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Abstract Nano-enabled water treatment membranes
are finding new applications and commercial opportu-
nities, but the commonly used methods for embedding
or coating the membranes with nanoparticles have lim-
itations. There is an increasing need for controllable and
high-throughput methods for applying nanoparticles
uniformly across membrane surfaces in ways that pre-
serve their unique nano-properties while assuring stable
attachment. We demonstrate proof-of-concept for the
use of aerosol impaction-driven assembly (AIDA) to
coat polymeric water treatment membranes. AIDA is a
dry-coating technique that has been demonstrated on
other substrates. It involves using a pressure differential

to accelerate aerosolized (premade or in situ-formed)
nanoparticles onto a moving sample. The nanoparticles
stick by chemical bonding or van derWaals interactions.
To provide a proof-of-concept and comparison with
other techniques, PVDF membranes with 0.1 μm pore
size were coated with functionalized 50-nm-diameter
silver and gold nanoparticles using AIDA, spray-coat-
ing, and in situ synthesis, and then were characterized.
The AIDA coating method produces controllable (i.e.,
proportional to deposition time) loadings of evenly dis-
persed, non-agglomerated nanoparticles on the mem-
brane. The method is relatively agnostic to nanoparticle
type. The loading efficiency varies with the surface
functionality of the nanoparticles, but not their elemen-
tal composition. The method has no substantial effect on
water flux and produces stable coatings with low nano-
particle release. The AIDA nanoparticle coating method
is shown to have inherent flexibility, controllability, and
other major advantages (i.e., dispersion, stability) in the
quality of the coatings produced.
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Introduction

Attaching nanomaterials—including silver (Liu et al.
2013, 2015; Ben-Sasson et al. 2014; Huang et al.
2016; Park et al. 2016; Dong et al. 2017; Bi et al.
2018), gold (Kumar et al. 2009; Ray et al. 2015), zeo-
lites (Lind et al. 2010; Pendergast et al. 2013; Dong et al.
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2015; Cay-Durgun et al. 2017), carbon nanotubes
(Vatanpour et al. 2011; Duan et al. 2017; Dudchenko
et al. 2017; Zhou et al. 2018), carbon black (Dongare
et al. 2017), carbon dots (Li et al. 2017), graphene oxide
(Ray et al. 2015), copper (Ben-Sasson et al. 2016), iron
oxide (Ng et al. 2015), silica (Jin et al. 2012; Escobar-
Ferrand et al. 2014; Dalvi et al. 2017; Pang and Zhang
2018), and titanium dioxide (Madaeni et al. 2011; Sotto
et al. 2011; Dalvi et al. 2017)—onto the surface of water
treatment membranes or embedding them within their
bulk can impart useful functionality. In particular, the
nanomaterials can increase water flux (Lind et al. 2010;
Pendergast et al. 2013; Dong et al. 2015; Cay-Durgun
et al. 2017; Dongare et al. 2017; Dudchenko et al. 2017;
Li et al. 2017; Zhou et al. 2018), improve contaminant
rejection (Pendergast et al. 2013; Pang and Zhang
2018), prevent fouling (biological, organic, or inorgan-
ic) (Madaeni et al. 2011; Vatanpour et al. 2011; Liu et al.
2013, 2015; Ben-Sasson et al. 2014, 2016; Dudchenko
et al. 2014; Ng et al. 2015; Park et al. 2016; Dong et al.
2017), or otherwise alter the membrane properties (e.g.,
electrical conductance (Duan et al. 2017), photonic
heating (Ray et al. 2015; Dongare et al. 2017), joule
heating (Dudchenko et al. 2017), selective rejection/
passage (Duan et al. 2017; Li et al. 2017)). Research
on nano-enabled membranes has been aimed at a range
of applications, including wastewater treatment, desali-
nation, high-purity water production, and oil and gas
separations, using reverse osmosis, forward osmosis,
membrane distillation, and dialysis. As the potential
applications expand and nano-enabled membranes are
commercialized, there is increasing need for controlla-
ble and high-throughput methods for applying nanopar-
ticles uniformly across membrane surfaces while taking
advantage of their unique properties.

