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Nanoparticle stabilizer type, casting solution additives, and nanoparticle processing by centrifugal or
magnetic separation were varied, and speciﬁc membrane characteristics were evaluated. Speciﬁcally,
membrane casting solution viscosity, cast membrane thickness, pure water ﬂux, and internal
morphology were evaluated. While the addition of the additives ethanol and polyvinylpyrrolidone to a
polyethersulfone-dimethylacetamide solution causes an expected increase in viscosity, the addition of
nanoparticles can cause an increase or decrease in viscosity depending on the ligand stabilizer used
during nanoparticle synthesis and casting solution additive concentration. Viscosity can also be affected
by nanoparticle separation method, but again, changes are also dependent on casting solution composition. Varying changes in membrane thickness are observed and can be correlated to viscosity. Pure
water ﬂux decreases for all samples when nanoparticles are added, but the extent of the change is
affected by casting solution composition. Internal morphology can partially explain the decrease in ﬂux
for nanoparticle-embedded membranes.
© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction
Nanoparticle incorporation into porous polymeric membranes
has received continued attention [1,2,4e17] with the concurrent
continued development of reactive metallic and metal oxide
nanoparticles for water treatment applications [18e26]. Nanoparticles comprised of metals such as iron, nickel, palladium, silver,
aluminum, and copper have been shown to remove both organic
[27e30] and inorganic [31e33] water contaminants, and novel
multi-metallic nanoparticle combinations (e.g. [34]), and morphologies (e.g. [35]), continue to be reported. Iron nanoparticles (Fe
NPs) remain at the forefront of efforts focused on water remediation due to the low cost of the metal and the versatility of Fe NPs in
addressing a wide variety of water contaminants [36,37]. The
incorporation of these nanoparticle materials into a support material such as a polymeric membrane immobilizes the nanoparticles, preventing movement within the treatment system, and
may also provide enhanced contaminant removal. In particular,
there is an interest in embedding nanoparticles in phase inversion
polymeric membranes, where the nanoparticles can be
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incorporated into the membrane casting solution and retained in
the solid membrane phase when the membrane polymer
precipitates.
The majority of work thus far on nanoparticle incorporation into
polymeric membranes has focused on the effect of nanoparticle
concentration on the polymer casting solution viscosity and subsequent membrane properties such as membrane thickness,
morphology, and pure water ﬂux [1,9,10,38e43]. Generally, an increase in nanoparticle concentration will cause an increase in
casting solution viscosity [41,43]. Depending on the balance between kinetic and thermodynamic effects during phase inversion,
nanoparticle addition can cause either an increase or decrease in
membrane porosity or pore size, with correlated changes in
membrane performance. However, other properties or aspects of
nanoparticle synthesis and processing may also affect the membrane casting solution and resulting polymer membrane. Most
iron-based nanoparticles are synthesized by reduction of an iron
salt precursor in aqueous solution, and different types of organic
ligands and polymers are used to stabilize the nanoparticle suspension [19,24,44e46]. These nanoparticle stabilizers are subsequently adsorbed to the nanoparticle surface and will be present
when the nanoparticles are incorporated into a membrane matrix.
Additionally, synthesized nanoparticles must be separated from the
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synthesis solution, and often go through several processing steps
(e.g., centrifugation, solvent rinses, drying, annealing). These aspects of nanoparticle synthesis and processing are known to
change nanoparticle reactivity [47e50] and may change the properties and performance of a subsequent nanoparticle-embedded
membrane; however, few studies have attempted to investigate
how nanoparticle stabilizers and particle processing methods affect
nanoparticle-polymer solutions and cast membranes.
Phase inversion membranes are often cast from polymersolvent solutions that also have additional additives, including
pore-former compounds such as polyvinylpyrrolidone (PVP) and
non-solvent compounds such as ethanol [51e56]. While the impacts of such additives on the phase inversion process and resulting
membrane formation are well-known, the inﬂuence of nanoparticles in an additive-polymer-solvent system is also unexplored.
In this study, polyethersulfone (PES) membranes were cast from
the solvent dimethylacetamide (DMAC) by phase inversion in a
water bath. The PES polymer concentration in DMAC was held
constant at 15 wt %, and the addition of stabilized iron nanoparticles, PVP, and ethanol to the membrane casting solution and
cast membranes was evaluated. Two different nanoparticle stabilizers, the polymer carboxymethyl cellulose (CMC) and the chelator
aminotris(methylene phosphonate) (ATMP), were used, and synthesized nanoparticles were of similar size for both stabilizers,
albeit with different calculated average diameters and diameter
ranges. Nanoparticles were separated from the synthesis solution
by either centrifugation or magnetic separation. Viscosity measurements were used to characterize casting solutions, while
membrane thickness and pure water ﬂux were used to evaluate
changes to cast membranes as a function of additive type and
concentration. The effects of the addition of PVP and/or ethanol on
solution viscosity and resulting membrane thickness and ﬂux are
expected; both additives cause an increase in viscosity and a
decrease in pure water ﬂux. However, the addition of nanoparticles
to casting solutions containing PVP and/or ethanol resulted in
varying trends. The type of nanoparticle stabilizer used and the
method of nanoparticle separation both affected casting solution
and membrane properties. Electron microscopy results for internal
membrane morphology are reported in Supplemental Material.
2. Materials and methods
2.1. Chemicals
All chemicals were used as received and were commercially
purchased as ACS grade, unless otherwise noted. Aminotris(methylene phosphonate) (ATMP, obtained from Dequest Water
Solutions, molecular weight ¼ 298 g/mol) and carboxymethyl cellulose (CMC, molecular weight ¼ 250,000 g/mol) were used as
nanoparticle ligand stabilizers. Iron sulfate heptahydrate (Fe2SO4*7H2O) was used as the salt precursor for iron nanoparticle
synthesis. Sodium borohydride (NaBH4) was used in powder form.
