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ABSTRACT: Nanorods of PCN-222, a large-pore, zirconiumbased porphyrinic metal−organic framework (MOF), have been
prepared through coordination modulationcontrolled crystal
growth through competing monodentate ligands known as
modulatorsfor incorporation into reverse osmosis thin-ﬁlm
nanocomposite (TFN) membranes. Postsynthetic modiﬁcation of
the MOF node through binding of myristic acid (MA) altered
channel dimensions and pore size distribution. The extent of MOF
modiﬁcation was characterized through Brunauer−Emmett−Teller
gas sorption and 1H NMR following digestion of the particles.
TFN membranes containing PCN-222 nanoparticles modiﬁed with
varying levels of MA were fabricated via dispersion in the aqueous phase during interfacial polymerization, and the resulting ﬂux and
rejection performance of each membrane were evaluated. Increased water ﬂux was observed with increasing MA content in the PCN222 nanorods. Up to 95% increase in water ﬂux was observed for a TFN containing 0.01 wt % loading of PCN-222 nanorods with a
10:1 MA to linker ratio, while maintaining high salt rejection. The ﬂux change was attributed to tunable water transport through the
nanorod pore structure and also through rapid water transport pathways at the nanorod−polymer interface.
KEYWORDS: metal−organic framework, nanoparticles, reverse osmosis, desalination, thin-ﬁlm composite, thin-ﬁlm nanocomposite

■

INTRODUCTION
Access to clean water for human consumption, agriculture, and
other uses is a challenge for communities around the world. In
areas facing water scarcity, membrane technology is employed
to clean otherwise unusable water sources. This is especially
true in areas with little access to fresh water but abundant
access to sea water or brackish water sources. Membrane-based
reverse osmosis (RO) processes account for the majority of
ﬁltration processes,1 and there have been numerous advances
in membrane technology over the past two decades, which
seek to increase the eﬃciency and viability of RO processes as
a method of providing clean water to water-scarce regions.2
The majority of commercial RO processes use thin-ﬁlm
composite (TFC) membranes to perform separations. TFCs
rely on a thin polymer skin layer on a porous supportoften a
polysulfone ultraﬁltration membraneto perform separations.
The formation and optimization of TFCs are well documented
in the scientiﬁc literature.3−6 Recent developments in nanotechnology have resulted in the creation of a new class of
membranes known as thin-ﬁlm nanocomposites (TFNs). TFN
membranes are created by incorporating nanoparticles during
the traditional TFN fabrication process in order to alter
membrane permeation and rejection. Membrane properties are
enhanced by the presence of the nanoparticles, and a variety of
nanoparticle types have been studied as TFN additives.
© XXXX American Chemical Society