Common methods for coating or embedding mem-
branes with nanoparticles include attachment of pre-
made nanoparticles using dip coating (Madaeni et al.
2011; Esfahani et al. 2019), spray-gun coating
(Dudchenko et al. 2017; Zhou et al. 2018; Esfahani
et al. 2019), grafting/chemical attachment (Madaeni
et al. 2011; Liu et al. 2015; Ray et al. 2015; Park et al.
2016), addition duringmembrane casting (Li et al. 2007,
2017; Lind et al. 2010; Sotto et al. 2011; Vatanpour et al.
2011; Jin et al. 2012; Pendergast et al. 2013; Safarpour
et al. 2015; Dong et al. 2015; Duan et al. 2015; Cay-
Durgun et al. 2017; Dalvi et al. 2017; Pang and Zhang
2018), direct surface deposition (with or without pres-
sure) (Dongare et al. 2017; Duan et al. 2017; Esfahani

et al. 2019), and layer-by-layer assembly (Liu et al.
2013; Escobar-Ferrand et al. 2014; Ng et al. 2015), or
in situ chemical synthesis of nanoparticles (Kumar et al.
2009; Ben-Sasson et al. 2014, 2016; Ray et al. 2015;
Esfahani et al. 2019). These current methods to nano-
enable membranes have many limitations including (1)
difficulty or inability to control dispersion or loading
(Kumar et al. 2009; Madaeni et al. 2011; Ben-Sasson
et al. 2014; Dong et al. 2015; Park et al. 2016; Cay-
Durgun et al. 2017; Li et al. 2017; Pang and Zhang
2018; Esfahani et al. 2019); (2) specificity of the method
(i.e., different methods are needed to incorporate differ-
ent nanomaterials and/or with different types of mem-
branes) (Kumar et al. 2009; Madaeni et al. 2011; Ben-
Sasson et al. 2014, 2016; Escobar-Ferrand et al. 2014;
Ng et al. 2015; Ray et al. 2015); (3) inefficient use of
nanomaterials (e.g., nanomaterials embedded in bulk
when useful only at surface, or presence of agglomerat-
ed nanomaterials (Kumar et al. 2009; Madaeni et al.
2011; Goh et al. 2014; Dong et al. 2015; Ng et al.
2015; Park et al. 2016; Pang and Zhang 2018)); (4)
limited scalability; (5) instability of nanomaterial coat-
ing (Madaeni et al. 2011; Ben-Sasson et al. 2014; Park
et al. 2016; Dong et al. 2017; Bi et al. 2018; Esfahani
et al. 2019); and (6) undesirable changes in membrane
performance (e.g., reduced water flux and/or reduced
contaminant rejection) (Lind et al. 2010; Sotto et al.
2011; Ben-Sasson et al. 2014; Escobar-Ferrand et al.
2014; Dong et al. 2015; Ray et al. 2015; Dalvi et al.
2017; Hu et al. 2017; Pang and Zhang 2018). In a recent
review of nanocomposite membranes, Esfahani et al.
state uniform dispersion and stability as the most prom-
inent challenges (Esfahani et al. 2019).

Aerosol impaction-driven assembly (AIDA) is a dry-
spray coating technology that encompasses a number of
techniques described in literature, including hypersonic
plasma particle deposition and aerosol deposition (Rao
et al. 1997, 1998; Hafiz et al. 2004; Akedo 2006; Moridi
et al. 2014; Hanft et al. 2015). AIDA involves acceler-
ating aerosolized (premade or in situ-formed) nanopar-
ticles onto a sample substrate, mounted on a moving
stage, via a pressure differential across a nozzle. The
process occurs in rough vacuum so that nano-sized
particles impact the substrate instead of being deflected
around it by collisions with the background gas. The
particles stick to the substrate by chemical bonding or
van der Waals interactions. We previously showed the
scalability and capacity of AIDA to produce uniform
coatings on silicon and glass substrates with controllable
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coating thickness (sub-monolayer to > 100 μm) and
porosity (3–97%) (Firth and Holman 2018). With a
slit-shaped nozzle, these films were deposited on areas
as large as 5 in. × 5 in. with thickness non-uniformities of
less than 5%. The AIDA coating method lends itself to
scaling up because the spray nozzle is linear and not a
point source, and thus, the nozzle can be made longer to
coat wider substrates, with few other modifications need-
ed. The versatility of AIDA allows for agnostic deposi-
tion of pre-formed nanoparticles (of either a single type
or a cocktail) or of nanomaterials made in the same
apparatus using plasma or flame synthesis immediately
prior to deposition. These attributes demonstrate AIDA
as a promising new technique to nano-enable materials,
and we show here attachment of Ag and Au model
nanoparticles with varying surface functionalizations to
polymeric water treatment membranes. Although we use
Ag and Au nanoparticles and one membrane type, the
AIDA coating method can be applied to any substrate
and with any chosen nanoparticle.

