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ABSTRACT:In recent years, atomic layer deposition (ALD) has
emerged as a powerful technique for polymeric membrane surface
modi cation. In this research, we stug@Agirowth via ALD on

two polymeric phase-inverted membranes: polyacrylonitrile (PAN)

and polyetherimide (PEI). We demonstrate th@i; Alan easily =
be grown on both membranes with as little as 10 ALD cycles. 7
investigate the formation 0f@{ layer gradient through the depth J
of the membranes using high-resolution transmission elect L
‘

microscopy and elemental analysis, showing that at short exposure
times, AIO; accumulates at the top of the membrane, reducing
pore size and creating a strong growth gradient, while at long
exposure time, more homogeneous growth occurs. This detailed
characterization creates the knowledge necessary for controlling
the deposition gradient and achieving ameeat growth with minimum pore clogging. By tuning & Akposure time and
cycles, we demonstrate control over #$@; Aepth gradient and membramese size, hydrophilicity, and permeability. The oil
antifouling performance of membranes is investigatechustaogonfocal imaging duringw. This characterization technique
reveals that AD; surface modcation reduces oil droplet surface coverage.

KEYWORDS:atomic layer deposition, membraneératiwa, oxide, gradient, transmission electron microscopy

Increase in exposure time

1. INTRODUCTION emphasis on improving surface hydrophilicity and its resistance
to fouling.

Surface modcations are commonly used practices in . .
membrane fabrication to enhance membrane perfofniance. Most past Stl.]d'es on ALD on M embranes u_t|I|_zed ALD
growth as a uniform surface madgiion method within the

Surface mocknatpn' methods such as poLymer or f’idd't'veinner pore system or have concentrated on the pore structure
incorporation within the membrane métrix,chemical

; 0iA at the top of the membrane. While ALD is an ideal technique
reactions on the as-cast or prepared membranand for thin Im deposition on high-aspect-ratio structures, ALD

grafting or coating with various materials have been showndg,wih on polymer surfaces is not necessarily uniform across
improve membrane properties including membrane hydrégne membrangdepth, especially in the tight pore systems of
philicity, permeability, selectivity, and antifotilingIn the  UF NF membranes. This nonuniformity can occur both in
last several years, atomic layer deposition (ALD) has emergeg@ctive polymers such as poly(ether sulfone) (PES) and
as a powerful technique for membrane surface and poselyimide (P1);>** where ALD nucleation can easily take
network modication due to its ability to grow thin inorganic place, as well as in inert polymers such as poly(vinylidene
coatings on the walls of the tortuous porous network with subuoride) (PVDF) and polypropylene (PP) where ALD
nanometer precision of the coating thickfi€$s® ALD is nucleation is challengiig® Indeed, recent studies started
based on sequential exposure of two gas-phase precurdorsxplore the precursoegposure time (time allowed for the
creating thinlms, one atomic layer at a time, allowing precis@recursors to diise and chemisorb on the substrate surface)
control over the growth process in a wide array of inorganfiteeded to achieve sigwint growth on membrarfés’*!
material§? Conformal coating of metal oxides on the outer.
and inner pore surfaces by ALD has been demonstrated Faceived: December 31, 2020
micro Itration (MF) and ultratration (UF) membranes and Accepted: March 16, 2021
recently in nandtration (NF) and reverse osmosis (RO)

membranes as wélf! With judicious choice of materials and

growth conditions, the metal oxide coatings can be harnessed

to tune pore structure and pore surface properties, with
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However, while uniform in-depth pore surface caidtin is microscope (SEM) with a&ld emission gun (Zeiss Ultra-Plus). The
usually sought after, the ability to control and tune the growthDS analysis was performed at 4 kV acceleration voltage, with 8 mm
depth can open new pathways to engineer membrandrking distance and 300 s dwell time. SEM imaging was performed
propertied’ For example, Darling et al. have fabricated @1 kV acceleration voitage, with&8mm working distance. For
Janus membranes with hydrophilic and hydrophobic top a@r@aglng, the specimens were coated with 3 nm iridium to reduce

