
F

D
a

b

c

a

A
R
R
1
A
A

K
M
U
A
S
F

1

c
h
W
c
2
c
w
c
b
c
i

a
d
t
z
f

r
i

0
d

Journal of Hazardous Materials 211– 212 (2012) 288– 295

Contents lists available at SciVerse ScienceDirect

Journal  of  Hazardous  Materials

j our na l ho me p age: www.elsev ier .com/ locate / jhazmat

unctionalized  nanoparticle  interactions  with  polymeric  membranes

.A.  Ladnera,∗, M.  Steelea, A.  Weirb,  K.  Hristovskib,c, P.  Westerhoffb

Clemson University, Department of Environmental Engineering and Earth Sciences, Clemson, South Carolina, USA
Arizona State University, School of Sustainable Engineering and the Built Environment, Tempe, Arizona, USA
Arizona State University, Polytechnic Campus, College of Technology and Innovation, Mesa, Arizona, USA

 r  t  i  c  l  e  i n  f  o

rticle history:
eceived 16 May 2011
eceived in revised form
3 November 2011
ccepted 14 November 2011
vailable online 23 November 2011

eywords:

a  b  s  t  r  a  c  t

A  series  of  experiments  was  performed  to measure  the  retention  of  a  class  of  functionalized  nanoparticles
(NPs)  on  porous  (microfiltration  and ultrafiltration)  membranes.  The  findings  impact  engineered  water
and wastewater  treatment  using  membrane  technology,  characterization  and  analytical  schemes  for  NP
detection,  and  the  use  of NPs  in  waste  treatment  scenarios.  The  NPs  studied  were  composed  of  silver,  tita-
nium  dioxide,  and  gold;  had  organic  coatings  to yield  either  positive  or negative  surface  charge;  and  were
between  2  and  10 nm  in  diameter.  NP  solutions  were  applied  to  polymeric  membranes  composed  of  dif-
ferent  materials  and  pore  sizes  (ranging  from  ∼2 nm  [3  kDa molecular  weight  cutoff]  to  0.2  �m).  Greater
icrofiltration
ltrafiltration
dsorption
eparation
ouling

than  99%  rejection  was  observed  of positively  charged  NPs  by  negatively  charged  membranes  even  though
pore diameters  were  up  to  20  times  the  NP  diameter;  thus,  sorption  caused  rejection.  Negatively  charged
NPs were  less  well  rejected,  but  behavior  was  dependant  not  only  on  surface  functionality  but  on  NP  core
material  (Ag,  TiO2, or Au).  NP rejection  depended  more  upon  NP  properties  than  membrane  properties;
all  of  the  negatively  charged  polymeric  membranes  behaved  similarly.  The  NP-membrane  interaction

egori
behavior  fell  into  four  cat

. Introduction

Engineered nanoparticles (NPs) are finding increased use in
onsumer products such as clothing, children’s toys, house-
old products, and personal care products [1–4]. The Woodrow
ilson International Center for Scholars found 212 nanomaterial-

ontaining products on the market in 2006 and more than 1000 in
009 [5].  Environmental fate models predict that many NPs will
ome into contact with and be conveyed by sewage and storm
ater [6–8]. Laboratory tests have demonstrated NP release from

onsumer products and during clothes washing [1,2], and NPs have
een found in wastewater treatment plant effluents [9,10].  Dis-
harges from NP manufacturing facilities are also likely to be an
mportant point source of environmental NPs [11].

In addition to the potentially negative impacts noted above, NPs
lso have positive environmental uses when employed to reme-
iate other contaminants. Often the NPs must be retained in the
reatment system, such as when they are used as catalysts. TiO2 and
ero-valent iron are two NP materials with remediation capabilities
or which retention in the system is desired [12,13].
Membrane processes are a potentially viable technology for
emoving or retaining engineered NPs [14–17].  Much of the
nformation available on nanoparticle (colloid) interactions with

∗ Corresponding author. Tel.: +1 864 656 5572; fax: +1 864 656 0672.
E-mail address: ladner@clemson.edu (D.A. Ladner).

304-3894/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.11.051
es,  which  are  defined  and  described  here.
© 2011 Elsevier B.V. All rights reserved.

membranes comes from studies in which membrane fouling is of
interest [18–22].  In those cases the NPs (colloids) are meant to rep-
resent naturally occurring material and are typically larger than the
membrane pores. NP removal by microfiltration (MF) and ultra-
filtration (UF) membranes in which the NPs are smaller than the
pores has been studied for a few NP types and membrane materi-
als. For example, rejection of silver colloids (2–20 nm, mean 8 nm)
was  tested on 30-, 100-, and 300-kDa polysulfone and 0.22-�m
PVDF membranes [23]. Particles were well rejected by the tighter
membranes, but even the looser PVDF membrane demonstrated
some particle removal. Silver (8.3 nm) and gold (10 nm) colloids
were shown to adsorb to porous membranes, which enabled visu-
alization of fouling phenomena [24]. Adsorption was also important
in the rejection of colloidal hematite (75, 250, and 500 nm)  by
0.22-�m MF  membranes [25]. Rejection decreased with several
membrane backwash cycles, presumably because adsorption sites
were filled in early stages. Adhesion of NPs to membranes can be
strong, as demonstrated by silica colloids that bound more readily
than polystyrene colloids [22]. NP aggregation is also an important
mechanism of rejection, as has been demonstrated with hematite
[26] and more recently with magnetic CoFe2O4 NPs [27].