Concentrated nitric acid (HNO3) was used to make 10% HNO3 for
cleaning glassware. Polyethersulfone (PES) (Veradel 3100P) was
obtained from Solvay Polymers. Polyvinylpyrrolidone (PVP, molecular weight ¼ 40,000 g/mol) and ethanol (100%, no additives)
were used as casting solution additives. Dimethylacetamide
(DMAC) was used as the casting solution solvent for all membrane
casting solutions.
2.2. Nanoparticle synthesis & characterization
Ligand-stabilized iron nanoparticles were synthesized as previously reported [57,58]. Brieﬂy, a borosilicate three-neck ﬂask was
soaked in 10% nitric acid overnight and subsequently rinsed four
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times with deionized water. The nanoparticle synthesis solution
was then added to the three-neck ﬂask; the starting solution
included iron precursor FeSO4*7H2O at a concentration of 10 g/L as
Fe in deionized water and a ligand stabilizer. ATMP was used at a
molar ratio of 0.05 ATMP:Fe and CMC was used at a molar ratio of
0.0001 CMC:Fe. While these ratios are quite different, when the
ratio is calculated on the basis of functional groups (carboxyl in
CMC and phosphate in ATMP), the molar ratio of associating
functional group to iron is quite similar. While ATMP has three
phosphate groups, the ATMP molecule is known to associate with
only one iron atom in solution [59]. In previous work, these ratios
for ATMP and CMC produced similarly-sized iron nanoparticles
[57,60] and thus are used in this study to have nanoparticles in the
same size range that have two different surface-sorbed ligands. The
nanoparticle synthesis solution was bubbled for 15 min under
argon to remove dissolved oxygen, with mixing provided by an
orbital shaker. Then a fresh solution of NaBH4 was added dropwise
by a syringe while the ﬂask was hand-mixed for a ﬁnal molar ratio
of 2.2 BH4:Fe. This molar ratio was chosen based on the theoretical
requirement of 2 mol BH4 per mol of Fe2þ for complete reduction of
all Fe2þ atoms, with an additional 10% excess added to account for
the side reaction of BH
4 with water that also occurs once NaBH4 is
in solution [61].
Once the NaBH4 was added to the synthesis solution, the ﬂask
was returned to the orbital shaker and mixed under vacuum for
15 min. The resulting nanoparticles were separated from the
remaining dissolved salts and excess stabilizer in the synthesis
solution through two methods, either magnetic separation or
centrifugation. The two separation methods were not used
together, but rather, the same type of nanoparticle sample (either
ATMP-stabilized or CMC-stabilized) was separated by magnetic
separation, and then a repeat sample of nanoparticles was separated by centrifugation. The same set of membrane casting conditions was then tested for each separation method to determine the
effect of the nanoparticle separation method on membrane properties. For magnetic separation, the nanoparticle solution was
placed in a 50 mL conical tube, and a magnet was placed underneath the tube. Once the nanoparticles formed a pellet at the bottom of the tube, the supernatant was pipetted off of the pellet and
replaced with ethanol. For centrifugal separation, the nanoparticle
solution was centrifuged for 1 h at 18,000 rcf, the supernatant was
removed, and the remaining nanoparticles were resuspended in
ethanol for storage. Nanoparticles were resuspended in ethanol by
sonication on ice for 30 min. Nanoparticles were imaged using a
ﬁeld emission scanning electron microscope (FESEM).
2.3. Casting solutions & membrane casting
All membrane casting solutions were comprised of 15 wt % PES
in DMAC, and all membranes were cast at a relative humidity of
<30%. Casting solutions were typically made in volumes of 2e5 mL
and were stored in Teﬂon-capped scintillation vials prior to casting.
Casting solution additives included the pore-former PVP and the
non-solvent ethanol; PVP was tested at concentrations of 0e2 wt %,
and ethanol was tested at concentrations of 0e25 wt %.
Nanoparticle-ethanol suspensions were centrifuged for 30 min at
18,000 rcf, the ethanol supernatant was removed, and DMAC was
added at the speciﬁc volume required depending on the target
nanoparticle concentration in the casting solution. Nanoparticles
were tested at a nanoparticle concentration of 1 wt %. The addition
of nanoparticle mass to the casting solution was based on the
starting synthesis solution concentration of 10 g/L as Fe; some loss
of nanoparticles likely occurs during the transfer of nanoparticles
from the synthesis ﬂask to the storage solution; however, the loss is
expected to be the same for all casting solution compositions
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because all nanoparticles were synthesized the same way in
replicate batches. Therefore, the trends observed in casting solution
and membrane properties can still be evaluated for the set of experiments performed.
Membranes were cast onto a glass plate that was cleaned with
deionized water and isopropanol. A two-inch wide doctor blade
and an automated caster was used, and all membranes were cast at
150 mm blade height. Once the casting solution was drawn out on
the glass plate, the plate was immediately placed into a deionized
water bath such that the water completely covered the cast solution. Typically, the PES membrane formed within several seconds,
and ﬂoated off of the glass plate. The membrane was then sectioned
for thickness and ﬂux measurements; a one-inch steel hole punch
was used to cut membrane samples for dead-end pure water ﬂux
experiments. All membrane sections were stored in ethanol between casting and thickness/ﬂux measurements. Membrane samples were never permitted to dry out between casting and
subsequent characterization.
2.4. Rheometry
A commercial viscometer was used for all rheometry measurements, and all measurements were performed with a cone-andplate ﬁtting and a 1 mm gap in between the cone and plate. All
measurements were performed on 800 ml casting solution samples
at 20  C. The viscosity of each solution was measured over a shear
rate range of 600 s1 to 1000 s1, and 10 data points were taken
within that shear rate range. At least two separate measurements
were made on each casting solution, and the viscosity averages
reported herein are based on duplicate viscosity measurements
over the entire shear rate range, unless otherwise noted.