) . ; ecimen charging. Image analysis of the pore size was performed
bottom surfaces by Creatln% a gradient@;AJrowth on | 5ing the pore size distribution code in MAT%’AB.
hydrophobic PP membran

st is therefore desired to  ALO, depth proling was performed using transmission electron
investigate in detail gradient formation in ALD on polymeicroscopy (TEM, Thermo Fisher Talos 200C) bright image
membranes and itseet on the performance of membranes. series. Cross-sectional specimens for TEM imaging were prepared by
To understand ALD gradients in polymer membranesdp ltrating epoxy resin into the membrane. After epoxy csatiiafn,
reactive polymers where nucleation and growth of metal oxide§ membrane samples were sliced with a microtome (Ultra-
can easily be performed on their surface provide a good mofia¢rotome Leica EM UC7) to 70 nm thick slices. Scanning

; nsmission electron microscopy (STEM)-EDS imaging and analysis
tsr)(:ti?l?r.t I:urrrlzaa(r:lg Ei}rllcclirgrghlf\)lt_)g g% megfgg?l.f.%zsasezéa;\?gd I%}I’vlge’re performed using Thermo Fisher Titan Cubed Themis G2 60

300, operated at 200 kV. Each EDS line scan was acquired using 30
numbers of ALD cycles or pre-ALD treatment steps such g acquisition time. To compare between specimens hastiegtdi

oxygen plasma and surface sensitiZative needed to  alp exposure times, we normalized the Al intensity measured by
promote ALD nucleation and growth. To create a Simpl&TEM-EDS to the carbon intensity, which is equal between
correlation between the ALD process and the formed gradiespecimens with the same membrane type. The carbon intensity was
polyacrylonitrile (PAN) and polyetherimide (PEI) were averaged using threeeatent measurements in each exposure time.
chosen as polymer model systems due to their nitrile (PANJinally, the Al curve was also normalized to one.

ether, and imide (PEI) groups in the polymeaskbone, 2.4. Membrane Characterization.Dynamic water contact angle .
which can provide reactiveoigties for organometallic (CA) measurements were performed by a goniometer (Data Physics;

precursor adsorption and ALD growth. These membranes, A 15Pro) using the advancingceding technique. In- each

he b f K led h b lored easurement, a & drop of deionized water was dripped on the
the best of our knowledge, have not been explored yet as {i€mprane surface and the average between the advancing and

basis for ALD modtations. receding angles was calculated. Each contact angle measurement was
In this research, we investigate the growth,Of Ak a repeated three times.

model system on PAN and PEI phase-inverted asymmetricWater permeability measurements were performed in a dead-end

membranes using ALD and stug@Agradient formation in Itration stirred cell (Amicon Stirred Cells, UFSC05001, 50 mL) at

these membranes by direct imaging with high-resolutigi@om temperature with dom_JbIe-distiIIed water. The water perme-

transmission electron microscopy (HR-TEM) and elementdPility,L,, was calculated using

analysis with TEM energy-dispersive spectroscopy (EDS). We Vv

aim to shed light on the ect of exposure time on,®4 Lp = At P (1)

growth and the consequent shift in membrane permeability to ) ) ) ] )

better understand how to reach improved hydrophilicity anffn€"eA (m?) is the eective ltration areat (h) is the duration

membrane performance while maintaining @iert ALD etween two measurements (30Vsjl.) is the permeate volume

4 ti | ; in UF b accumulated during the time, arfd (bar) is the transmembrane
process and preventing pore clogging in mem ran‘?ﬁ‘essure (TMP). The water permeability was measured at a