The addition of nanoparticles has resulted in TFN
membranes with remarkable improvements in ﬂux and
selectivity; however, most studies have focused on spherical
or near-spherical nanoparticles such as TiO2,7,8 silica,9−11
silver,12 and zeolites.13−15 Inclusion of these nanoparticles
results in the formation of pore structures, which are believed
to oﬀer preferential water transport pathways once embedded
within the polyamide matrix. Recent work performed by our
research group using single-walled carbon nanotubes
(SWCNTs)16,17 and cellulose nanocrystals (CNCs) as TFN
additives18 resulted in membrane ﬂux improvements of >150%
while maintaining >98% salt rejection. In both cases, the
nanoparticles possessed much higher aspect ratios than other
typical TFN additives (>50:1 for SWCNTs, ∼10:1 for CNCs).
These signiﬁcant increases in ﬂux were attributed to the
formation of nanoscale voids, or nanochannels along the
polyamide−nanoparticle interface. Water molecules diﬀusing
through the polymer matrix move rapidly through these
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nanochannels, enhancing the membrane ﬂux. In the case of the
SWCNTs and CNCs, the functional groups in the nanochannels are believed to facilitate the size exclusion of ions,
leading to high membrane selectivities.
A relatively recent class of TFNs involves the inclusion of
metal−organic framework (MOF) nanoparticles.19−22 These
crystalline coordination polymers are composed of metal nodes
bridged by multidentate organic ligands to form one-, two-, or
three-dimensional structures.23 They are marked by their
characteristic high surface areas, low densities, permanent
porosity, and multifunctionality, which have lent to their varied
applications in gas storage and separation, drug delivery,
energy transfer, catalysis, and batteries.24 MOFs are conventionally prepared through solvothermal synthesis, in which an
inorganic salt and an organic linker are combined in a polar
solvent and heated in a sealed container.25 This methodology
allows for the preparation of MOFs of varying functionalities,
chemical environments, and crystal sizes with isoreticular
topology, while the general stability of the structures gives rise
to postsynthetic modiﬁcation capabilities.24 MOFs stand out as
TFN additives because of their pore structures. Transport in
TFC membranes is limited by diﬀusion, and therefore, the
overall free volume within the skin layer of each TFC will
determine the permeance of water and other ion species in the
feed. When MOFs are present within this layer, their pores
may act as alternative transport pathways within the skin layer.
Depending on the size of the pores in a given MOF, the
rejection and permeation properties of a MOF-TFN change
drastically. Previous studies have shown that marked increases
in overall membrane permeance occur but are usually
accompanied by a loss of ion rejection because of pore sizes
larger than both water molecules and salt ions.19,20 These
studies were limited to near-spherical MOF particles with
aspect ratios close to one and do not provide insights into the
behavior of higher aspect ratio rodlike particles. MOF
nanoparticles with aspect ratios above 3:1 are of interest not
only because of their internal pore structure but also due to the
potential to form nanochannels at the polymer−nanoparticle
interface similar to the those observed with CNCs and
SWCNTs. Postsynthetic modiﬁcation of the nanoparticles can
be used to alter membrane performance by changing both the
diameter of internal MOF pores and by inﬂuencing the
structure of the polymer−nanoparticle interfacial region.
Herein, we report the synthesis and postsynthetic
modiﬁcation of MOF nanoparticles for inclusion into TFN
RO membranes. The MOF nanoparticles were functionalized
with myristic acid (MA) in order to tune channel dimensions
and pore size distribution, which was hypothesized to increase
salt rejection compared to the unmodiﬁed MOF. Furthermore,
we report on the fabrication of TFN RO membranes with
functionalized MOF nanoparticles and the resulting desalination performance. We hypothesized that the introduction of
MOF nanoparticles into a TFC system would result in an
increase in the overall membrane ﬂux while maintaining high
selectivity.