2.5. Low-force micrometer measurement
A commercial low-force micrometer was used to measure the
cast membrane thickness. At least ﬁve separate thickness measurements were taken on each membrane sample, and each measurement was taken at a different random location on the
membrane to take into account any spatial variation in thickness as
a result of membrane casting heterogeneity. For each sample, a
membrane was removed from the ethanol storage solution, excess
ethanol was removed with a kimwipe, and the membrane thickness was measured while the membrane remained wet. The
membrane was then replaced into the ethanol storage solution.
2.6. Pure water ﬂux measurement
Pure water ﬂux was measured in a dead-end ﬁltration setup at a
pressure of 0.7 bar. The ﬁltration setup included a 20 mL dead-end
cell that was connected to a 1 L pressurized reservoir. A one-inch
membrane sample was placed on top of a one-inch 0.45 mm ﬁlter
support and held in place in the base of the dead-end cell by a Viton
o-ring. Deionized water was used for all measurements. The ﬁltered
water was collected in a beaker on a digital mass balance, and an inhouse Labview program was used to record accumulated mass as a
function of time (every ﬁve seconds). Pure water ﬂux was then
calculated based on the surface area of the membrane sample.
3. Results and discussion
3.1. Nanoparticle synthesis
Iron nanoparticles were synthesized with each stabilizer (CMC
or ATMP), and representative FESEM images are shown in Fig. 1. The
two representative stabilizers were chosen due to the common use

of CMC as a water soluble stabilizer for aqueous-based iron nanoparticle synthesis [45,62e65] and our previous results demonstrating the applicability of phosphonate-based chelator
compounds as successful stabilizers for iron nanoparticles [57,58].
Prior results have shown that the type of stabilizer used can affect
nanoparticle properties such as size and morphology [57], but also
properties such as reactivity and oxidation kinetics [60]. It is
therefore likely that the stabilizer used will also have an impact on
membrane properties, even if all other aspects of nanoparticle
composition and morphology are the same. Visually, nanoparticle
size and size dispersity appear to be slightly different for the two
different stabilizers; the ATMP-stabilized iron nanoparticles appear
to be less polydisperse but with a larger overall size, while the CMCstabilized iron nanoparticles appear to have particles that are both
smaller and larger than the ATMP-stabilized iron nanoparticles.
These results suggest that as a stabilizer, ATMP enables the synthesis of nanoparticles with better size control than when CMC is
used. This difference is likely due to the signiﬁcantly different
structures of ATMP versus CMC, where all ATMP molecules have the
same molecular structure and act as chelators to iron. In contrast,
CMC is a long-chain polymer with a known molecular weight but
with variable substitution of carboxymethyl groups for hydroxyl
groups on the cellulose polymer backbone. The multiple, different
substitution sites on the cellulose backbone would result in individual polymer chains with varying degrees of coordination to iron,
with subsequent variation in controlling nanoparticle precipitation
and growth. To evaluate nanoparticle size further, the FESEM images were analyzed with ImageJ software to quantify the average
and standard deviation of nanoparticle size for each stabilized
sample. For each image, 40 separate particle diameter measurements were made. The average nanoparticle size for ATMPstabilized iron nanoparticles was 128 nm ± 25 nm, and the
average nanoparticle size for CMC-stabilized iron nanoparticles
was 94 nm ± 46 nm. These results are similar to those previously
reported [58]. While the calculated average nanoparticle diameter
is different, the size ranges of each nanoparticle sample overlap,
and compared to the range of nanoparticle sizes reported in literature [44,58,66e68], which can range from several nanometers to
hundreds of nanometers, the two nanoparticle samples reported
here are considered to be similar in size.
Nanoparticle morphology was similar for both stabilizers, and
based on previous results from the same synthesis procedure, the
nanoparticles are assumed to be comprised primarily of iron metal
with a passivating oxide shell [58,60,69,70]. Due to the large size of
the nanoparticles, the passivating oxide is expected to protect the
inner iron core and prevent continued iron oxidation after a
thickness of several nanometers is reached [71]. The passivating
oxide generally remains stable unless exposed to an agitated
environment of oxygen and water; for example, when iron nanoparticles are exposed to ﬂowing oxygenated water, the particles
will oxidize to an iron oxyhydroxide within a period of 10 min [60].
If oxidation occurs, a distinct visual color change occurs, with the
sample going from a dark black color to a bright orange color. While
direct measurement of nanoparticle metal phase was not performed for this study, no visual color changes were observed during
nanoparticle processing, casting solution preparation, or membrane casting. Cast membranes containing nanoparticles always
had a distinct dark gray color. In addition, the nanoparticle
morphology changes signiﬁcantly from spherical particles to
elongated crystallites [60]; this crystallite morphology is not
observed in the images shown in Fig. 1, nor in nanoparticles imaged
within the internal membrane morphology (Supplemental Material, Fig. S2). As a result, we assume that the nanoparticles incorporated into the casting solutions and in cast membranes remained
intact as iron metal core-oxide shell particles, but additional
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Fig. 1. FESEM images of (a) ATMP-stabilized Fe NPs and (b) CMC-stabilized Fe NPs.

measurements would be needed to conﬁrm these observations.
3.2. PES membranes: addition of PVP and ethanol as additives
Casting solutions that did not contain nanoparticles and that
were composed of simple combinations of PES polymer and DMAC
solvent tended to result in a relatively ﬂat linear relationship between viscosity and shear rate. When additives such as ethanol
and/or PVP were added to the casting solution, slight decreases in
viscosity were observed as the shear rate increased. Ethanol was
tested for concentrations between 1 wt % and 25 wt %, and PVP was
tested at a concentration of 2 wt %. Overall, the decrease in viscosity
varied from 0% to 9% over the shear rate range, with the addition of
ethanol appearing to have more of an effect than PVP on changes to
viscosity as a function of shear rate.