Following exposure time optimization, we explof@; Al transmembrane pressure of 3 bar for PEI membranes and 1 bar for
growth on these polymer surfaces that are highly favorald@N membranes. Each membrane was prewetted before the
for nucleation and the resulting structure and membran@easurements. The hydrophobic PEI membranes were prewetted
properties. To probe oil antifouling behavior of the emdi with 50% ethanol in water solution for several seconds to promote
membranes, we perfamsituconfocal microscopy imaging to wetting, followed by 1 h prewetting in water. The hydrophilic PAN
characterize the oil coverage on the membsanese. membranes were directly wetted by immersing them in water for 1 h.
The membrane pore diametey) (was estimated from the
membrane permeability,, using the Hagerroiseuille equation
2. MATERIALS AND METHODS for ow through fortuous pof"(%9
2.1. UF MembranesThe polymer UF membranes were prepared
using nonsolvent-induced phase inversion (NIPS). Commercial-grade br,f
PAN and PEI were dissolved in organic solvents and cast on a Lp= T @)
commercially available polyester nonwoven using a homemade casting
machine. After a speciperiod of time, the membranes were wherel, (L/(m 2 h bar)) is the measured water permeabil{®a s)
immersed in water to induce the solveahsolvent exchange, is the water viscosityx ( m) is the thickness of the membrane
leading to an integral asymmetric morphology. They weractive layer, is the tortuosity factor,is the membrane porosity, and
subsequently washed and dried to remove residual solvent prioride 1/8 for random pores.values were estimated by the membrane
further use. porosity according to the random pores niddet and  values
2.2. ALD Process ALD processes were performed in Veecowere measured by image analysis of cross-sectional and top-down
Savannah S100 using trimethylaluminum (TMA, Strem ChemicalSEM images, respectively.
Inc.) and HO. The membranes were placed in the ALD chamber at 2.5. Direct Observation of Oil Droplet Deposition and
95°C. The chamber was then heated to°@08and stabilized for at Removal. In situ imaging-ltration experiments were conducted
least 10 min before starting the process under 20 scom Ahd at using PEI and PAN membranes with and without @3 ALD
0.3 Torr base pressure. Each ALD cycle consists of (1) TMA pulsgyer. Membranes subjected to 10 cycles@f ALD were chosen
(0.015 s), (2) exposure step, allowing the precursor timeusedi  for the in situimaging-ltration characterization to enable direct
and interact with the membransurface, (3) chamber purge, and comparison of the surface chemistrgcteon oil fouling with
(4 6) where steps (1)3) are performed with J&. minimum pore morphology changes.
2.3. Structural Characterization and Elemental Analysis. 2.5.1. Experimental Systeffihe experimental setup is shown
AlLO; growth was probed using energy-dispersive X-ray spectroscepfiematically iffigure 1 A custom-made cross Itration cell,
(EDS, Bruker) system coupled to a high-resolution scanning electrafith a sapphire glass viewing port, allowsuobservation using a
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an increase in the number of ALD cycles results in a decrease
in pore size, with pore size reduced front 211 nm in
pristine PEl membranes to 401 nm after 100 AD; ALD
. @ cycles and from %64 nm in pristine PAN membranes tb 6
<X 1 nm after 100 AD; ALD cycles. In addition, the total
membrane porosity also decreases with dyigjesz(Sildue

. to pore size reduction as well as blockage of the pores smaller
than the average-sized pores.
@ To gain further insights into the,®4 growth, we

performed top-down SEM-EDS characterizaignres gk
andS32. The analysis shows that in both membranes there is a

Figure 1.In situimaging-tration system scheme: (1) compressed linear lncrefelse. in Al content in the membranes wih Al .
air, (2) pressuresw rate controller, (3) feed vessel (emulsion), (4) ALD cycles; this increase reaches a plateau after 70 cycles in
feed vessel (DI water), (5) gear pump, @ cell, (7) permeate ~ the PAN membrane, while in PEI membranes, it plateaus after

vessel, and (8) confocal microscope. 50 cycles. In thast 50 70 cycles, /D5 is grown on the pore
walls by diusing within the tortuous pore network of the

. . . ._membranes, resulting in a continuous increase in the Al
confocal laser scanning microscope (TCS SP8, Leica Micrasiont with depth. On the other hand, for a higher number of

systems$? *” Channel dimensions within the cell are 0.6 kim ( . .
6 mm (W), and 36 mmL) with a total membranétration area of ALD cycles, above 500 cycles, the pore diameter is reduced

216 mm. The ow cell was mounted on the microscope stage, an®Y 10 nm or more, resulting in partial pore blockage, shifting

imaging was made with ax2@ater immersion objective with a the growth to the surface of the membranes, csigtly

numerical aperture of 0.95, corresponding to a 262 144 pixel (384 4m@ducing the growth rate. In addition, a high Al content can
m?) eld of view. Experiments were carried out at room temperatureduce the penetration depth of the electron beam during EDS

(22°C) and pH 6 (unadjusted). Thétration cell was supplied with  characterization, resulting in a lower EDS signal, contributing

emulsion by a gear pump, from a pressurized feed vessel. A softwgyghe plateau.

based pressure controller_(FIuigent Mme§.3.l) was useq ta 3.2. Control over ALO; Gradient Growth. With our

the permeateow rate while measuring the corresponding trans- derstanding of /&, growth on PEI and PAN membranes,

membrane pressure (TMP). The feed vessel was stirred at 400 rﬁm . : .
using a magnetic stirrer plate. we turn to investigate theeet of exposure time on,@4