The overall aim of this paper is to demonstrate proof-
of-concept for AIDA as an effective, controllable tech-
nique to produce uniform and stable nanoparticle coat-
ings on water treatment membranes. To achieve this
aim, the specific objectives of this paper are to (1)
characterize coatings of pre-formed nanoparticles de-
posited using AIDA and compare them against two
common techniques (in situ nanoparticle formation
and spray-gun coating); (2) demonstrate the ability to
control and vary nanoparticle loading on the mem-
branes; (3) evaluate the effect of nanoparticle surface
functionalization and elemental composition on loading;
(4) quantify the stability and release of AIDA nanopar-
ticle coatings in dead-end performance tests; and (5)
determine the effect of AIDA nanoparticle coatings on
membrane performance (i.e., water flux). This novel
coating method has not previously been applied to
membranes.

Materials and methods

Reagents and membranes

Hydrophilic PVDF membranes (Durapore, diameter of
47 mm, pore size of 0.1 μm) were purchased from
Millipore (Burlington, MA) and used as the membrane
substrate in all experiments. PVDF membranes are a
common low-pressure membrane used in water

treatment. Low-pressure membranes are also the more
difficult polymeric membrane type to coat with nano-
particles due to larger pore size, and fewer demonstra-
tions of nanoparticle coating of low-pressure water treat-
ment membranes have been completed. Gold nanopar-
ticles were used as a model nanoparticle because they
are relatively easy to detect and do not readily dissolve
in water. Silver nanoparticles were also tested, as they
are one of the most common nanoparticles for coating
membranes (Liu et al. 2013, 2015; Ben-Sasson et al.
2014; Goh et al. 2014; Huang et al. 2016; Ong et al.
2016; Park et al. 2016; Dong et al. 2017; Bi et al. 2018)
and they more readily dissolve in water, releasing anti-
bacterial Ag+ ions. Experiments with silver thus provid-
ed additional insight relevant to nanoparticle type, ap-
plicability, and coating stability. To evaluate the effect of
nanoparticle surface charge, aqueous NanoXact 50-nm
gold nanoparticles functionalized with branched
polyethyleneimine (bPEI, cationic), polyethylene glycol
(PEG, neutral), or citrate (anionic) in solution, as well as
aqueous NanoXact 50-nm silver nanoparticles function-
alized with branched polyethyleneimine (bPEI, cation-
ic), were purchased from nanoComposix (San Diego,
CA). A table of relevant properties of membranes and
nanoparticles is provided in Table 1 in the Supplemen-
taryMaterial. All reagents were of ACS reagent grade or
better, were purchased from commercial sources, and
were used without additional purification. All solutions
were made with lab-prepared ultrapure water (≥
17.9 MΩ cm).

AIDA apparatus

Figure 1 shows an AIDA apparatus with an exchange-
able nanomaterial introduction system. AIDA systems
couple an upstream chamber operating at 1 to 100 Torr
with a downstream chamber operating at 0.1 to 20 Torr
through a slit-shaped nozzle that separates the chambers.
To deposit a coating, a nanomaterial is introduced into
the upstream chamber as a dry aerosol (i.e., solid parti-
cles in gas). The carrier gas with aerosolized
nanomaterial is accelerated through the nozzle because
of the pressure differential across it. The gas in turn
accelerates the nanoparticles through collisions. This
results in a linear aerosol jet that expands into the
downstream chamber, and the nanoparticles reach ve-
locities in excess of 100 m s−1 because the reduced
pressure in that chamber decreases the drag experienced
by the nanoparticles from the background gas after it
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slows. A substrate translated through the linear aerosol
jet in the downstream chamber is coated with the high-
velocity nanomaterial, which sticks by chemical bond-
ing or van der Waals interactions, depending on the
deposition velocity and particle and substrate surface
chemistry. The final loading of nanoparticles on the
membrane is determined by the substrate translation
speed and the number of times it passes under the
aerosol jet.