Scientiﬁc (Hampton, NH, USA). MA (>99.0%) was obtained from
Tokyo Chemical Industry Co., LTD (Tokyo, Japan), meso-tetrakis(4carboxyphenyl)porphyrin (TCPP, >97%) was purchased from
Frontier Scientiﬁc (Logan, UT, USA), and diﬂuoroacetic acid
(DFA, 98%) was obtained from Oakwood Chemical (Estill, SC,
USA). Polyethersulfone (PES) ultraﬁltration membranes were
provided from DOW FilmTec (Minneapolis, MN, USA). Dimethyl
sulfoxide-d6 (DMSO-d6, 99.9%) was purchased from Cambridge
Isotope Laboratories (Andover, MA, USA).
PCN-222 Preparation. Uniform 300 nm nanorods of PCN-222
were prepared through solvothermal synthesis of ZrOCl2·8H2O (37.7
mg, 0.117 mmol), TCPP (6.8 mg, 0.0086 mmol), and DFA (0.226
mL, 3.59 mmol, 416 equiv) in DMF (16 mL) at 120 °C for 24 h in a
6-dram scintillation vial. The dark violet powder was isolated via
centrifugation, washed ×3 with DMF and acetone, and then air-dried
overnight, yielding 10 mg of PCN-222 per reaction vial.
Postsynthetic Modiﬁcation of PCN-222. MA solutions (0.1
and 1 M) were prepared by sonicating solid MA in DMF until fully
dissolved. PCN-222 (33 mg) was combined with MA solution in
10:1, 1:1, or 1:10 stoichiometric ratios of MA to TCPP linker per unit
cell and stirred at 60 °C for 24 h. The modiﬁed MOF (denoted as
PCN-222-MA) was isolated via centrifugation, washed ×3 with DMF
and acetone, and air-dried overnight.
Powder X-ray Diﬀraction. The crystallinity and phase purity of
PCN-222 and PCN-222-MA were determined from powder X-ray
diﬀraction (PXRD) measurements on a Rigaku Miniﬂex diﬀractometer (Cu Kα radiation λ = 1.5418 Å). Powder samples were
loaded onto a Rigaku Si510 sample holder disc and analyzed at a
0.05° resolution and a 1.0°/min continuous scanning mode over 2θ =
2−50°.
Scanning Electron Microscopy. Fluorine-doped tin oxide slides
were aﬃxed to scanning electron microscopy (SEM) sample stages
with double-sided copper tape and carbon-conductive adhesive. PCN222 was suspended in ethanol and drop-cast on the slide, and the
stages were spin-coated with Pt and Pd. SEM images of PCN-222
particles and MOF TFN membranes were collected on a LEO 1550
ﬁeld-emission scanning electron microscope (Carl Zeiss, Oberkochen,
Germany) at 5.0 kV and a 5.3 mm working distance.
Thermogravimetric Analysis (TGA). Phase transitions and
decomposition temperatures of PCN-222, ZrOCl2·8H2O, and
TCPP were determined with a Q500 thermal analyzer (TA
Instruments, New Castle, DE, USA) by heating at 10 °C/min
under air over a range of 25−600 °C. Additional analysis of PCN-222
was performed with a Discovery TGA 5500 (TA Instruments, New
Castle, DE, USA), which was held at 100 °C for 1 h to eliminate the
solvent before data collection, then heated at 10 °C/min under air
over a range of 25−600 °C.
Brunauer−Emmett−Teller Gas Adsorption. Micromeritics gas
adsorption sample cells (12 mm) were loaded with PCN-222 and
PCN-222-MA (20−50 mg), evacuated, and backﬁlled with N2. The
MOF samples were activated at 120 °C for 24 h under vacuum and
then placed into a 3Flex surface analyzer port (Micromeritics,
Norcross, GA, USA). The surface area, pore size, and pore
distribution of PCN-222 and PCN-222-MA were determined from
Brunauer−Emmett−Teller (BET) isotherms collected under a N2
atmosphere. Retained crystallinity followed gas sorption was
conﬁrmed with PXRD.
1
H NMR Spectroscopy. PCN-222-MA (5 mg) was combined
with DMSO-d6 (700 μL), digested with two drops of concentrated
H2SO4, and sonicated until fully dissolved. The liquid was transferred
to an NMR tube and heated for 30 min in a 85 °C sand bath. 1H
NMR spectra were collected and analyzed to determine MA loading
into the MOF mesopores.
RO Membrane Stock Solution and Monomer Solution
Preparations. MOF nanoparticles (unmodiﬁed and modiﬁed)
were massed and used to create 1.0 mg/mL stock solutions of each
type dispersed in water. These solutions were sonicated via probe
sonication (Fisher EB705) at an intensity of 30 for 15 min. A desired
amount of each stock solution was added to a beaker with mphenylenediamine (MPD) and water to create an aqueous monomer

■

EXPERIMENTAL SECTION

Materials. The following chemicals were purchased from SigmaAldrich (St. Louis, MO, USA): 1,3,5-benzene tricarbonyl trichloride
(trimesoyl chloride, TMC, 98%), m-phenylenediamine (MPD, 99%),
and zirconium(IV) oxychloride octahydrate (ZrOCl 2 ·8H 2 O,
≥99.5%). Hexanes (95%), sodium chloride (≥99.0%), and N,Ndimethylformamide (DMF, ≥99.8%) were obtained from Fisher
B

Research Article

https://dx.doi.org/10.1021/acsami.0c04349
ACS Appl. Mater. Interfaces XXXX, XXX, XXX−XXX

ACS Applied Materials & Interfaces

www.acsami.org

solution (25 mL) of 2 wt % MPD and 0.01 wt % of nanoparticles.
This process was repeated for each type of nanoparticle. A 20 mL
solution of 0.1 w/v % 1,3,5-benzenetricarbonyltrichloride (TMC) in
hexanes was also prepared.
Membrane Support Pretreatment. PES support membranes
were cut to desired dimensions and soaked in a solution of 0.5 wt %
SDBS for at least 24 h.
Interfacial Polymerization (in Situ). A single PES support was
placed into a PTFE frame and submerged in the MPD solution for 30
min. The support was removed, and the excess solution rolled oﬀ with
a glass rod. The PTFE frame was wiped clean and the support
replaced into the frame. The support was then submerged in the
TMC solution for 90 s and then removed. The resulting TFN
membrane was heat-treated at 68 °C for 10 min and then stored in DI
water. Five variations of membranes were fabricated for analysis in
this study, with various nanoparticle loading and postsynthetic
modiﬁcation information presented in Table 1.