NP separation using UF membranes has received attention as
a means for NP characterization. For example, UF was used for

differentiation between ZnO NPs and dissolved Zn2+ in toxicity
studies [28]. Separation of ionic and NP forms of silver has also
been reported [29]. Other groups have similarly purified Au [30]
and iron oxide [31,32] during NP synthesis. Another need in the

dx.doi.org/10.1016/j.jhazmat.2011.11.051
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:ladner@clemson.edu
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Table 1
NP characteristics. Each is designated by its core inorganic material followed by its
surface charge in parentheses. Size is the median particle size determined by PALS.

Designation Size (nm) Functionalizing polymer

Ag(−) 6–7 Polyacrylate
TiO2(−) 4–5 Polyacrylate
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Au(−)  6–7 Polyacrylate
Au(+) 6–7 Poly(quaternary ammonium)
TiO2(+) 5–7 Poly(quaternary ammonium)

nvironmental research field is to collect and concentrate envi-
onmental NPs. A review covering aquatic environmental NPs
escribed several workers using UF and tangential-flow UF to col-

ect NPs [33]. One group developed an automated UF device that
oncentrates NPs with various membranes [34]. In these reports on
P separation and collection from environmental matrices, mem-
rane pore sizes well below the NP size are typically chosen, and

ittle discussion of NP-membrane interactions is included.
Membrane filtration has also been used to remove viruses,

hich are in the nanometer size range. One group used several UF
embranes between 30 and 300 kDa to remove viruses between

8 and 26 nm in size [35]. The 100-kDa membrane was  deemed
ptimal because it effectively rejected viruses while allowing most
roteins to pass.

In general, NPs with diameters larger than the membrane pore
izes can be removed, but NPs smaller than the pores can also be
emoved because of adsorption to membrane surfaces, electrostatic
nteractions, or other interactions. To fully understand and predict
eparation behavior, it is important to understand such interac-
ions; however, studies demonstrating these effects are sparse. We
ound only one study that used a variety of membranes with vary-
ng porosity to examine rejection, and in that case the only NP used

as colloidal silver, which has a fairly strong adsorption affinity
23]. A more complete set of experiments is warranted to determine
he interactions between NPs with varying material properties and
olymeric membranes of varying pore size.

This study evaluates the extent to which MF  and UF mem-
ranes remove engineered NPs with surface coatings (e.g., carboxy
r amino functional groups). Solutions containing NPs were applied
o a range of polymeric membranes composed of different materials
nd with varying pore sizes (ranging from ∼2 nm [3 kDa molecu-
ar weight cutoff] to 0.2 �m).  Potential mechanisms for NP removal
y the membranes are investigated. The outcome of this research
rovides valuable information on the use of membranes to remove
Ps from waste streams, to prevent their release into the environ-
ent, and to size-separate and characterize NPs in environmental

amples.

. Materials and methods

.1. Nanoparticles

Five NPs of similar hydrodynamic size but different composi-
ion and functionality were used: negatively charged silver [Ag(−)],
egatively and positively charged titanium dioxide [TiO2(−) and
iO2(+)] and gold [Au(−) and Au(+)] NPs (all from Vive Nano,
oronto, ON, Canada). Negatively charged NPs were manufactured
ith polyacrylate such that the polymer was incorporated into the
P and carboxyl groups imparted a negative surface charge at neu-

ral pH. Positively charged NPs were formed similarly, but with
oly(quaternary ammonium). All NPs were between 2 and 9 nm in
ize as measured by transmission electron microscopy (TEM) and

hase analysis light scattering (PALS). PALS data are in Table 1, and
EM images are in Fig. S1.  NPs were received in aqueous suspen-
ions and diluted (usually 1000-fold) with 1 mM NaHCO3 to create
ently buffered, slightly alkaline working solutions (pH 8.9 ± 0.7)
aterials 211– 212 (2012) 288– 295 289

to minimize NP dissolution. The concentration of the working
solution (the membrane “feed” sample) was  measured in all
cases.

2.2. Nanoparticle concentration determination

Nanoparticle concentrations were measured using inductively
coupled plasma-optical emission spectroscopy (ICP-OES) on a
Thermo iCAP 6300 ICP-OES instrument. Silver and TiO2 NP sam-
ples were acidified prior to testing using 3% by volume HNO3. Gold
samples were acidified with 3% HCl and 1% HNO3.