The sample set of membrane casting solutions without nanoparticles produced expected trends (Fig. 2), and the results were
similar to those already reported in the literature [51,52,54,72].
When 2 wt % PVP was added to the casting solution (composed of
2 wt % PVP, 15 wt % PES, and 83 wt % DMAC), the viscosity increased
from 0.095 Pa s to 0.14 Pa s. The addition of ethanol also caused an
increase in casting solution viscosity, and the combination of

ethanol and PVP caused an even greater increase in solution viscosity than addition of either additive alone. However, when PVP
was present in the solution, the rate of increase in viscosity as a
function of ethanol concentration was less than for solutions that
did not contain PVP. In other words, when a linear regression
analysis is performed on viscosity as a function of ethanol concentration, the viscosity increases at a rate of 0.016 Pa s per unit wt
% ethanol for solutions containing ethanol, PES and DMAC, whereas
the viscosity increases at a rate of 0.012 Pa s per unit wt % ethanol
for solutions with PVP, ethanol, PES, and DMAC. Overall, the increase in viscosity with PVP and ethanol is an expected trend and
forms the control set of experiments for subsequent experiments
with nanoparticle-loaded casting solutions.
While both of the additives cause an increase to the PES/DMAC
solution viscosity, the mechanisms by which a non-solvent such as
ethanol and a polymer such as PVP cause an increase in viscosity
are quite different. When a non-solvent such as ethanol is added,
the solvent DMAC is soluble in the non-solvent ethanol, but PES is
not soluble in ethanol. As a result, the addition of ethanol reduces
the interaction between PES and DMAC, and PES effectively has less
solvent in which to be dissolved. A higher effective polymer concentration causes the polymer chains to be less extended and in a
more compact, coiled conformation [51,73,74]. This change in
polymer conformation and reduction in available solvent also increases polymerepolymer interactions such as chain entanglement, thus increasing the viscosity of the overall solution. When a
polymer additive such as PVP is added, the two polymers, PES and
PVP in this case, interact and become entangled [52]. For the speciﬁc case of PES and PVP, the FloryeHuggins interaction parameter
has been determined to be less than zero, suggesting that the
polymers are highly miscible and form homogeneous blends at all
concentrations [52]. At thermodynamic equilibrium, the two
polymers would separate, and the additive PVP would move to the
interface between the precipitated PES polymer and the polymerlean solvent phase [52]. However, the time scale for this process
is much slower than the time scale for non-solvent bath diffusion
into and solvent diffusion out of the cast polymer solution [52]; as a
result, the polymers stay entangled, and the added polymer mass
and entanglement causes an increase in the polymer solution
viscosity.
3.3. Nanoparticle addition to PES membranes: PVP and ethanol
additives

Fig. 2. Effect of membrane casting solution additives PVP and ethanol on casting solution viscosity for solutions without nanoparticles. All solutions contained 15 wt %
PES in DMAC and were tested at 20  C. The molecular weight of the PVP used was
40,000 g/mol. Moving from left to right across the ﬁgure, labels beneath the bar graph
represent additions to the casting solution composition. The ﬁrst bar on the left is for a
casting solution of 15 wt % PES in DMAC, and the second bar from the left is for a
casting solution of 15 wt % PES, 2% PVP in DMAC.

Casting solutions containing nanoparticles were then compared
to the set of control solutions that contained only PES and additives
ethanol and/or PVP. All solutions with nanoparticles were tested at
a nanoparticle concentration of 1 wt %. Both sets of nanoparticles
were tested: iron nanoparticles stabilized with CMC and iron
nanoparticles stabilized with the metal chelator ATMP. The purpose
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of this study was to investigate whether the stabilizer that is
adsorbed to the surface of the nanoparticles will have a signiﬁcant
inﬂuence on casting solution and membrane properties, as well as
to determine the role of additives. Polymers and small molecule
chelators are two key types of ligands used as nanoparticle stabilizers during aqueous synthesis, and CMC and ATMP were chosen to
represent these two stabilizer categories for this study. While the
molar ratios of stabilizer to iron are quite different for CMC versus
ATMP, the two molar ratios used equate to approximately the same
number of functional coordinating groups per mole of iron
(carboxyl groups in CMC and phosphate groups in ATMP). While
both CMC and ATMP are hydrophilic and contain charged functional groups, the CMC polymer will likely form a larger steric
organic layer on the surface of the nanoparticles, whereas the small
ATMP molecule is likely to form a thinner, low-mass organic layer
on the nanoparticle surfaces [58,70]. The differences in these two
surface coatings and how the two stabilizer molecules interact with
the polymer casting solution will necessarily affect how the addition of nanoparticles changes the casting solution and cast membrane. While a more extensive study is certainly needed to
delineate the details of how different stabilizer properties affect
nanoparticle-embedded membrane formation, the initial results
presented herein demonstrate that the type of stabilizer on the
nanoparticle surface does affect casting solution viscosity and
membrane properties, for the same nanoparticle material.