Tucson, AZ, USA) microtome was used to collect the transparent
sections for characterization.
An EM420 transmission electron microscope (Royal Philips,
Amsterdam, The Netherlands) was used at an acceleration voltage
of 120 kV to acquire images under bright-ﬁeld conditions. Images
were recorded using a CCD camera and processed via Fiji software to
determine membrane layer thicknesses.
For additional analysis, MA-0 and MA-10 membrane samples were
analyzed in a JEOL 2100 transmission electron microscope (JEOL,
Ltd. Tokyo, Japan) operated at 200 kV and subjected to scanning
transmission electron microscope energy-dispersive X-ray spectroscopy (STEM−EDS). Further information may be found in the
Supporting Information.
Atomic Force Microscopy. Atomic force microscopy (AFM) was
used to characterize the surface roughness for each membrane. Images
were obtained via ac mode on a Cypher ES AFM (Asylum Research,
Santa Barbara, CA, USA) using AC160TS-E3 probes (k = 26, f = 300
Hz, Oxford Instruments, Tubney Woods, Abingdon, UK). rms
roughness values were obtained via Asylum Research image analysis
software.
X-ray Photoelectron Spectroscopy. X-ray photoelectron spectroscopy (XPS) was performed on membrane samples to characterize
polyamide cross-linking density. Spectra were obtained using a
VersaProbe III scanning XPS microscope (PHI, Inc., Chanhassen,
MN, USA) using the monochromatic Al K-alpha X-ray source
(1486.6 eV), and all binding energies referenced to the C−C peak at
284.8 eV.
Contact Angle Goniometry. Surface contact angles were
obtained to evaluate the hydrophobicity of each membrane.
Measurements were obtained via a CAM 200 goniometer (KSV
Instruments, Ltd., Helsinki, Finland).

Table 1. TFN Membrane Formulations
membrane

nanoparticle
additive

loading (wt % in MPD
solution)

MA/TCPP
ratio

PA
MA-0
MA-0.1
MA-1
MA-10

none
PCN-222
PCN-222
PCN-222
PCN-222

0
0.01
0.01
0.01
0.01

0
1:10
1:1
10:1

Membrane Masking. TFN membranes fabricated via interfacial
polymerization were masked between two layers of the aluminum tape
(Venture Tape, 3M, Maplewood, MN, USA), sealed with epoxy (The
Gorilla Glue Company, Cincinnati, OH, USA), and allowed to cure
for 24 h. Photographs of each membrane were taken, and the active
area of the membrane was measured via Fiji software,26 with an
average membrane active area of 5.4 ± 0.3 cm2.
RO Permeation Testing. Masked membranes were placed into a
cross-ﬂow RO test system (Sterlitech Corporation, Kent, WA, USA)
and subjected to a 2000 ppm Na+ feed solution at a ﬂow rate of 2.5 L
per minute (LPM) and a pressure of 250 psi. Cooling water was
circulated through a coil in the feed solution to maintain a constant
temperature of 20 ± 2 °C. Permeate samples were collected over a set
period of time and weighed. Flux values for each membrane were
calculated via eq 1.
Q=

ΔV
A·t

■

RESULTS AND DISCUSSION
Zirconium-based porphyrin MOF PCN-222, which has large
mesopores and a tunable aspect ratio, was selected for
incorporation into the TFN RO membranes.27 PCN-222 (or
Zr6(μ3-O)8(OH)8(TCPP)2, where TCPP = meso-tetrakis(4carboxyphenyl)porphyrin) is composed of 8-connected Zr6
oxo clusters linked using TCPP ligands, which stack to form
one-dimensional, 37 Å channels along the c-axis ﬂanked by 13
Å micropores (Figure 1).28,29 PCN-222 was prepared via a