The concentration of ionic silver in the stock Ag(−) solution
was  determined using an ion-selective electrode (Symphony Silver-
Sulfide Ion Selective Combination Electrode, VWR). The stock
solution was diluted tenfold in 0.1-M NaNO3 to adjust the ionic
strength as required for electrode measurements. Silver nitrate
solutions between 1 and 100 ppm were used as standards. Mea-
surements of ionic Ag and Ti were not made because of the low
solubility of these metals.

2.3. Membranes

A variety of membranes were chosen for this work that repre-
sent materials typically used in water and wastewater treatment
applications and laboratory sample handling. Membrane details are
given in Table 2. The 0.1-�m hydrophilic PVDF membranes are
similar in pore size and material to the hollow-fiber membranes
most commonly used in full-scale applications. The PVDF material
is not itself hydrophilic but was  modified by the manufacturer to
increase its hydrophilicity. The exact modification procedure used
is proprietary, but is likely graft polymerization of a polymerizable
monomer such as hydroxyalkyl acrylate or methacrylate [36,37].
The other membranes have pore sizes larger and smaller than the
PVDF membrane, and all have negative charge, as is typical in water
filtration. Membranes with 0.2-�m pore size are often used to dif-
ferentiate particulate from dissolved fractions and are considered
sufficient for sterile filtration because they remove bacteria. UF
membranes are typically used for size separation among proteins
as well as for removing polysaccharides and other high-molecular-
weight organic matter.

Membrane zeta potential was  determined with a SurPASS
(Anton Paar GmbH, Graz, Austria) electrokinetic analyzer. Zeta
potential was  calculated using the Fairbrother-Mastin equation
from measured streaming current values. Streaming current was
measured as the solution passed through a channel that was
2 cm in length, 1 cm in width, and approximately 100 �m in
height; the membrane material served as the top and bottom of
the channel. Flow was  induced in the measurement cell by lin-
early ramping the differential pressure from 0 to 400 mbar in
both directions. Two cycles of pressure ramping in each direc-
tion were conducted, and the average zeta potential was reported.
The electrolyte was  0.001 M KCl. HCl (0.1 M)  and NaOH (0.1 M)
were used to adjust the pH. Before measurements, membranes
were placed overnight in deionized water to wet  the materi-
als fully and remove processing chemicals. Samples were also
rinsed at each pH point before the zeta potential was measured.
Zeta potentials are reported in Table 2. For UF membranes, the
membrane surface area available in the centrifugal filtration appa-
ratuses was  too small for zeta potential measurements, so most
of those are not reported. However, separate membrane sheets
were obtained from the manufacturer for the 30- and 100-kDa

membranes and zeta potentials for those were measured and
reported. The other UF membranes are expected to have similar
zeta potentials because the material (regenerated cellulose) is the
same.
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Table 2
Membrane characteristics. Pore sizes for UF membranes (between 3 and 100 kDa MWCO) were estimated using reference [40] assuming the geometric standard deviation
of  the pore sizes (�) is 1.4.

Membrane designation Pore size
(MWCO*)

Material Manufacturer Model number
or filter code

Zeta potential
at pH 8.7 (mV)

0.22-�m PS 0.22 �m Polysulfone Pall Gelman 66199 −14
0.22-�m  PES 0.22 �m Polyethersulfone Pall Gelman 60301 −22
0.22-�m  CA 0.22 �m Cellulose acetate GE Osmonics A02SP −31
0.22-�m  PVDF 0.22 �m Polyvinylidene fluoride Millipore GVWP −23
0.22-�m  Nylon 0.22 �m Nylon (polyamide) Not specified (distributor

Sigma–Aldrich)
Z290807 −8

0.1-�m  PVDF 0.10 �m Hydrophilic polyvinylidene
fluoride

Millipore VVLP −17

100-kDa RC 9 nm
(100 kDa)

Regenerated cellulose Millipore PLHK −14

50-kDa RC 7 nm
(50 kDa)

Regenerated cellulose Millipore PLQK NA

30-kDa RC 5 nm
(30 kDa)

Regenerated cellulose Millipore PLTK −34

10-kDa RC 3 nm
(10 kDa)

Regenerated cellulose Millipore PLGC NA

3-kDa  RC 2 nm Regenerated cellulose Millipore PLBC NA
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(3 kDa)

* MWCO, molecular weight cutoff; NA, not available.