Viscosity measurements of nanoparticle-loaded casting solutions are shown in Fig. 3, where the stabilizer choice appears to
have a signiﬁcant effect on the casting solution viscosity. However,
trends as a function of stabilizer type and with the addition of PVP
and ethanol vary. If the viscosity of a solution of 15% PES in DMAC
(Fig. 2, left-most bar, 0.095 Pa s) is compared with the viscosity of
the same solution with either CMC-stabilized iron nanoparticles or
ATMP-stabilized iron nanoparticles added (Fig. 3, left-most set of
two bars), the CMC-stabilized nanoparticles cause the viscosity to
decrease to 0.060 Pa s, whereas the ATMP-stabilized nanoparticles
cause the viscosity to increase to 0.11 Pa s. When ethanol and PVP
are added to the nanoparticle-loaded casting solutions, the viscosity generally increases, but a systematic increase in viscosity
with an increase in ethanol or PVP concentration, as is observed for
nanoparticle-free solutions, is not obtained. For solutions with

Fig. 3. Effect of the nanoparticle stabilizer type on casting solution viscosity. CMC and
ATMP nanoparticle stabilizers were tested at ratios of 0.0001 mol CMC:mol Fe and
0.05 mol ATMP:mol Fe. The molar ratios of CMC:Fe and ATMP:Fe are equivalent to
approximately 0.15 mol chelating groups per mol Fe. The molecular weight of CMC was
250,000 g/mol. All measurements were taken at 20  C.

ethanol added as an additive, the presence of ATMP-stabilized
nanoparticles caused larger increases in viscosity as compared to
CMC-stabilized nanoparticles, except for the highest ethanol concentration of 25 wt %. Within the ethanol concentration range
tested (1 wt % to 25 wt %), in general, the viscosity decreased with
increasing ethanol concentration for ATMP-stabilized nanoparticles, while the opposite trend is observed for CMC-stabilized
nanoparticles. When 2 wt % PVP is added to the four ethanol concentrations, the two nanoparticle types displayed a similar trend;
the viscosity decreases from 1 wt % to 15 wt % ethanol, but then
increases for 25 wt % ethanol. None of the trends observed for
nanoparticle-added solutions are the same as the typical trends
observed with casting solution additive concentration (Fig. 2).
For nanoparticle-added casting solutions, there was typically a
decrease in the viscosity as a function of shear rate, and the CMCstabilized nanoparticles appear to have a greater effect on the
decrease in viscosity than the ATMP-stabilized nanoparticles. In
addition, greater changes in viscosity as a function of shear rate
were observed for higher additive concentrations (e.g., 15e25 wt %
ethanol). For lower additive concentrations, viscosity decreased
within the range of 3e10%, whereas for higher ethanol concentrations and in the presence of PVP, viscosity decreases ranged from 10
to 30%. For this study, only average viscosities are reported because
a greater shear rate range, temperature range, and additive concentration range would need to be studied to further delineate the
effect of nanoparticles and additives on shear-induced viscosity
changes [75,76]. Furthermore, the experimental setup used herein
did not include a solvent trap, which is typically necessary to
ensure accurate analysis of non-Newtonian behavior [75,76].
Future work would include a study on viscosity as a function of
polymer concentration and nanoparticle concentration to further
study shear thinning and non-Newtonian behavior. For this study,
viscosities were taken as average values and used to understand the
effects of nanoparticle and casting solution additive additions.
The anomalous trends as a function of casting solution additive
concentration when nanoparticles are added may be the result of
both nanoparticle behavior within the solution and interactions
between the nanoparticles and the components of the solution.
Generally, the addition of a non-solvent like ethanol or a hydrophilic additive such as PVP increases the viscosity of the casting
solution because these additives do not generally dissolve or mix
well, respectively, with the membrane polymer (PES in this case).
PES is more hydrophobic than PVP; PES is only soluble in solvents
such as DMAC or dimethylformamide (DMF), whereas PVP is watersoluble. As a result, these additives effectively reduce the volume of
DMAC available in the solution for PES dissolution, and the solution
viscosity increases. Nanoparticles may act in the same way, effectively reducing the volume available for PES. However, nanoparticles might also cause changes in polymer conformation
depending on nanoparticle size and surface composition (i.e.,
surface-sorbed ligand properties). Furthermore, the stability of the
nanoparticles themselves will be affected by the casting solution
composition; there may be more or less particle agglomeration
depending on nanoparticle-solvent-additive interactions. All of
these factors will affect the resulting solution viscosity, and several
contributing factors most likely are inﬂuencing the viscosity trends
observed in Fig. 3.
There are several potential mechanisms for why the addition of
nanoparticles can cause a change in viscosity. Two trends can be
evaluated: the effect of increasing additive concentration with and
without nanoparticles, and the addition of one of the two different
nanoparticle types for a particular composition and how the stabilizer might possibly be affecting viscosity. Generally, when CMCstabilized nanoparticles are added to the polymer solution, the
viscosity decreases in comparison to the nanoparticle-free solution.
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Within the set of samples that all contained CMC-stabilized nanoparticles, the trend with the additions of ethanol or PVP does not
follow that of the nanoparticle-free data set. It appears that except
for the case of 25% ethanol, the presence of CMC decreases the
viscosity. If this effect is considered within the context of the molecular picture of how ethanol and PVP cause an increase in the
viscosity (i.e., a reduction in available solvent for solventepolymer
interactions and increased polymerepolymer entanglement interactions, respectively) it is possible that the presence of the
nanoparticles, and in particular with CMC as a stabilizer, counteracts these mechanisms. CMC is soluble in a non-solvent such as
ethanol, and the large physical volume of the CMC polymer around
the surface of the nanoparticles could absorb a signiﬁcant volume
of the ethanol added, such that the ethanol is not available for
interaction with DMAC and more of the DMAC remains available for
solvent-PES polymer interaction. This effect would essentially increase the PES/DMAC volume and allow PES to be in solution in
DMAC at a lower effective concentration, causing a decrease in
solution viscosity. This mechanism is overcome at the higher
ethanol concentration of 25 wt %, where an increase in viscosity is
observed with the addition of nanoparticles, as compared to the
nanoparticle-free solution. The effect on PVP addition could be
similar, where CMC-PVP interactions decrease PVP-PES interactions. Since CMC and PVP are both hydrophilic polymers, it is
likely that their interactions would be stronger than those of PVP
and PES. The trend for CMC-stabilized nanoparticles within the
ethanol or PVP data sets suggests that up to a certain concentration
of additive, the addition of more additive causes an additional
decrease in viscosity. This may be an interaction saturation effect,
where the CMC polymer can continue to interact with additional
ethanol molecules or PVP molecules up to a certain concentration,
but eventually a saturation limit is reached, and subsequent addition of additive causes an increase, instead of a decrease, in
viscosity.