2.5.2. Feed Solutiohe feed oil emulsion comprised 0.3 mm growth and AD; gradient formation using high-resolution
(77.2 mg/L) hexadecane, 0.02 mM surfactant Triton-X-100, and 10ross-sectional TEM. Here, we set the number of cycles to 30,
mM sodium chloride in DI water. Hexadecane mtastained with ~ which demonstrated sigeént AJO; growth but was
1% Dye-Lite (uorescent dye, excitation@561 nm) and then mixedsu ciently low so as to prevent pore cloggfigutes 2
with water using a homogenizer for 3 min at 11 000 rpm, followed tyndS2). Figure Presents brighteld imaging of a microtome-
surfactant addition. . o ~ sliced PEI membrane with 30 cycles £3,AALD with 0.1

2.5.3. Deposition and Cleaning Experimeiitration experi- and 60 s TMA exposure times. Th©Hxposure time was

ments were performed at a constaxof 300 L/(n? h) (LMH) and .
included two stages: (I)st 20 min, deposition of oil droplets at the kept constant at 10 s. In these images, the dark connected

xed ux in dead-end operation, during whighrandom images of matrix corresponds to the PElI membrane, br'ight domains
the membrane surface aedent locations were acquired every 5 min correspond to the embedded €POXYy, and_ the thin black layers
and (2) cleaning, 10 min of crass ushing, using water with no correspond to the A); coating as markedFigure B-1. The

permeation through the membradge=0). full view of the membrane cross section, where all of the cross-
sectional images are joined together, is presertgdrim S3
3. RESULTS AND DISCUSSION We estimated the /81, growth depth by observing the

3.1. ALO; ALD on PAN and PEI MembranesWe start AlLO; layer contrast. Even with a short exposure time of 0.1 s,
with investigating &, growth on PEI and PAN membranes Al,O; growth was observed deep within the internal pores
to enable control over the pore structure and surfac€-igure &), up to a depth of 58 0.4 m. Upon increasing
chemistry. PAN membranes have a cross-sectional morpholtg exposure time to 60 s, grew deeper within the
consisting of a dense layer at the top supportetgkylike membrane, to an average growth depth af 9.9 m. PAN
macrovoids in the substructufég(ire a) and an average membranes showed similar behavior with an average growth
pore diameter of 16 4 nm on the top surfac€igure 2), depth of 5.5+ 0.6 and 10.k 1.2 m for 0.1 and 60 s,
while PElI membranes have a cross-sectional morphology ageapectivelyRigure Sp The nanometric-scale pores of UF
dense layer supported by a spongelike substruetymes( membranes enable small ALD precursors such as TMA and
2b), with an average pore diameter of 21 nm on the top  H,0 to di use deeply into the pores and coat the high-aspect-
surfaceKigure 9. ratio structure of the tortuous pore network. This is in contrast

We performed AD; ALD using a TMA exposure time of 10 to reverse osmosis membranes and lx@tion membranes
s to allow TMA penetration into the membratesuous where the sub-nanometer pore size limits precurasiodi
pore network. Interestingly, already at 30,AALD cycles, into the membran€. Nonetheless, the growth depth is
AlLO; growth was observed in both membranes as can be sainusion-limited; hence, increased exposure time leads to
from the reduction in pore sizeéqure ) based on top-down deeper penetration and growth. When comparing the growth
SEM as well as from EDS analysigufe 2k). This indicates  depth in these UF membranes, we observed that even at an
that, as hypothesized, both PEI and PAN membranes aggtremely long exposure time of 60 s, the growth depth was
excellent substrates fosQY ALD; the interactions between smaller than that in previously reporte@ARLD coatings
the polymer moieties and TMA enable fast nucleation anon inorganic, high-aspect-ratio structures such as anodic
growth on the polymer membrane surface. As can be expect@dmina (AA) membranes, where 20 m growth depths
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Figure 2.Al,O; ALD on PAN and PEI membranes: (a, b) cross-sectional SEM images and their corresponding chemical structures (inset) of P/
and PEI, respectively. Top-down SEM images&)fPAN and (f h) PEI membranes: (c, f) pristine, (d, g) after 30 cyclegmfMLD, and (e,

h) after 70 cycles of 8l; ALD. (i) Pore diameter as a function gAIALD cycles, measured from top-down SEM images. (j, K)rieKsity

in SEM-EDS spectra of PAN and PEI membranes, respectively.