.4. Membrane–NP interaction experiments

.4.1. Dead-end filtration and rejection over time
The dead-end filtration apparatus (Amicon 8050, Millipore)

sed 39-mm diameter circular membrane coupons in unstirred
ode. Pressure was held constant using a nitrogen cylinder and a

egulator connected to a pressure vessel (feed tank). A detailed dia-
ram of the membrane apparatus can be found elsewhere [38] and
n Fig. S2.  To provide extra support and resistance against mem-
rane deformation, a mesh screen was placed under the coupon.
he screen was cut from the permeate carrier of a spiral-wound
anofiltration module (ESNA-1 LF, Hydranautics, Oceanside, CA).
embrane flux was determined by recording the mass of perme-

te collected over time on a top-loading balance (Model PB3002-S,
ettler-Toledo) using data acquisition software (Labview, National

nstruments). Before each NP sample filtration the membrane
ntegrity was verified by measuring the flux of ultrapure (18.2 M�-
m)  water, which should be within 10% of the average flux recorded
or other membranes of that type. Both clean water and NP samples
ere measured to be at ambient temperature (21 ± 1 ◦C).

One set of dead-end experiments used a one-liter feed volume
t 70 kPa (10 psi), and filtration ran until the feed was below the
ntake tube (approximately 930 ml  total volume filtered). Permeate
amples were collected at 5, 10, 15, 20, 400, and 800 ml.  Another set
f experiments used no feed tank; the sample volume was reduced
o 60 ml  and placed directly in the membrane cell. The pressure
as reduced to 35 kPa (5 psi) to reduce flux and facilitate sample

ollection; permeate samples were collected in 6-ml increments.
For all membrane experiments, rejection (Rej) was  calculated as

ej = 1 − Cp

Cf
(1)

here Cp is the permeate concentration and Cf is the feed concen-
ration. For centrifugal filtration, the recovery (Rec) was  calculated
sing

ec = Mc

Mf − Mp
= CcVc

Cf Vf − CpVp
(2)

here M is the mass of the metal fraction of the NPs in the samples.

 was determined using the NP concentration (C) measured by ICP-
ES and the measured volume (V). The subscripts c, f, and p denote
oncentrate, feed, and permeate, respectively. Thus, the recovery
s defined here is a ratio of the mass measured in the resuspended
concentrate compared to the mass expected in the concentrate; it
is a measure of the NPs that did not remain attached to the mem-
brane. High recovery (close to 1) would be expected when NPs and
membranes had weak adsorptive interaction potential or were not
easily entrapped in the membrane matrix. Low recovery is expected
for particles that adsorb strongly to the membrane.

2.4.2. Centrifugal filtration
Centrifugal membrane filters (Amicon Ultra, Millipore; Fig. S3)

were used to test NP interactions with regenerated cellulose UF
membranes having molecular-weight cutoff (MWCO) values of 3,
10, 30, 50, and 100 kDa. Aliquots of 10 ml  of NP solution were added
to the filter device (which was held in a 50-ml centrifuge tube) and
loaded into a fixed-rotor centrifuge with the membrane face per-
pendicular to the axis of the rotor. After spinning at 5000 rcf for
15 min, the permeate was weighed and collected for ICP-OES anal-
ysis. The concentrate was  resuspended with approximately 11 ml  of
ultrapure water and gently swirled by hand to recover any loosely
attached particles from the membrane. This resuspended concen-
trate was  also weighed and collected for ICP-OES.

2.4.3. Syringe filtration
Early experimental results indicated that interactions between

negatively charged NPs and 0.22-�m membranes could not be
assessed easily when NP solutions were passed once through the
membranes; the feed and permeate concentrations were too simi-
lar. To achieve greater separations and enable comparisons among
NPs and membrane materials, NP samples were passed through
the membranes ten times. Syringe filter apparatuses were used to
facilitate these experiments. Circular 25-mm diameter membranes
were used with an Easy-Pressure Syringe Filter Holder (Pall). Both
the feed and permeate sides of the holder were attached to syringes
(using a 2-cm Viton tube on the permeate side) such that the sample
passed from one syringe to another through the membrane holder.
The holder direction was switched for the subsequent passage back
to the original syringe so that the direction of filtration through the
membrane was  the same for all ten steps. Some adsorption to the
syringe and/or holder was observed. Thus for the data reported here
a pre-adsorption step was  used to exhaust the adsorptive capacity

of the plastic materials; six aliquots of NP working solution of 6 ml
each were passed through the holder five times. Then a membrane
was  placed in the holder, and a new 6-ml sample of the NP working
solution was  filtered ten times as described above. The sample was
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Both of the positively charged NPs [TiO2(+) and Au(+)] were
readily removed by even the smallest membrane areas in adsorp-
tion experiments. Adsorption on the glass vials and/or caps was
also apparent for TiO2(+), as the NP concentration in the control
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easured by ICP-OES to determine the NP concentration remain-
ng.

.4.4. Membrane adsorption
The potential for NPs to absorb to the membranes was tested

n static adsorption experiments. NP solution was added to 10-ml
ials into which were placed varying amounts of membrane mate-
ial (from 0 to 8000 mm2) that was cut into approximately 1-cm2

ieces. The vials were shaken overnight, and NP concentrations
emaining in solution were measured with ICP-OES.