Nanoparticle coating

AIDA coating of pre-formed nanoparticles
on membranes

Pre-formed gold and silver aqueous nanoparticle solu-
tions (bPEI-Au, citrate-Au, PEG-Au, and bPEI-Ag) at
8.3 μg mL−1 were fed by a liquid flow controller at
0.5 mL min−1 to an ultrasonic atomizer operating at
135 kHz. As the colloidal solution reached the atomizer
tip, the vibration produced liquid droplets of the solution
with diameters ranging from 500 nm to 2 μm (as indi-
cated by manufacturer Sonaer Inc.), which corresponds
to < 1 nanoparticle to 27 nanoparticles per droplet. The
ultrasonic atomizer was affixed to the AIDA system to
inject the droplets directly into the upstream chamber. A
heated (~ 100 °C) carrier gas (N2) was also injected into

the chamber immediately upstream of the atomizer. The
hot carrier gas combined with the low-pressure environ-
ment (35 Torr) quickly evaporated the solvent (water) in
flight, leaving behind the dry nanoparticles dispersed
within the carrier gas (nanoparticle aerosol). The aerosol
was accelerated through the 1-mm-wide slit nozzle into
the downstream chamber, operated at 0.9 Torr, and the
membrane substrate was translated through the high-
velocity aerosol at a velocity of 5 mm s−1. In this work,
the primary operating variable was the number of trans-
lations of the full membrane area through the high-
velocity aerosol, with more passes resulting in more
material being deposited on the membrane. Eighteen,
90, and 225 passes (corresponding to 2, 10, and 25 min
of coating time) were used to coat membranes with low,
medium, and high loadings, respectively.

Spray-gun coating of pre-formed nanoparticles
on membranes

Similar to other spray coating methods in the literature
(Dudchenko et al. 2017; Zhou et al. 2018), dispersed
nanoparticles were placed in a pressurized chamber
and then sprayed from above onto the surface of the
membrane. A solution of the cationic gold nanoparticles
(0.05 mg mL−1), the same particles as used in the AIDA
coating method, was placed in the chamber of a paint
spray-gun (Central Pneumatic Professional, Camarillo,
CA). The spray-gun nozzle was placed 7 cm above the
membrane surface prior to pressurizing the spray-gun
with compressed air. The membrane was sprayed in
intervals until all the solution was gone, where each
pass over the membrane surface took approximately
10 s and the membrane was allowed to dry for 5 min
between each pass. The concentration of nanoparticles
deposited on the membrane was intended to be similar
to the low loading from the AIDA-coated membranes;
subsequent analysis (nanoparticle area by scanning elec-
tron microscopy) confirmed this. The membrane was
allowed to air-dry for 48 h prior to imaging with the
scanning electron microscope.

On-membrane synthesis of gold nanoparticle (in situ)
coating

Gold nanoparticles were formed in situ on membranes
using a modified method from Kumar et al. (2009)
Briefly, the membrane was placed in an Amicon®
stirred cell (Millipore, Burlington, MA) with 0.01 M

Vacuum pump

Chuck

Nanoparticle colloid

NP aerosol

Slit-shaped 

nozzle

Aerosol jet

Membrane

Coating

Upstream pressure:

1-100 Torr

Downstream pressure:

0.1-20 Torr

Nebulizer

Fig. 1 Aerosol impaction-driven assembly (AIDA) apparatus. A
colloidal nanoparticle solution is nebulized in the upstream cham-
ber and dried in flight; the resulting nanoparticles are drawn into
the downstream deposition chamber as a linear aerosol jet and
deposited onto a translated membrane
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HAuCl4 solution and stirred overnight. The solution
was removed, and the membrane was then exposed to
0.1 M NaBH4 with stirring for 30 min. The concentra-
tion of nanoparticles deposited on the membrane was
intended to be similar to the high loading from the
AIDA-coated membranes; however, subsequent analy-
sis by SEM-BSE showed the surface gold loading was
twice that of the AIDA-coated membrane. We observed
significant nanoparticle agglomeration in the in situ–
coated samples. The membrane was allowed to air-dry
for 48 h prior to imaging with the scanning electron
microscope.