(1)

where Q is ﬂux, ΔV is the volume of the permeate obtained by
dividing the mass of each permeate sample by the density of each
sample (low salt concentrations were assumed, therefore the density
was approximately the density of water, 0.997 g/cm3), A is the active
area of each membrane, and t is the time over which the sample was
collected. Membrane ﬂux is reported in liters per square meter per
hour (LMH).
Atomic absorption spectrophotometry (Buck Scientiﬁc, Norwalk,
CT, USA) was used to obtain salt concentrations in feed and
permeate samples. Equation 2 was used to calculate salt rejection as a
percentage from the resulting sample ion concentrations.
C p yz
ij
zz × 100
R(%) = jjj1 −
z
j
Cf z{
k
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Figure 1. Metal node of PCN-222 (top left), composed of six Zr4+
(cyan) links to the TCPP ligand (nitrogen = blue, carbon = gray,
oxygen = red, bottom left) via carboxylate groups in an 8-connected
fashion to form a three-dimensional framework with channels aligned
along the c-axis.

(2)

solvothermal synthesis.29 The crystallinity and phase purity of
PCN-222 was determined from comparison of PXRD
experimental patterns with those of a predicted pattern from
single crystal data28 (Figure 2a). The PXRD pattern showed
sharp low-angle peaks indicative of a highly crystalline MOF
powder. SEM was used to determine the PCN-222 particle size
and morphology and revealed uniform ricelike nanorods 301 ±
17 nm in length and 96 ± 9 nm in diameter (Figure 2b). The

where R is rejection (as a percentage), Cp is the concentration of
cations in the permeate, and Cf is the concentration of cations in the
feed.
Transmission Electron Microscopy. Transmission electron
microscopy (TEM) was used to visualize membrane layers.
Membrane cross-sections were prepared by cutting slices from a
sample of each membrane reported in Table 1. These samples were
ﬁxed in epoxy, and an RMC PowerTome PC (Boeckeler Instruments,
C
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Figure 2. (a) PXRD patterns of predicted, experimental, and modiﬁed PCN-222 (MA/TCPP loading = 10:1). (b) SEM image of PCN-222
powder.

Figure 3. (a) Gas adsorption isotherms and (b) incremental pore volumes of PCN-222 and PCN-222-MA with 10:1 and 1:1 MA/TCPP loadings.

Figure 4. (a) PXRD patterns of PCN-222 collected after soaking MOF powder in the given solvent, washing, and drying. (b) TGA for PCN-222
(blue) after washing with DMF and acetone, then air-drying. TGA curves for ZrOCl2·8H2O (black) and TCPP (red) are also included.

c-axis runs along the length of the PCN-222 nanorod,
providing a direct channel for species migration.
While considering water puriﬁcation, the 13 and 37 Å pores
of PCN-222 are large enough to allow water (2.8 Å) to pass
through. However, ionic species in the feed solution such as
Na+ (7.16 Å) and Cl− (6.64 Å) are also small enough to pass.30
Four positions of the Zr6 cluster in PCN-222 are occupied by
terminal hydroxy groups that are capable of substitution by
exogenous phosphonate or carboxylate-terminated molecules.31 Using this strategy, PCN-222 was modiﬁed with MA
via solvent-assisted ligand incorporation (SALI), heretofore
termed PCN-222-MA.32 We hypothesized that MA functionalization would increase the hydrophobicity of the pores, while
also decreasing the pore volume. In doing so, the selectivity for
water transport through the MOF channels would be
modulated by both size and molecular interactions.
Three diﬀerent loadings of MA were produced to explore
the relationship between pore functionalization and transport
properties. The loading of MA in the synthesis solution was

varied between 10:1, 1:1, and 1:10, in reference to the MA to
TCPP ratio. PXRD conﬁrmed that PCN-222-MA retained
crystallinity after SALI was performed, even at high MA
loadings (Figure 2). The loading ratios were conﬁrmed with
1
H NMR spectroscopy on the degraded material, with actual
MA/TCPP ratios determined using eq 3.