.5. Imaging of membranes and nanoparticles

NP size was confirmed visually using transmission electron
icroscopy (TEM) with a Philips CM200 STEM. Samples were

laced on 300 mesh formvar-coated copper grids. NP layers
n membranes were characterized visually using the scan-
ing electron microscopy/electron dispersive X-ray microanalysis
SEM/EDX) technique (FEI NOVA 200 equipped with the EDAX sys-
em). Membrane samples were attached with carbon tape to the
EM stub, and analysis was conducted in backscatter immersion
ode to differentiate the heavier nanoparticle elements (e.g. Ag),
hich appear lighter, from the lighter membrane elements such as

arbon, which appear darker.

. Results and discussion

.1. Dead-end filtration and rejection over time

Four dead-end filtrations using 0.1-�m PVDF membranes per-
ormed with one-liter solutions of Ag(−) NPs had an average Ag
ejection of only 4.2% after passage of 800 ml  through the mem-
rane. Data collected over time, however, showed that at the very
eginning of two experiments (i.e., in the first 5 ml  of collection), the
embrane retained 36% and 20% of the Ag (Fig. S4). The captured
g(−) was observed visually by a graying of the white membranes.
his was also confirmed by SEM (Fig. S5)  and by EDX that gave a
trong Ag signal.

Similar 1-L experiments were performed with the other NPs, but
dsorption of the particles with positive charge was observed on the
etal feed tank and plastic tubing in control experiments with no
embrane present. This caused the data (shown in Figs. S6 and S7)

o be of limited usefulness. The experimental design was  modi-
ed such that only 60 ml  of solution was used; this quantity fit
irectly in the membrane cell and thus had minimal exposure to
he apparatus surface area.

Results of the 60-ml and 1-L dead-end experiments with Ag(−)
t both dilute and higher concentrations were comparable. Fig. 1
hows the results from the 60-mL experiments. For Ag(−), as with

 L experiments, the 0.1-�m PVDF membranes retained some silver
uring the first 5–10 mL  of applied volume but then the per-
eate approached feed concentrations (i.e., [NP]permeate/[NP]feed

pproached 100%). Further analysis using an Ag ion-selective elec-
rode showed that 14% of the detectable Ag in the Ag(−) stock
olution was ionic, so the actual NP passage was lower; e.g., where
6% passage was reported at 5 ml  in Fig. 1, the NP passage was
ctually 72%. The membrane retained TiO2(−) to a slightly greater
xtent than Ag(−), and it retained significantly more Au(−) than
he other negatively charged particles. The positively charged NPs,
u(+) and TiO2(+), were almost completely retained.

.2. Adsorption
The above dead-end experiments indicated that NPs with a
iameter significantly smaller than the membrane pore size could
e prevented from passing through the membrane. As a potential
Fig. 1. Normalized rejection versus volume filtered for five NPs on 0.1-�m PVDF
membranes with 39-mm active filter diameter. Feed concentrations were 0.76, 0.24,
0.23, 0.12, and 0.13 ppm for Ag(−), TiO2(−), Au(−), Au(+), and TiO2(+), respectively.

removal mechanism, sorption of NPs to the membranes was quan-
tified. Fig. 2 illustrates results from batch sorption experiments
in which solutions containing NPs were allowed to equilibrate
with different sizes of membrane coupons (i.e., variable size) with-
out any flux across or through the membrane. TiO2(−) and Au(−)
showed greater adsorption potential than Ag(−), which was not
removed by adsorption even at the highest membrane areas.
Even though all three of these NPs had the same carboxyl-group
functionality, the core NP material was  still important for the NP-
membrane interactions.
Fig. 2. Concentration remaining after 24 h of exposure of NP solutions to 0.1 �m
PVDF  membranes in adsorption experiments. Measured initial concentrations (as
metal) were 0.32, 0.28, 0.41, 0.16, and 0.08 ppm for Ag(−), TiO2(−), Au(−), Au(+),
and TiO2(+), respectively.
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ig. 3. Normalized permeate concentrations of NPs passed ten times through
yringe filters (0.22-�m pore size) made of five different polymeric materials. Con-
rol  samples were passed through the filtration device with no membrane present.

ample (zero membrane area) was significantly lowered compared
o the feed solution. These experiments clearly indicate that posi-
ively charged NPs readily sorb to negatively charged membranes
nd other surfaces.

.3. Syringe filtration

The dead-end filtration tests described above were carried
ut with 0.1-�m membranes. For studying interactions between
Ps and larger pore-size (0.22-�m)  membranes, syringe filtra-

ion was used. Fig. 3 shows the syringe filtration results, reported
s [NP]permeate/[NP]feed. The control sample included the syringes
2), tubing, and filter holder without a membrane. Controls indi-
ated that some removal of NPs (especially positively charged NPs)
as due to adsorption on the apparatus even though NPs were
re-adsorbed as described in Section 2. The elevated control con-
entration for Au(+) could be due to resuspension of NPs deposited
uring that pre-adsorption step.