Nanoparticle-coated membrane characterization

Membrane performance and coating stability

Nanoparticle release tests from membranes were per-
formed using a dead-end stirred Amicon® cell
(Millipore, Burlington, MA) connected to a pressurized
water vessel (Sterlitech, Kent, WA) with 13.4 cm2 of
active membrane area exposed to the feed. The system
was operated at 22.0 °C and with an applied trans-
membrane pressure of 2.75 bar for ~ 60 min until
5.0 L of water was filtered. Nanoparticle concentration
and size distribution in the retentate and permeate after
continuous mixing and filtration were analyzed using a
single-particle inductively coupled plasma-mass spec-
trometry (ICP-MS) method previously used by our
group (Bi et al. 2018).

Nanoparticle mass loading on membranes

The nanoparticle mass loading (μg cm−2) on the mem-
branes before and after the performance and coating
stability tests was quantified by digesting membrane
samples with aqua regia in a microwave-assisted plastic
digestion procedure and measuring gold or silver con-
centration with ICP-MS as further described in the Sup-
plementary Material.

Nanoparticle size and aerial dispersion on membranes

The size and aerial dispersion of nanoparticles on the
surface of the coated membranes were analyzed with an
FEI XL30 scanning electron microscope (SEM) (Hills-
boro, OR) with secondary electron (SE), backscattered
electron (BSE), and energy dispersive x-ray (EDX)
detectors. Quantitative techniques to analyze the BSE

images of nano-enabled membranes, including the con-
struction of effective particle/agglomerate size distribu-
tions and nearest-neighbor distance (NND) cumulative
distribution functions (CDFs), were developed. The
BSE images were analyzed using Image J64 software
(NIH provided public domain Java image processing
software) (Rasband 2013). Distances between all parti-
cles in the images were calculated using their x- and y-
coordinates. For each particle, the minimum distance to
another particle was considered its nearest-neighbor
distance.

Results and discussion

Aerial dispersion of nanoparticles

Figure 2 a–c show that nanoparticles on the AIDA-
coated membranes were evenly dispersed and deposited
as individual, non-agglomerated nanoparticles that
maintained their shape during AIDA coating. Figure 2
d and e show that, with two common nanoparticle
coating methods, spray-gun coating and in situ coating,
the nanoparticles were either aggregated in specific
regions (potentially associated with deposited droplets)
or agglomerated (i.e., not evenly distributed as single
nanoparticles across the membrane). Because aggrega-
tion and agglomeration likely reduce the efficacy of the
nanoparticle coating during use, the even dispersion of
single nanoparticles is a major advantage of the AIDA
coating technique. Though dispersion, aggregation, and
agglomeration on nanoparticle coated membranes are
rarely reported or evaluated quantitatively in the litera-
ture, there are some reports that show nanoparticles do
commonly agglomerate or aggregate when added to
membranes using in situ nanoparticle coating (Kumar
et al. 2009), addition during membrane casting (Li et al.
2007, 2017; Dong et al. 2015; Cay-Durgun et al. 2017),
or dip coating (Madaeni et al. 2011).

Effective particle/agglomerate size distributions, com-
piled from the SEM-BSE images, indicate whether nano-
particles are agglomerated. Figure 3 shows that the size
frequency distribution of particles on AIDA-coated mem-
branes had a mean of 53 ± 1 nm with a polydispersity of
0.1. The size distributions of nanoparticles on the coated
membrane were similar to those in the solution used for
AIDA coating, demonstrating that the nanoparticles were
unchanged in size during the AIDA coating process. Fig-
ure 3 also shows that the particles on the spray-gun-coated
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membranes had a similar mean size of 50 nm but a
polydispersity of 0.3 due to a few particles with diameters
twice or three times their in-solution size (i.e., 100 or
150 nm). The nanoparticle size distributions of the
AIDA-coated and spray-gun-coated membranes were not
statistically different (p = 0.13). Finally, Fig. 3 shows that
the size of nanoparticles on the in situ–coated membrane
varied more than with either spray methods, with some
small particles (diameter < 20 nm) but also very large
agglomerates up to 1.5 μm in diameter. The in situ nano-
particle formation was expected to produce single gold
nanoparticles on the order of 10 nm in diameter (Kumar
et al. 2009), but the mean particle size was 153 nm with a
polydispersity of 3.8. There was clear and substantial
agglomeration of nanoparticles with this method.