∫ MA
#H(TCPP)
MA
=
×
TCPP
#H(MA)
∫ TCPP

(3)

An example of the 1H NMR spectrum and MA/TCPP ratio
calculation is provided in the Supporting Information.
Interestingly, the stoichiometric ratio in the synthesis solution
was maintained in the MOF crystallites. To distinguish the
samples moving forward, we refer to the MOFs as PCN-222MA-0, PCN-222-MA-0.1, PCN-222-MA-1, and PCN-222-MA10, where the number after MA indicates the MA loading.
To further conﬁrm that MA loading modiﬁed pore volume,
the surface area and porosity of PCN-222-MA-0 and PCND
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Figure 5. TEM images of (a) PA membrane, (b) MA-0, (c) MA-0.1, and (d) MA-1 membranes.

Figure 6. TEM images of microtomed cross-sections of an MA-0 membrane (a,b) and an MA-10 membrane (c,d). PCN-222 nanorods and
aggregates are indicated using yellow dotted lines.

determine phase transitions and decomposition temperatures
of PCN-222, as well as of the ZrOCl2·8H2O and TCPP
precursors, under air (Figure 4b). Weight loss for ZrOCl2·
8H2O between 100 and 145 °C accounts for multiple steps of
dehydration, followed by chloride counterion loss. Because the
nodes in PCN-222 are composed of Zr6 oxo clusters rather
than hydrated Zr(IV) species, the losses between ZrOCl2·
8H2O and PCN-222 cannot be connected. Weight loss for
PCN-222 below 100 °C is attributed to acetone in the pores,
followed by dehydroxylation of the Zr6 nodes between 100 and
450 °C. A sharp decrease at 390 °C followed by slower weight
loss in the TCPP TGA curve is attributed to the loss of
carboxy and phenyl groups, respectively.35,36 Decomposition of
TCPP ligands in the PCN-222 curve is attributed to the loss
beyond 420 °C, leaving behind ZrO2. Because of the high
thermal stability of PCN-222, membrane fabrication processing at 68 °C causes no decomposition of the nanoparticles.
TEM images of membrane cross-sections are presented in
Figure 5. The typical structure of a polyamide TFC membrane
is observed in Figure 5a, where the interfacially polymerized
skin layer is visible above a porous polysulfone support layer.
The large loops of the ridge-and-valley structure commonly
observed in interfacially polymerized polyamide membranes
are present, and the average polyamide skin layer thickness is
approximately 300 nm. No signiﬁcant changes in the structure

222-MA-(0.1, 1, 10) were determined via N2 gas sorption
(Figure 3). PCN-222-MA-0 resulted in a calculated BET
surface area of 1045 m2/g and a total pore volume up to 0.94
cm2/g, which is comparable to the literature.28 Gas adsorption
isotherms conﬁrmed that N2 adsorption decreased with
increasing MA loading, indicating that the channels had
decreased in volume. The two overlapping Type II isotherms
feature two plateaus, with the plateaus at lower relative
pressures corresponding to the 13 Å micropores and the
plateaus between 0.3 and 0.95 p/p° corresponding to the 37 Å
mesopores.33,34 Incremental pore volumes of PCN-222-MA-0
and PCN-222-MA-(0.1, 1, 10) indicated that as MA loading
was increased, the N2 accessible pore volume decreased,
conﬁrming a greater degree of MA functionalized pores.
Monomer solutions of m-phenylenediamine (MPD)/PCN222 and 1,3,5-benzenetricarbonyltrichloride (TMC) were
combined to form a cross-linked network interfacially
polymerized with the PES support membrane. Because PCN222 contacts DI water, hexanes, and HCl during the interfacial
polymerization that forms each membrane active layer, stability
screening was performed in diﬀerent chemical environments
by soaking 10 mg of PCN-222 powder in the solvent for 24 h
and collecting PXRD patterns of washed and dried MOF.
PCN-222 retained stability and crystallinity in 1 M HCl,
hexanes, and boiling water, among others (Figure 4a). Because
the TFN membrane is heat-treated, TGA was used to
E
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Figure 7. SEM images of (a) PA control membrane, (b) MA-0, (c) MA-0.1, (d) MA-1, and (e) MA-10.