were observéd’® These dierences might be due to the layer at the top of the membrane with a 60 s exposure time
variations in the aspect ratio, which areudi to measure in  (Figure B-1). High-magncation TEM imagingHigure 3
polymer membranes with their nonuniform pore size anteveals that this highep@{ growth at a short exposure time
tortuous pore paths, or due to the precupsaymer wall results in a thicker &) layer (3.2 0.5 nm) at the top of the
interactions at the nucleation stage, which candserdithan membrane, compared tg@y thickness of 24 0.5 nm with
inorganic surfaces such an AA surface. a 60 s exposure time. The penetration depths and layer
In addition to growth depth, the exposure tingeta the thicknesses measured from the HR-TEM images are
AlLO; layer thickness and its gradient across the membrane.Aimmarized iffable 1 The variation between the growth at
a short exposure time of 0.1 s, there is higj@y gkbwth at the top of the membrane and that within the membrane
the top of the membrane, as can be seen by the darker contmgbstructure at a short exposure time indicates that the
in Figure &-1 (white arrow), compared to the unifors®QAl  precursors lack saient time to diuse into the pore network

D https://doi.org/10.1021/acsami.0c23084
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Table 1. AJO; ALD Penetration Depth in PAN and PEI
Membranes and the Formed Layer Thickness at the Top
Membrane Surface with Varying ALD Exposure Times

PAN membrane PEI membrane

exposure penetration  AlLO; layer  penetration  AlLO; layer
time (s) depth (m) thickness (nm) depth (m) thickness (nm)

0.1 5.5 0.6 3.5 0.6 5.8 0.4 3.1+ 05
60 10.1+ 1.2 2.7+ 05 9.9+ 0.4 2.1+ 04

PEI membranes. A clear gradient in the Al signal is seen in
both 0.1 and 60 s exposure membramégure 2a,b,

Figure 5.STEM-EDS analysis of PEI membranes after 30 cycles of
AlLO; ALD with (a) 0.1 s and (b) 60 s exposure times. (c) Line scan
analysis of the normalized Al intensity as a function of distance from
the membrane top surface.

respectively), with high Al content at the top of the membrane,

which decreases with depth. To compare the gradient between

the membranes, the Al EDS counts were normalized with
Figure 3. ALO; growth on PElI membranes: microtome cross-respect to the carbon counts as the carbon content is equal in
sectional TEM images of the PEI membrane after 30 cycl3;of Al both specimens (s&ction 2.3or additional details). The
TMA ALD with (a) 0.1 s exposure time and (b) 60 s exposure timecomparison between the Al EDS intensitiéguile B6)
showed that indeed,@®; growth with 0.1 s exposure resulted
and interact homogeneously with the polymer on the por high Al content at the top of the membrane compared to the
walls. Interestingly, the relatively homogeneous growth atmeembrane with 60 s exposure, in agreement with the bright
high exposure time results in growth rate equivalenOtp Al eld imaging discussedFigures 3and4. The Al gradient,
ALD growth at 100C on at Si/SiQ substrates, measured in however, ders between STEM-EDS characterization and
our system (0.9 A/cycle), indicating nearly ideal nucleation obright eld imaging characterization. The EDS analysis showed
the polymeric surface. It is important to note that the growtla decaying Al content in both membranes, reaching the noise
rate observed by TEM is higher than the rate observed frolavel at a depth of5 m, with a higher Al content at the 0.1 s
top-down SEM analysis Q.55 A/cycle,Figure ®. We exposure membrane at thest 2 m underneath the
attribute this dierence to the derent interaction of the membrane surface compared to the 60 s exposure. In the
specimen with the electron beam and the detecting systemsbhiight eld imaging Kigure 3 on the other hand, no
the two imaging platforris. signi cant dierence between the membranes was observed

To further characterize the,@d gradient within the  within the rst2 m, but 60 s exposure membranes showed an

membranes, we performed STEM-EDS elemental mappingadfost doubled penetration depth compared with the 0.1 s

Figure 4 High-resolution TEM images of the PEI membrane after 30 cycles of TMA ALD with (a) 0.1 s exposure time and (b) 60 s exposure tim
White arrows show examples of th®Ahyer at the top of the membrane.
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exposure membranes. While EDS characterization is basechpdrophilicity’>*® We characterized the,®}-modi ed PEI