Nearest-neighbor distance (NND) cumulative distri-
bution functions (CDFs) were constructed for particles
and agglomerates on each coatedmembrane (Figs. 4 and
6 in the SupplementaryMaterial).When the NNDCDFs
of the coated membranes deviate significantly from the
reference NND CDFs (corresponding to randomly dis-
persed particles with the same total areal concentration),
this indicates the nanoparticles are not well dispersed
across the membrane. The NND CDFs of the AIDA-
coated membranes (Figs. 4a and 6 in the Supplementary

Material) are nearly the same (p > 0.05) as randomly
dispersed particles, indicating that the AIDA coating
method produced membranes with evenly dispersed
nanoparticles on the surface. Figure 4 b and c show that
the NND CDFs of the spray-gun-coated and in situ–
coated membranes are statistically different from the
reference NND CDFs (p < 0.05). Additional discussion
of NND CDFs is given in the Supplementary Material
Section A2.1. The NNDs of almost all nanoparticles
were lower than the 95% confidence intervals for the
spray-gun-coated and in situ–coated membranes, indi-
cating that the nanoparticles aggregated when they were
coated onto the membranes.

Controllable nanoparticle mass loading with AIDA

The images in Fig. 2a–c reveal that nanoparticle loading
(μg cm−2) on membranes increases with the number of
passes of the membrane under the aerosol jet during
AIDA deposition. Further, we found that gold nanoparti-
cle mass loading (as measured by digestion-ICP-MS) was
linearly and statistically correlated (p < 0.05) with the
number of passes, and thus the deposition time (Supple-
mentary Material Fig. 7). The nanoparticle loadings
achieved by AIDA (0.15 to 0.60μg cm−2) are comparable

2 µm 2 µm 2 µm 

(a) AIDA, low loading (b) AIDA, medium loading (c) AIDA, high loading 

100 nm

2 µm 

(d) Spray-gun, medium loading 

2 µm 

(e) In-situ, high loading 

Fig. 2 SEM-BSE images of membranes coated with gold nano-
particles using: AIDA to achieve low (18 passes) to high (225
passes) loadings (a–c), a spray-gun (d), and on-membrane in situ

synthesis (e). Inset in c shows a single nanoparticle at × 20 higher
magnification
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with those produced by other methods at levels required to
meet their intended application (Kumar et al. 2009; Sotto
et al. 2011; Madaeni et al. 2011; Liu et al. 2013; Ben-
Sasson et al. 2014; Dong et al. 2015; Park et al. 2016;
Huang et al. 2016; Cay-Durgun et al. 2017; Li et al. 2017;
Bi et al. 2018; Pang and Zhang 2018). However, other
techniques do not offer the same easy and independent
loading tunability enabled by AIDA. For example,
grafting of nanoparticles and in situ nanoparticle forma-
tion can be difficult to control because they require vary-
ing the ratio and concentration of reactants and they rely
on the ability to predict yield of chemical reactions under
varying conditions (Kumar et al. 2009; Sotto et al. 2011;
Madaeni et al. 2011; Liu et al. 2013; Ben-Sasson et al.
2014; Dong et al. 2015; Park et al. 2016; Huang et al.
2016; Cay-Durgun et al. 2017; Li et al. 2017; Bi et al.
2018; Pang and Zhang 2018).

The drawback of the present work is that the deposi-
tion efficiency for the AIDA coatings was only 2%,
calculated as the mass of gold on the membrane divided
by the mass of colloidal gold introduced into the tool.
However, no attempts to improve this efficiency were
made on the prototype AIDA device. With other (non-
colloidal) nanoparticles and AIDA protocols, we have
measured deposition efficiencies greater than 70%
(Firth and Holman 2018). This lower efficiency could
be due to nanoparticles going through the membrane
without sticking to the surface/within the membrane
depth or the nanoparticles not reaching the membrane
surface. Particles that do not reach the substrate are lost

to the walls of the vacuum chamber in flight between
where the aerosol is generated and deposition on the
substrate occurs. As much higher efficiency has been
observed when depositing nanoparticles synthesized in
flight from a gas using a plasma (no liquids), this indi-
cates the primary loss mechanism is via liquid droplets
hitting the chamber walls. Future steps to increase effi-
ciency will thus focus on coupling enough thermal
energy into the system to fully evaporate the solvent of
liquid droplets in-flight before the droplets encounter a
chamber wall. As the technology is scaled up, optimiz-
ing the deposition efficiency, specifically the
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aerosolization process, of colloidal nanoparticles will be
an area of focus, as well as depositing on membranes
with different properties including more dense
membranes.