If ATMP-stabilized nanoparticles are then considered, the
addition of ATMP-stabilized nanoparticles to the ethanolcontaining polymer solutions generally caused an increase in viscosity above that of the nanoparticle-free solutions. This behavior is
consistent with previously reported results showing an increase in
viscosity with the addition of nanoparticles [77]. Nanoparticles can
act in a similar manor to a non-solvent such as ethanol when the
surface of the nanoparticles is hydrophilic (as it is for iron nanoparticles with CMC or ATMP stabilization [69,70]), where the
nanoparticles cause nanoparticleesolvent interactions. This effect
decreases PES-solvent interactions and causes a further decrease in
the available volume of solvent for polymer dissolution and a
further increase in the apparent viscosity of the overall solution.
When ATMP-stabilized nanoparticles are added to PVP-containing
PES solutions, there is little to no increase in viscosity, and in fact,
decreases in viscosity are observed. Due to the hydrophilic nature of
the ATMP, it appears that the addition of nanoparticles causes interactions between the nanoparticles and the PVP, such that the
typical effect of adding nanoparticles and an increase in viscosity is
not observed. Similar to the effect observed for CMC-stabilized
nanoparticles, the nanoparticle-PVP interactions likely decrease
the PES-PVP interactions, decreasing the effect of the additive on
the overall solution viscosity. Overall, the results obtained for
nanoparticle-incorporated polymer solutions demonstrate that the
addition of nanoparticles can be used to increase or decrease the
solution viscosity depending on the other solution components and
concentrations. The addition of hydrophilic nanoparticles to a more
hydrophobic polymer system also can be highly dependent on the
nature of the surface-sorbed nanoparticle stabilizer.
The effect of nanoparticle addition on cast membrane thickness
is shown in Fig. 4 for both nanoparticle-free and nanoparticle-
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Fig. 4. Effect of nanoparticles and nanoparticle stabilizer type on cast membrane
thickness.

embedded membranes. Cross sectional images for all cast membranes are reported in Supplemental Information. A single-factor
ANOVA analysis of the membrane thickness data for the three
cases of no nanoparticles, CMC-stabilized nanoparticles, and ATMPstabilized nanoparticles resulted in no statistical difference between these three data sets. Therefore, the addition of nanoparticles to the casting solution does not signiﬁcantly change the
resulting membrane thickness. This result is important in
attempting to understand how the addition of nanoparticles affects
membrane water ﬂux (Fig. 5), where the differences in measured
ﬂux are clearly due to mechanisms other than a change in membrane thickness. Within one data set of membrane thickness (e.g.,
all membranes cast with no nanoparticles or CMC-stabilized
nanoparticles) the changes in thickness with the addition of
ethanol and PVP are statistically signiﬁcant for each data set.
Similar results were observed by Amirilargani and Mohammadi for
the addition of the non-solvents ethanol and 1-propanol to PES
polymer solutions in N-methyl-2-pyrrolidone (NMP) [51]. While

Fig. 5. Effect of nanoparticles and nanoparticle stabilizer type on membrane pure
water ﬂux.
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the authors did not quantitatively evaluate membrane thickness as
is presented in Fig. 4, the cross-sectional images reported show a
similar trend: with smaller additions of non-solvent (5e10 wt %),
the membrane thickness increases, while at higher mass additions
(15e20 wt %), the membrane thickness then appears to decrease
[51]. Torrestiana-Sanchez et al. also observed a measured increase
in membrane thickness with non-solvent (H2O) additions of
5e7.5 wt % [78].
Changes in cast membrane thickness are related to changes in
casting solution viscosity, where both thermodynamic and kinetic
arguments are known to play a role in membrane formation
[52,54]. Often these different aspects counteract each other, so the
change in membrane thickness depends on which effect is dominant during phase inversion. Furthermore, the speciﬁc combination
of non-solvent or polymeric additive, polymer, and solvent will
inﬂuence how the membrane thickness and viscosity change for a
given system [51,52,78,79]. In the system presented herein, when
the casting solution viscosity increases at lower non-solvent mass
additions (1e5% ethanol addition), the solution is essentially
thicker, and the inward diffusion of water and the outward diffusion of solvent are slowed. However, the increase in viscosity due to
additive addition also causes the solution to be closer to thermodynamic instability (i.e., PES precipitation), which would cause
faster polymer precipitation during phase inversion. Typically, if
phase inversion is slowed, the polymer chains have more time to
rearrange and the formed membrane tends to be thicker, whereas
faster phase inversion results in thinner membranes. The time scale
for slower phase inversion is on the order of seconds or tens of
seconds longer, so the polymer chains do not have enough time to
completely extend and disentangle, such as in the polymer die
swell phenomenon [80,81]. However, an increase in viscosity
caused by the addition of non-solvent may enable phase inversion
through polymer precipitate nucleation and growth, rather than by
instantaneous spinal decomposition [82], where a metastable
polymer-lean phase forms, causing macrovoid formation (observed
in the cross-sectional images in Supplemental Information) and
growth and giving the polymer in solution a slight increase in time
before precipitation. As a result, the coiled polymer chains do not
immediately precipitate as coiled, spherical particles but as slightly
elongated, entangled chains [83]. This effect can result in a thicker
membrane, as is observed for some of the non-solvent concentrations in Fig. 4. As the concentration of additive increases, it is unsurprising that the membrane thickness then decreases as the
polymer casting solution is pushed closer towards thermodynamic
instability [52,54,82].