X-ray emission from Al atoms, the brighd imaging analysis and PAN membrariesurface wetting properties through

is based on mass-thickness contrast. Thus, kfiglthaging  advancing and receding contact angle (CA) measurements
is less sensitive to the Al content gentle decay but can identffyigure ).

the presence of an extremely thi@Alayer, which gives low To maintain high permeability together with process
intensity in the EDS characterization. e ciency, we set the TMA exposure time to 10 s. The contact

With our understanding of the role of exposure time in theangle measurements were performed immediately after the
AlLO; nanoscale growth in PEI and PAN membranes, builALD process to minimize thesets of humidity adsorption on
through STEM-EDS and brigheld imaging complementary the membrane. Pristine PEI membranes had a relatively
characterizations, we explored how the exposure ¢ict® a hydrophobic surface with CA of §bigure &,b). Ten cycles
the performance of macroscopic membrares,the of ALO; ALD signicantly reduced the CA to °40with
membranesvater permeability. A PEI membrane was chosegdditional cycles further reducing it to a level va260
as a model system, and the normalized permeability of PE¢ycles and onward, creating a hydrophilic suffiacee( €).

Al,O; membranes with varying ALD exposure times i®ristine PAN membranes, on the other hand, already had a
presented inFigure 6 With an increase in the exposure |ower CA of 38compared to PEI membranégy(ire a,d).
Initial ALD coating of 10 cycles resulted in a slight increase in
CA, with additional cycles reducing it toA® (Figure ).

To further investigate the change in the menibrane
hydrophilicity after AD; coating, we performed water
permeability measurements while varying the number of
ALD cycles of the membrandsg(re 7¥,g). Both pristine
membranes showed high water permeabib§0(LMH/bar
for PEI, 800 LMH/bar for PAN), which decreased with the
increasing number of, @k ALD cycles. This reduction is due
to the decrease in pore size and membrane poFogityeé
6a andSJ) with ALO; deposition on the pore walls, in

Figure 6.(a) Normalized water permeability as a function of theagreemggtsé/vith previous studies on ALD-reddmem-
process exposure time of PEI membranes after 30 cycl& of Albranes>*"*> However, the growth of /8l; on the
ALD. (b) Magnication of the rst two points. membranes changes not only the pore diameter but also the

pore surface chemistry, from a pristine polymer surface to a

time, the permeability increased, reaching a plateau figterogeneous polyméd,0; surface and, with increasing
membranes with 5 s TMA exposure time or longer. In shofycles, to a pure J8; surface. To better understand the
exposure time, a sigrant layer of AD; is grown at the top  contribution of the pore surface chemistry, we compared the
of the membrane, causing blockage of the membrane poregre diameter as measured by SEM image analysis and the
thus leading to reduced water permeability. For longgrore diameter calculated from water permeability measure-
exposure times, on the other handDAkpreads more ments using the HageRoiseuille equation for tortuous pores
homogeneously across the membrane depth and such block@ge2 Table 2. The calculated pore diameter is higher than
does not exists, leading to higher permeability values. the measured one in all of the membranes. Interestingly, in
3.3. Tuning Hydrophilicity and Permeability. ALD on PAN membranes, the calculated pore diameter increased from
membrane surfaces can be utilized to tune membrahg.1 nm for the pristine membrane to 68.0 nm after 10 ALD

Figure 7.E ect of AJO; ALD on membrane surface wettability: (a) water contact angle measurement of PEl and PAN membj@ges after Al
ALD with varying number of cycles. Water droplets on PEI (b, c) and PAN (d, e) membranes: (b, d) pristine membranes and (c, €) after 50 cyc
of ALO; ALD. Water permeability measurements of (f) PAN and (g) PEI membranegOyif&LBI surface modiation.
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Table 2. Comparison between Pore Diameters Measured bycleaning using crossv with no permeation (time period:
SEM Imaging and Calculated from Permeability 25 40 min). Each data point in the graph represents an
Measurements average of three experiments repeated with a new membrane
coupon. Confocal microscopy was used to track the oil