Ag(−) and TiO2(−) behaved similarly in syringe filtration exper-
ments; both had 0–10% removal (i.e., [NP]permeate/[NP]feed ratios
f 0.9–1.0). Approximately 60% of the Au(−) was removed for all
embrane types. Positively charged NPs had greater removals (i.e.,

ower [NP]permeate/[NP]feed ratios); TiO2(+) was removed almost
ompletely whereas Au(+) showed between 78 and 100% removal.

Overall, differences in the rejection of NPs by the five differ-
nt 0.22-�m membrane materials were minimal. Even though
he membrane surface zeta potentials were somewhat vari-
ble (Table 2), there was no correlation between rejection and
embrane charge; retention was dominated by NP rather than
embrane properties. The potential implication for water treat-
ent or other applications is that most polymeric membranes may

ehave similarly. Further understanding the NP properties will be
ritical to predict retention performance.

.4. Centrifugal filtration

With 0.1-�m and higher pore size membranes, passage by neg-
tively charged NPs clearly occurred. Therefore, the use of tighter

F membranes, with MWCOs from 3 to 100 kDa, was  investigated.
or all five UF membranes, rejection of all NPs was  between 90 and
00%, with the notable exception of Ag(−) (Fig. 4a). Ag(−) rejec-
ion averaged 90% for 3-, 10-, and 30-kDa membranes but was

Fig. 4. (a) Rejection vs. MWCO, (b) recovery vs. MWCO  and (c) rejection vs. recovery
for  centrifugal filtration experiments. Measured feed concentrations (as metal) were
0.36, 0.32, 0.27, 0.086 and 0.17 ppm for Ag(−), TiO2(−), Au(−), Au(+), and TiO2(+),
respectively.
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Fig. 5. Idealized categories of nanoparticle interactions with porous membranes.
(a)  NPs are larger than pores, resulting in size exclusion, (b) NPs are smaller than
pores, resulting in NP passage, (c) NPs are smaller than pores, but adsorptive inter-
actions cause pore blockage and (d) NPs are smaller than pores, and the pores are
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nly 84% for the 50-kDa case and 60% for the 100-kDa case. As
oted previously, the ion-selective electrode measurements indi-
ated the presence of 14% dissolved Ag that would be expected to
ass through the 3-, 10-, and 30-kDa membranes; thus, these mem-
ranes rejected Ag(−) NPs completely. For the 50- and 100-kDa
embranes, however, Ag(−) NPs were able to permeate.
For the other NPs, trends in rejection among UF membranes

ere not as apparent. Au(−), TiO2(−), and TiO2(+) rejection was
reater than 90% in all cases. TiO2(+) was rejected to the greatest
egree, near 100% in all cases.

Recovery was evaluated to understand if NPs were rejected on
he basis of size exclusion alone or if they were sorbed onto the

embrane or trapped in the membrane pores. As described in Sec-
ion 2, high recovery (close to 1) would be expected when NPs had
eak adsorptive interaction potential or were not easily entrapped

n the membrane pores. Low recovery is expected for particles that
dsorb strongly to the membrane or are trapped in the pores. These
rends are evident in the recovery data (Fig. 4b). Ag(−) recovery
as near 100% in all cases, which is consistent with it having the

owest adsorption affinity. Approximately 93% of the TiO2(−) was
ecovered with 3- and 10-kDa membranes, but only 82%, 70%, and
8% with the looser 30-, 50-, and 100-kDa membranes, respec-
ively. This suggests that TiO2(−) could not enter the pores of the
ighter membranes but was able to penetrate and become inter-
ally attached to the looser UF membranes. The Au(−) and Au(+)
ata contain more scatter, and trends are not readily observed.

The NP that consistently was shown to have the greatest adsorp-
ion affinity and was the easiest to reject, TiO2(+), also had the
owest recovery. The trend of lower recovery at larger pore size

as again evident with this NP, suggesting that entrapment within
he larger pores likely occurred.

Plotting rejection vs. recovery (Fig. 4c) reveals an interesting
ay to observe differences among NP types. The Ag(−) data points

orm a vertical elongated cluster on the lower right of the plot, and
he TiO2(+) points form a horizontal elongated cluster on the upper
eft. The other NPs are also grouped, and these groups overlap near
he upper right. Such a plot reveals that rejection and recovery are
nherently connected; NPs with higher rejection tended to have
ower recovery. It also demonstrates visually that Ag(−) and TiO2(+)
Ps were the most different, so their plotted groups did not over-

ap, whereas the other NPs were more similar to one another. This
s interesting given that the UF membranes were of varying pore
ize; were a single membrane to be used, the distinction among NP
ypes would be clearer. The rejection vs. recovery analysis seems to
e a promising method for characterizing NPs. As work progresses
oward determining the physicochemical properties of NPs and
nderstanding how those properties change when released to the
nvironment [39] or used in applications, the rejection vs. recov-
ry analysis could be one tool to connect those properties with
ransport behavior.