Ultimately, the goal with membrane materials development is
to connect properties to performance. The primary focus of this
study was to develop an understanding of how nanoparticle
incorporation affects key properties such as casting solution viscosity and membrane thickness, and to also test the pure water ﬂux
of the cast membranes as an initial performance metric. Future
work on these membranes will include further performance testing
(e.g., rejection of model water contaminants) on a subset of the
membranes chosen based on pure water ﬂux performance. Pure
water ﬂux performance is an indirect indication of the porosity and
relative pore size within the set of membranes tested here (where
higher ﬂux suggests a more open pore structure), but large differences in membrane thickness can also impact ﬂux results (i.e., a
signiﬁcant increase in membrane thickness will cause a decrease in
ﬂux). Pure water ﬂux results are shown in Fig. 5 for nanoparticlefree and nanoparticle-embedded membranes. In all cases, the
addition of nanoparticles causes a decrease in ﬂux, and for many of
the casting solution compositions tested, the decrease in ﬂux is
dramatic. For the sample set with PVP and ethanol addition, the
decrease in ﬂux is less dramatic with nanoparticle addition, and

this sample subset would likely be chosen for future studies to
determine how contaminant rejection changes as a result of
nanoparticle addition. In an ideal case, nanoparticle addition would
enable similar or increased ﬂux with improved contaminant
rejection; a slight decrease in ﬂux may be acceptable depending on
the contaminant removal performance of the membrane. These
pure water ﬂux results suggest that with optimization of casting
solution composition (i.e., type and concentration of additive),
nanoparticle-embedded membranes may be able to retain ﬂux
performance while enabling enhanced removal of water contaminants. As with the viscosity and membrane thickness results, differences are observed as a function of the stabilizer used for
nanoparticle synthesis, making stabilizer type also a parameter that
can be optimized and tuned for improved membrane performance.
The effect of the stabilizer on contaminant removal would also
need to be investigated within the context of these nanoparticleembedded membranes.
The decrease in pure water ﬂux caused by the addition of
nanoparticles has been observed in other studies [43,84,85]. Akar
et al. observed that the addition of nanoparticles caused a denser
pore structure at the surface of the membranes, where the pore size
decreased as a result of smaller, more densely packed precipitated
polymer structure [43]. The authors explain this result through the
mechanism of delayed demixing [43], where the occurrence of a
polymer-lean phase allows a slightly longer precipitation time
frame and elongation of the polymer chains from a spherical precipitate structure to an entangled matrix, as explained by the work
of Boom, Strathmann and co-authors [52,86]. In Fig. S1 (Supplemental Information), a similar increase in the dense packing of the
membrane surface structure with the addition of nanoparticles is
observed in SEM images of membrane top surfaces. A similar effect
on membrane surface structure (Fig. S1) is observed for the addition of ethanol, suggesting the addition of hydrophilic nanoparticles may be similar to the addition of a hydrophilic nonsolvent. Both the addition of nanoparticles and the addition of
ethanol or ethanol/PVP caused a decrease in pure water ﬂux (Fig. 5).
However, in the results presented in Fig. 5, the addition of
nanoparticles causes a much greater decrease in pure water ﬂux
than the addition of ethanol, as compared to the nanoparticle-free
membranes. Thus, there are likely additional mechanisms involved
in how the addition of iron nanoparticles impact the pure water
ﬂux of a PES membrane. In the ﬁeld of gas separations, the effect of
nanoparticle ﬁllers on dense polymer membrane permeability of
gases has been successfully modeled using the Maxwell and
Bruggeman relationships, which were originally developed to
explain electrical conductivity and the dielectric constant of composites [87e89]. In general, the addition of a non-porous nanoparticle ﬁller into a polymer membrane can cause an increase in gas
permeability without a decrease in gas selectivity, decoupling the
traditional permeability-selectivity trade-off [89]. A similar relationship, where the change in permeability is described by the
volume fraction of nanoparticles in the polymer matrix, has not
been broadly applied or developed for water permeability in
nanoparticle-embedded
porous
microﬁltration/ultraﬁltration
membranes [87]. The general mechanism for the inﬂuence of
nanoparticles on porous membrane water permeation may be quite
different as the addition of nanoparticles often causes a decrease in
water ﬂux, as opposed to the results for gas permeability of
nanoparticle-embedded polymer membranes. In addition to
causing changes in how the dense top surface layer forms, the
addition of nanoparticles to a porous polymer membrane may also
reduce the available pathways for water ﬂow through the membrane as well as change the internal macrovoid structure that forms
(cross-sectional images in Supplemental Information, Figs. S5 and
S8). Similar to the occurrence of delayed demixing at the
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membrane surface, macrovoid structure is indicative of delayed
demixing throughout the thickness of the membrane, where the
polymer-lean phase allows growth of the macrovoid structure and
may allow the precipitation of a denser polymer-rich phase along
the interface of the forming macrovoids. The presence of PVP in
nanoparticle-embedded PES (Fig. 5) appears to counteract the
presence of the nanoparticles, a result that aligns with this potential mechanism, since PVP is known to increase interconnectivity
and openness of PES pore structure [52].