PAN membrane PEI membrane coverage on the membrasesface. The surface coverage was
. IS . _pore extracted from the projection of three-dimensional (3D) oil
no. of ALD pore diameter diameter pore diameter diameter .
cycles (nm)= (nm)® (nm)2 (nm)® droplets on the membrane and calculated as the ratio of the
0 16.3+ 37 571 206 10.6 48.4 surface covered with droplets (obtamedmage analysis,
10 120+ 38 68.0 19.3 11.0 14 Figure Sp to the total membrane area imaged. Three-
30 118+ 1.7 64.0 15.6 10.3 226 dimensional images of tltleeanetimembrane were acquired
50 10.6+ 1.4 533 144 8.4 29.7 after 10 min of crossw. The transmembrane pressure (TMP)
70 104+ 1.2 572 12478 34.2 is shown scaled against the initial value, corresponding to the

a . . TMP required to drive the imposedx through a clean
Average pore diameter measured from SEM image analy&ymbrane. To corm the total rejection of oil by the

PAverage pore diameter calculated from the measured wat&le
permeability using the Hagéiseuille equation for tortuous pores. Membrane, gas chromatograpiigss spectrometry (GC-MS)

was used to detect oil in the feed and permEiateré Sp
cycles and was slightly reduced to 64.0 nm after 30 ALD cycleOUr analysis, shown Figure § demonstrates that the
This increase suggests that although the physical pore diam&t@fN Al:0; membrane had lower surface coverage compared
and the membrane porosity were reduced wii@;Al to the pristine PAN membrane, while the pressure required to
deposition, the addition of,@} to the pore surface increased SuStain the permeatex was almost equal. The lower surface
the membrane hydrophilicity, possibly enhancing the watéPverage indicates that thgQAl coating can reduce oil
permeability, relative to the reduced pore size. Additional ALgFcumulation on the surface. Following awssleaning, the
cycles on PAN membranes resulted in a decrease in tRerface coverage was reduced from 73% and 92084dor
calculated pore diameter, as can be expected. éteoe  POth PAN AL,O; and PAN, respectively, indicating that the
AlL,O, layer on PAN membrane hydrophilicity at a low Cyc|eattachment of oil droplets to the surface was similar for both
number (<30) showed opposite trends through CA andurfaces. o
permeability characterization and needs to be further Figure 9presents similar trends of surface coverage and
investigated. In PEI membranes, the initial deposition of J@ressure demand for both PEI and RED; surfaces. After
cycles reduced the calculated pore size, but a slight increaser@gsow cleaning, the surface coverage was reduced from
the calculated pore size was observed with,39 ALD 80% to 30% for both PEI and PEALO;. These results
cycles, indicating that a higher number of cycles is neededéfphasize two sigeant properties of the,8-modi ed PEI
PEI membranes to create ayDAburface, which will improve and PAN membranessst, reduced oil surface coverage can
the relative permeability. allow for e cient membrane operation even under fouling
3.4. Antifouling Performance. To probe the eect of conditions. Second, oil droplets can be easily removed from
AlLO; ALD on oil antifouling, we performed fouling experi-AlLbOs;-modi ed membranes using a simple physical cleaning
ments within situimaging and examined the surface oilmechanism. Thus, both membranes are good candidates for
coverage as well as the increased pressure required to drigeraulsion separation, even when challenged with high
constant ux through the membranEigures &and9). For permeation ux. These outcomes correspond to the improved
each membrane, we characterized the deposition of oil droplbiglrophilicity and permeability results discussed in the
(during the time period ®0 min), followed by membrane previous sections. We anticipate that with further engineering

Figure 8.Top: membrane surface coverage and normalized TMP (TM§{ PR vsPAN Al,O; membrane performance at 300 LMH (PAN

surface coveragdled black dots; PANALO; surface coveragdled red triangles; PAN normalized TMP, empty black dots; and\BBN

normalized TMP, empty red triangles). Bottom: confocal 3D reconstruction images of the membrane surface at representative times: rec
droplets; green, membrane surface.
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Figure 9.Top: droplet surface coverage and normalized TMP (TMRJTREI vsPEI Al,O; membrane performance at 300 LMH (PEI

surface coveragdled black dots; PEALO; surface coveragdled blue triangles; PEI normalized TMP, empty black dots; anillL,PE]I

normalized TMP, empty blue triangles). Bottom: confocal microscopy of the membrane surface at representative times: red, oil droplets; g
membrane surface.

of oxide composition, oxides with tightly bonded hydration Israel;® orcid.org/0000-0003-3222-6429
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antifouling behavior.
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