.5. Overall NP behavior

The discussion above was divided into sections for each filtra-
ion type. It is also useful to discuss the results in terms of NP type.
g(−) NPs were the least prone to adsorption, so they were the

east retained, even passing to a large extent through the 50- and
00-kDa membranes. The actual pore size of those membranes is
ifficult to quantify, and in reality there exists a distribution of sizes
ecessitating knowledge of not only the average, but also the stan-
ard deviation [40]; this is the reason that manufacturers typically
eport the more operationally suitable MWCO  values. But on the

asis of work by others, the pore sizes for the 50 and 100-kDa mem-
ranes can be estimated as 7 and 9 nm,  respectively [40] (where the
eometric standard deviation of the pore sizes (�) is assumed to be
.4). Thus the Ag(−) NPs, which have a median particle size between
large enough that even when adsorption causes initial NP rejection, breakthrough
eventually occurs.

about 6 and 7 nm,  exhibited some passage through membranes that
had roughly the same pore size (7 and 9 nm).

TiO2(−) and Au(−) were similar to one another in terms of NP-
membrane adsorption affinity (Fig. 2), which was  verified by their
similar behavior in recovery measurements from centrifugal fil-
ters (Fig. 4b). It is interesting, then, that Au(−) was  retained to a
much greater extent than TiO2(−) in both dead-end and syringe
filtration experiments (Figs. 1 and 3, respectively). One  possible
explanation is that Au(−) had greater NP–NP self-adsorption affin-
ity than TiO2(−). Thus, in rejection experiments with pores larger
than the NPs, initial Au(−) NP deposition (even if low) led to
attachment of more NPs that adsorbed to the already-deposited
materials. The difference between Au(−)  and TiO2(−) could also
be explained by aggregation occurring with Au(−), but not with
TiO2(−), which would depend again on Au(−) having a higher
NP–NP self-adsorption affinity.

For positively charged NPs the strong NP-membrane adsorption
affinity meant that adsorption was the dominant mechanism and
the NPs were well rejected in all cases. However, breakthrough at
the end of the filter run (as discussed in Section 3.6) indicates that
NP–NP self-adsorption affinity was  not strong enough to keep the
NPs retained.

3.6. Interaction mechanisms
We propose that the interaction mechanisms between NPs and
porous membranes can be classified into four categories. In the
first category, membrane pores are smaller than the NPs, and size
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xclusion results (Fig. 5a). This occurred for all of the NPs with the
mallest-pore-size UF membranes (3- and 10-kDa).

In the second category, the membrane pores are larger than the
Ps and little or no adsorption affinity exists so that complete NP
assage occurs (Fig. 5b). This was the predominant situation for
g(−) NPs with 0.1- and 0.22-�m membranes. TiO2(−) behaved
imilarly with the MF  membranes, although it displayed some
dsorption affinity.

The third category occurs when the membrane pores are larger
han the NPs, but adsorptive interactions cause pore constriction,
lockage or decreased passage (Fig. 5c). This was the dominant sit-
ation in the data presented here, such as for Au(−), Au(+), and
iO2(+) on 0.1- and 0.22-�m membranes and 30-kDa and larger
F membranes. TiO2(−) also appeared to be rejected because of
dsorptive pore blocking on the larger-pore-size UF membranes
50 and 100 kDa). Adsorptive pore blocking is most apparent for
ores that are close to the NP size.

The final category of interaction mechanisms occurs when
dsorptive interactions cause NP retention, but the membrane
ores are significantly larger than the NPs. The pores are not
ompletely blocked, and breakthrough subsequently occurs. This
echanism was less obvious than the others but was most appar-

nt in the Au(−) filtrations on 0.1-�m membranes (Fig. 1), which
emonstrated an increase in passage toward the end of the exper-

ment. Similar increases in NP concentration over filtration time
ere observed in other experiments shown in the supplementary
ata (Fig. S6).

The four categories of interaction mechanisms are idealized and
ot mutually exclusive. For example, even though Ag(−) NPs did
ot show a measurable adsorption affinity and were significantly
maller than the 0.1-�m pore size membranes, some removal
ccurred at the beginning of the 0.1 �m filtration. The pores are not
omogeneous or round, so entrapment of some material and block-
ge of smaller pores and crevices could occur at the beginning; once
hey are filled, complete NP passage begins. The phenomenon can
hen be thought of as fitting Fig. 5d, even though entrapment occurs
nstead of true adsorption. TiO2(−) exhibited a similar entrapment
ffect on 0.1-�m membranes, but adsorption was also likely. The
ther NPs should have been entrapped as well, but adsorption was
tronger and thus more important.

