eNPs
(ESIf). For ACIEX- and AIEX-treated waters, the slope dTMP/
dt is constant over all cycles. In contrast, the behaviour of the
slope with time for waters containing NOM (PF and CIEX-
treated waters) indicates the occurrence of two different
stages during the formation of the cake layer and its growth:
first, the formation of an incompressible cake layer (until cy-
cle 2), and subsequently the transformation of this layer into
a compressible layer (after cycle 3). Therefore, it is possible
that waters containing both NOM and nCg, already at the
first filtration cycle have a total load of foulants higher than
the critical value, which makes the cake layer compressible.
Nonetheless, the occurrence of synergistic fouling effects of
nCeo-NOM (fractions) cannot be excluded, due to particle sta-
bilization by NOM or steric interferences between the two
foulants.®® Therefore, the high increase in TMP observed in
Fig. 3a and b (PF and CIEX-treated waters) can be attributed
to (i) the large amount of organic foulants in the water (com-
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pared to AIEX- and ACIEX-treated waters (Fig. 3¢ and d)) and
(ii) cake layer compressibility.

Assuming that pore blocking occurs only at the initial
stage of the filtration cycle, as filtration proceeds, the in-
crease of the filtration resistance with time can be related to
the formation of a cake layer deposit,”®” as confirmed by
the SEM photos of the internal membrane surfaces after the
filtration experiments (Fig. 6). In all cases, a thick deposition
layer (>150 nm) on the membrane surface can be observed
(at the right side of the images), even after the final flushing
procedure.

4. Conclusions

The removal of nCg, using microfiltration was investigated
using pre-filtered natural surface water and pre-filtered natu-
ral surface water without multivalent cations and/or without
the negatively charged part of NOM.

Microfiltration membranes are a solid barrier to remove
nCeo from surface water during drinking water production
and the removal efficiency is found to be >99.99% and inde-
pendent of the surface water composition. However, a syner-
gistic effect on membrane fouling between nCg, and surface
water constituents such as NOM and its fractions is
observed.

Fig. 6 SEM images of fouled membranes after 6 filtration and backwash cycles and a final flushing step: a) PF water; b) CIEX-treated water; c)

AIEX-treated water; d) ACIEX-treated water.

This journal is © The Royal Society of Chemistry 2017
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Although Ca*>* and Mg®" are dominant in controlling the
stability of nCg, (i.e. particle size and particle zeta potential),
the extent of fouling is dominated by the presence of NOM.
The negatively charged NOM fractions lead to the formation
of a compressible cake layer. Removing this fraction from the
feed water results in the formation of an incompressible cake
layer and a reduction of the TMP increase during filtration.
Despite the removal of the negatively charged fraction of
NOM, the presence of the divalent cations Ca** and Mg>" en-
hances the formation of irreversible fouling, reducing the ef-
ficiency of backwash and final flushing procedures in restor-
ing the initial TMP.

These results confirm the resilience of microfiltration in
removing nCe, from water under relevant environmental con-
ditions. The results provide insight into the effect of the con-
stituents in natural water on the effectiveness of membrane
filtration to retain nCgp, which is essential to guarantee safe
drinking water in the longer run.
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