3.4. Nanoparticle addition to PES membranes: magnetic versus
centrifugal separation
In addition to casting solution parameters such as additive type
and nanoparticle stabilizer, nanoparticle processing steps may
affect the casting solution viscosity and membrane properties. In
Fig. 6, results are presented for nanoparticle-added membrane
casting solutions, where the nanoparticles were processed in two
different ways after nanoparticle synthesis. In both cases, the
nanoparticles were synthesized with either ATMP or CMC as the
stabilizer. To separate the nanoparticles from the synthesis solution, the particles were either magnetically separated or separated
through centrifugation. In both cases, the rest of the synthesis solution was removed from the nanoparticle sample, and the nanoparticles were resuspended in DMAC to make the nanoparticleloaded membrane casting solutions. Centrifugation is a stronger
separation technique and causes a dense pellet of nanoparticles to
form, whereas magnetic separation results in a less dense collection of nanoparticles in the sample tubes.
Overall, the solutions with the magnetically separated nanoparticles resulted in higher viscosity values that those with
centrifuged nanoparticles. This result may be due to a larger
amount of residual water molecules that remain adsorbed to the
nanoparticle surfaces in the magnetically separated samples versus
the centrifuged samples. In addition, the magnetically separated
nanoparticles may be more easily redispersed in DMAC once the
synthesis solution is removed, resulting in less particle agglomeration. Both explanations would result in an increase in solution
viscosity. In the ﬁrst case, water molecules act similarly to ethanol
as a solution additive that would increase solution viscosity. In the
second case, better nanoparticle dispersion would cause the polymer solution to be exposed to more of the nanoparticles, and the
well-dispersed nanoparticles will have a greater effect on viscosity
than in samples where some of the particles are still agglomerated.
Similar to the results shown in Fig. 3, ATMP-stabilized nanoparticles generally resulted in higher viscosities than CMC-
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stabilized nanoparticles, with several exceptions.
Resulting membrane thickness is shown in Fig. 7 for both stabilizer types and the two separation techniques. Generally, membranes separated by centrifugation resulted in slightly higher
membrane thickness, compared to the membranes containing
magnetically separated nanoparticles. A summary of FESEM images
for the cast membranes reported in Fig. 7 can be found in Supplemental Material.
Pure water ﬂux was evaluated for the two different separation
techniques, and results are shown in Fig. 8. Except for a few cases,
the membranes containing nanoparticles separated by centrifugation resulted in higher pure water ﬂux measurements. The type of
stabilizer appears to affect the ﬂux results as well, but there is no
clear trend in terms of casting solution composition and nanoparticle separation method. Further delineation of these different
parameters would require a larger sample set with additional
compositions, as well as a comparison to other stabilizers that have
speciﬁc differences in molecular structure or functional groups
(e.g., different CMC polymer molecular weights or degrees of substitution of carboxymethyl groups, or other phosphonate chelators
with different numbers of phosphate groups).
4. Conclusions
In this study, the roles of nanoparticle stabilizer type, casting
solution additives ethanol and PVP, and post-synthesis nanoparticle processing in PES membrane properties were evaluated.
Iron nanoparticles were synthesized with either ATMP or CMC as
the stabilizer, and nanoparticle morphology and size were similar.
Membrane casting solutions were characterized using viscosity
measurements, and cast membranes were evaluated for thickness
and pure water ﬂux. The addition of ethanol and PVP as casting
solution additives caused expected increases in casting solution
viscosity, which can be explained by the decrease in solvent volume
available to dissolve PES with the addition of the additives. However, the addition of stabilized iron nanoparticles caused either an
increase or decrease in casting solution viscosity, depending on the
composition of the casting solution and the type of stabilizer used.
In the presence of the additive ethanol at concentrations of 1 wt %
to 15 wt %, ATMP-stabilized iron nanoparticles caused the viscosity
to increase, compared to the nanoparticle-free casting solution,
while the addition of CMC-stabilized iron nanoparticles caused the
viscosity to decrease. At 25 wt % ethanol, the effect of the stabilizer
type switches, and CMC causes an increase in viscosity. When 2 wt
% PVP is added, nanoparticle addition causes the viscosity to
decrease for all ethanol concentrations tested. Viscosity changes as

Fig. 6. Effect of nanoparticle separation technique on casting solution viscosity. Nanoparticles stabilized by (a) ATMP or (b) CMC were separated from the synthesis solution by
either magnetic separation or centrifugation and then resuspended in DMAC and 15% PES. Several solutions contained PVP and/or ethanol as additives. All experiments were run at
20  C.
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Fig. 7. Effect of nanoparticle separation technique on cast membrane thickness. Nanoparticles stabilized by (a) ATMP or (b) CMC were separated from the synthesis solution by
either magnetic separation or centrifugation and then resuspended in DMAC and 15% PES.

Fig. 8. Effect of nanoparticle separation technique on membrane pure water ﬂux. Nanoparticles are stabilized by (a) ATMP or (b) CMC.

a function of ethanol concentration resulted in different trends
depending on the stabilizer type and the presence or absence of
PVP. Membrane thickness changes are likely related to changes in
the viscosity, and the resulting changes in the thermodynamic
stability and kinetics of phase inversion. Pure water ﬂux decreases
for all nanoparticle-embedded membranes, but the difference between the ﬂux of nanoparticle-free and nanoparticle-embedded
membranes varies signiﬁcantly depending on casting solution
composition and stabilizer type.
When nanoparticles are separated by centrifugation versus
magnetic separation post-synthesis, the resulting casting solution
viscosity, membrane thickness and pure water ﬂux are affected.
Magnetic separation largely results in higher viscosity measurements and slightly lower membrane thickness values. Pure water
ﬂux measurements suggest centrifugal separation of the nanoparticles from the synthesis solution allows higher water ﬂux than
magnetic separation. FESEM images of membranes (Supplemental
Material) illustrate differences in the thickness of the dense polymer layer at the top surface of the membrane as well as differences
in the internal macrovoid structure.
Appendix A. Supplementary data
Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.polymer.2016.04.021.
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