Effect of nanoparticle surface functionalization
and elemental composition on AIDA coatings

Gold nanoparticles with different surface functionalizations
were coated with AIDA onto membranes, and Fig. 5a
indicates statistical differences (p< 0.05) in the resulting
gold loadings for nominally identical deposition condi-
tions. The loading was highest with branched
polyethyleneimine–coated (bPEI-Au) nanoparticles,
followed by polyethylene-glycol-coated (PEG-Au) nano-
particles and citrate-coated (citrate-Au) nanoparticles.
Nanoparticle characteristics are provided in Supplementary
Material Table 1. The gold loadings correlated with zeta
potential (at the same pH). The positively charged bPEI-Au
nanoparticles led to a gold loading nearly twice that of the
negatively charged citrate-Au nanoparticles. Therefore, we
suspect that electrostatic interactions with the negatively
charged PVDF membrane (zeta potential = − 14 mV at
pH 7) and particle charge-dependent losses upstream of
the membrane are the dominant factors in nanoparticle
deposition and retention on the membrane during AIDA
coating shown here.

Figure 5 b shows the AIDA process is also not
impacted by nanoparticle elemental composition. Using

the same AIDA deposition parameters, coating with
bPEI-Au and bPEI-Ag nanoparticles resulted in mem-
branes with statistically (p > 0.05) the same nanoparticle
loading. This result demonstrates that AIDA as a meth-
od is independent of the material, relatively agnostic to
nanoparticle characteristics, and that nanoparticle load-
ing is consistent when using the same operating
parameters.

Other methods described in the literature typically
explore coating or embedding only one type of nano-
particle (i.e., a particular elemental composition of the
nanoparticles or a nanoparticle with a particular surface
functionalization), and the effect of nanoparticle
functionalization and elemental composition on coating
efficiency has not been thoroughly and systematically
compared.We showed that AIDA is agnostic to elemen-
tal composition of nanoparticles, although surface
functionalization can affect coating efficiency. Howev-
er, this effect could potentially be less than with other
coating methods that rely on chemical reactions or
bonding with nanoparticle surface functional groups.
AIDA is a dry deposition method that does not require
specific surface functionalization for attachment.

Water flux of AIDA-coated membranes

It is typical to observe, when membranes are nano-
enabled or otherwise modified, a modest change in
water flux due to the additional resistance from

)

Fig. 5 Gold or silver mass loading on AIDA-coated membranes
before and after dead-end performance testing using three types of
50-nm-diameter gold nanoparticles and one type of 50-nm-
diameter silver nanoparticle. a Citrate-Au, PEG-Au, and bPEI-
Au were coated with the same number of passes (225 passes) and
colloidal nanoparticle concentration, but the gold mass loadings
measured are statistically different (p < 0.05). b bPEI-Au and

bPEI-Ag were coated with the same number of passes (90 passes)
and colloidal nanoparticle concentration and had statistically the
same mass loading (p > 0.05). Gold and silver mass loading was
measured using digestion-ICP-MS. Error bars represent one stan-
dard deviation (n = 3–6). In the case of duplicates (n = 2), the error
bar represents the range
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nanoparticles or structures, blocking of existing defects,
and reduced surface area for water flux (Ben-Sasson
et al. 2014; Goh et al. 2014; Ong et al. 2016). The initial
water flux of all coated membranes was within 10% of
the initial water flux of the virgin uncoated membranes.
Figure 8 (in the Supplementary Material) shows some
variability in normalized water flux over time among the
AIDA-coated membranes, and there are a few time
points at which the water flux was statistically different
(both higher and lower) from the uncoated membranes.
This is discussed in greater detail in Supplementary
Material Section A2.2. However, the normalized water
flux in coated membranes was not statistically different
from that of the uncoated control membranes for the
majority of the measured points over time.