An analogy can be drawn here between NP-membrane
nteractions and the behavior of other compounds with mem-
ranes. Studies of pharmaceutical rejection by nanofiltration (NF)
embranes point to three important mechanisms: steric (size)

xclusion, electrostatic repulsion, and adsorption [41]. These mech-
nisms are expected for NP rejection by MF  and UF membranes
ut may  lead to different effects. Electrostatic repulsion increases
mall-molecule rejection in NF membranes but may  decrease NP
ejection in MF/UF membranes (when the particles are smaller
han the pores) because the NPs will flow through the pores rather
han attach to the walls. Adsorption of small-molecule organics in
F membranes results in enhanced rejection at the beginning of

he filtration cycle, but then rejection is diminished over time as
he membrane becomes saturated and breakthrough occurs [42]. A
imilar situation may  occur with NPs and MF/UF membranes when
he pores are large enough, but adsorption may  increase rejection
f NPs in MF  and UF membranes with smaller pores because the
dsorbed particles can cause pore constriction and blockage.

While the focus of this work is on understanding NP rejec-
ion, these experiments also give insight into membrane fouling.
n often-cited way of describing fouling phenomena is that of
ermia [43] who delineated four mechanisms: cake filtration,
ntermediate blocking, standard blocking, and complete blocking.
ur first NP interaction category (Fig. 5a) is analogous to Her-
ia’s cake filtration mechanism, where particles accumulate on

op of the membrane. Our second interaction category (Fig. 5b) is a
aterials 211– 212 (2012) 288– 295

non-fouling case, since particles pass through without accumulat-
ing on the membrane. Our third category (Fig. 5c) is analogous to
Hermia’s “intermediate blocking” mechanism, where flux decline
occurs due to both pore constriction and pore blocking, depend-
ing on the size of the pores and the particles. Our fourth category
is analogous to Hermia’s “standard blocking” mechanism where
fouling is due to pore constriction.

While the four interaction categories described here are con-
sistent with the data collected, it should be noted that there are
limitations to this categorization. One limitation is that the differ-
ence between adsorption and entrapment could not be teased out
of these data for all membrane pore sizes. Entrapment in UF cen-
trifugal filtration could be observed by comparing recoveries for
different pore sizes, but since recovery could not be measured so
easily for larger pore-size membranes, there is no way to distin-
guish adsorption from entrapment. Another limitation is that we
do not know if NPs are truly embedded in the membrane pores or
if they remain attached to the membrane surface. We  attempted
to determine this via recovery measurements, but advanced trans-
mission electron microscopy or other characterization tools would
be needed to be certain about where the NPs  actually collect. A
final limitation in this study lies in the inability to collect adequate
flux data using these experimental techniques. Flux information
would be useful for further elucidating the interaction mechanisms,
and for analyzing fouling mechanisms by Hermia’s theory. Flux was
recorded for the 1-L dead-end filtration experiments, but the data
(Fig. S7)  were inadequate to draw conclusions and adsorption to the
filtration apparatus by positively charged NPs (as mentioned previ-
ously) may  have skewed the results. When the volume was reduced
to 60 ml  for better control and quantification of rejection, there
was  no observable flux decline. For centrifugal and syringe filtra-
tions, flux could not be measured due to the nature of those setups.
Future experiments designed to collect flux information would be
valuable.

4. Conclusions

From these experiments, five main conclusions can be drawn
about the interactions of this class of functionalized NPs with poly-
meric MF and UF membranes.

(1) All of the functionalized NPs were well rejected by mem-
branes with pores smaller than the NP size, but some were well
removed by membranes with larger pores. This occurred when
NP-membrane adsorption affinity was  high, as in the case of
positively charged NPs being electrostatically attracted to the
negatively charged membranes.

(2) Even though NP-membrane adsorption affinity was similar for
two NPs [TiO2(−) and Au(−)] their rejection behavior with MF
membranes was quite different. This could be due to differences
in the NP–NP self-adsorption affinity, or aggregation potential.
Au(−) appeared to have a higher NP–NP self-adsorption affinity,
resulting in capture of incoming NPs by already deposited NPs
and thus increasing the overall removal.

(3) Five different polymeric membranes (polysulfone, polyether-
sulfone, cellulose acetate, polyvinylidenefluoride, and nylon)
behaved very similarly in terms of rejection. The NP proper-
ties appeared to be more important for determining transport
behavior than the membrane properties.

(4) Centrifugal filtration apparatuses facilitate measurement of
both NP rejection and recovery where recovery is defined as

the fraction of NPs collected on the membrane that can be eas-
ily rinsed away from the surface. Plotting rejection vs. recovery
could be a useful tool to characterize NP behavior and distin-
guish NP types one from another.
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5) The behavior of these functionalized NPs can be described by
four categories or scenarios displayed graphically in Fig. 5.
These categories are (a) membrane pores smaller than the
membrane leading to complete NP retention, (b) pores larger
than the NPs and NPs with low adsorption affinity leading to NP
passage, (c) pores similar in size to the NPs and adsorption lead-
ing to pore blockage and NP retention, and (d) pores being large
enough that even when adsorption occurs the pores remain
open and NPs eventually break through. The four categories of
interactions are not mutually exclusive.
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