Release of nanoparticles fromAIDA-coated membranes

Nanoparticle release depends on many factors, includ-
ing method of nanoparticle coating, nanoparticle type
and properties, membrane type, and the release test
used. Nanoparticle release values have been reported
to range from less than 1 to 90% of the initial nanopar-
ticle loading on the membrane (Diagne et al. 2012; Ben-
Sasson et al. 2014; Liu et al. 2015; Dong et al. 2017; Hu
et al. 2017; Jahan et al. 2017; Bi et al. 2018). Figure 5
illustrates nanoparticle loading on the AIDA-coated
membranes before and after passing 5 L of water
through them over 1 h of operation. There were no
statistical differences (p > 0.05) in mass loadings before
and after the use test; nanoparticle release from AIDA-
coated membranes was lower than or similar to what is
reported with other nanoparticle coating techniques
(Diagne et al. 2012; Ben-Sasson et al. 2014; Liu et al.
2015; Dong et al. 2017; Hu et al. 2017; Jahan et al.
2017; Bi et al. 2018). No nanoparticles or dissolved
metals were detected in the retentates, and less than
5% of gold or silver was released from the membrane
into the permeate (cumulative release data shown in
Fig. 9 in the Supplementary Material), despite the pore
size of the membranes (100 nm) being larger than the
nanoparticle size (50 nm). Most of the metal release
occurred in the first 10 mL of water filtered for all
membranes, and no additional significant release (<
1%, < 5 ng) was observed after 2.5 min of operation.
The total metal concentration measured in the first per-
meate samples collected ranged from 72 to 275 ng L−1

and quickly dropped to below 10 ng L−1 in subsequent
permeate samples. This release trend (i.e., high release

in the initial operation and low or no release thereafter)
is consistent with other nano-impregnated membranes
in the literature, which have demonstrated the most
stable attachment (Diagne et al. 2012; Ben-Sasson
et al. 2014; Liu et al. 2015; Park et al. 2016; Dong
et al. 2017; Hu et al. 2017; Jahan et al. 2017; Bi et al.
2018). There are no regulations for gold in drinking
water, but silver has a non-enforceable secondary drink-
ing water standard of 0.1 mg L−1(EPA 2003). In the
present experiments, the dissolved silver concentration
in the permeate was always many orders of magnitude
lower than this secondary standard.

The mechanism (i.e., dissolution vs. detachment) of
nanoparticle release has important implications for sta-
bility (i.e., stable nanoparticles vs. stable attachment),
but is also important for applicability (e.g., silver is
expected to and needs to dissolve to be effective at
inactivating bacteria (Xiu et al. 2012)). The silver re-
leased into the permeate from the membrane coatedwith
bPEI-Ag nanoparticles was mostly (91 ± 3%) in the
dissolved form. This result is desired for the applicabil-
ity of silver-AIDA-coated membranes, and it is also
good from a stability perspective as it indicates that
dissolution, and not detachment, was the major release
mechanism. With the gold-coated membranes, there
was no dissolved gold observed in the permeates; the
small amount of gold released was nanoparticles with
size equivalent to that of the Au nanoparticles loaded
onto the membrane. A representative time-resolved
analysis spectrum from single particle ICP-MS and
corresponding size distribution of gold nanoparticles
released into the permeate from the bPEI-Au-coated
membrane are given in Fig. 10 in the Supplementary
Material. The mean diameter of the released gold nano-
particles was 52 ± 7.4 nm, consistent with the nanopar-
ticle size in solution prior to coating. The unaltered
nanoparticle size demonstrates that the gold nanoparti-
cles, unlike the silver nanoparticles, did not dissolve and
were instead released into the permeate as entire parti-
cles. This also confirms that the gold nanoparticles
remained intact during AIDA coating.

Implications

This manuscript demonstrates proof-of-concept for the
AIDA coating method of polymeric water treatment
membranes. Additionally, this work demonstrates that
the AIDA coating method has advantages over most other
nanoparticle coating methods for water treatment
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membranes, including controllable nanoparticle loading,
evenly dispersed non-aggregated/agglomerated nanopar-
ticles on membranes, relative agnosticism to nanoparticle
elemental composition and surface functionality, and ex-
cellent coating stability during use (i.e., with low nano-
particle release). Future work with the AIDA coating
methodmay include using nanoparticle cocktails to impart
multifunctionality to membranes, improving coating
yield, coating different types of membranes (e.g., varied
materials, properties, and configurations), and scaling up
the apparatus and coating method.
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