Figure 8. SEM images of PCN-222 aggregates on the surface of an MA-1 membrane.

results (Figure 6) and suggests that aggregation increases with
MA loading because of the increasing hydrophobicity of the
MA-coated PCN-222 nanoparticle surface. At higher magniﬁcations (Figure 8b), the rod structure of the ∼300 nm long
PCN-222 nanoparticle can be seen within the large aggregate,
conﬁrming that the PCN-222 nanoparticles retain their
morphology during membrane fabrication.
RO permeation results for the plain PA and PA/PCN-222
membranes are presented in Figure 9. The addition of PCN222 nanoparticles uniformly resulted in increased water ﬂux
compared to the control PA membranes. This behavior is
attributed to the creation of new transport pathways for water
permeation through the polyamide skin layer. In the case of
TFN membranes with unmodiﬁed PCN-222 nanoparticles,
ﬂux improved to 5.8 ± 1.5 LMH compared to 4.1 ± 0.7 LMH

of the skin layer are evident upon the addition of PCN-222
nanoparticles (Figure 5b−d).
Figure 6 conﬁrms the incorporation of nanorods into the
interfacially polymerized polyamide layer of the membranes.
Figure 6a,b shows the TEM images of microtomed MA-0
membranes where small (<100 nm) particles can be observed.
These may be individual nanorods that were bisected during
microtoming or aggregates of a few nanorods. The MOF
nanorods are completely enveloped by the polyamide layer.
Figure 6c,d shows the TEM images of microtomed MA-10
membranes and exhibit a large, approximately 500 nm MOF
aggregate that is also fully embedded in the polyamide ﬁlm.
EDS on the aggregate conﬁrms the presence of Zr atoms (see
the Supporting Information), indicating that the aggregates
contain PCN-222 MOFs. The presence of smaller particles in
the MA-0 sample and larger aggregates in the MA-10 sample
suggests that the MOFs functionalized with MA are more
likely to form large aggregates because of the presence of MA
on the external surfaces of the nanorods.
A key concern for TFN additives is whether the presence of
the nanoparticles has pronounced eﬀects on the formation of
the polyamide skin layer of each RO membrane. SEM images
of the surfaces of each of the membranes evaluated in this
study are presented in Figure 7. The control membrane surface
exhibits the expected ridge and valley structure of the
interfacially polymerized polyamide (Figure 7a). Variations in
the membrane surface structure are observed upon the
addition of PCN-222 nanoparticles with increasing MA
loading because of the presence of MOF aggregates within
the polyamide ﬁlm (Figure 7b−e). In most cases, the large
nanorod aggregates were completely covered using the
polyamide ﬁlm during interfacial polymerization, and fully
covered nanorods and aggregates can be seen in the regions of
Figure 7c−e where the polyamide appears thicker or exhibits
diﬀerences in the surface texture. This agrees with the TEM

Figure 9. Water ﬂux (LMH) and salt rejection results for (left to
right) PA, MA-0, MA-0.1, MA-1, and MA-10 membranes with 2000
ppm NaCl feed and transmembrane pressure of 250 psi.
F
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Figure 10. Schematic depicting water transport through PCN-222 pores with increasing MA loading.

for the PA control membrane. The increase in ﬂux was
accompanied by a small decrease in membrane selectivity to
94.5 ± 1.8 from 97.5 ± 0.3% for the PA membrane. A
reduction in salt rejection was expected, as all ionic and
molecular species present in the feed solution are smaller than
the diameters of both the major (37 Å) and minor (13 Å)
pores present in the PCN-222 nanoparticles. Given that the
ions should be able to pass easily through the PCN-222 pores,
it was surprising that the decrease in rejection was not larger.
We hypothesize that aqueous MPD solution inﬁltrates the
PCN-222 pores when the nanoparticles are in suspension.
Subsequently, the pores become partially blocked by
polyamide during the interfacial polymerization step of TFN
fabrication, as depicted in Figure 10. This results in higherthan-expected salt rejection values and lower-than-expected
water ﬂux values.
Further evidence for this phenomenon is provided by the
permeation results for membranes containing MA-loaded
PCN-222 nanoparticles. The MA-0.1 membranes exhibit
rejection similar to the control membrane (96.7 ± 1.7%),
while ﬂux increases to 7.3 ± 1.1 LMH. Addition of MA to the
PCN-222 nanoparticles results in a decrease in available pore
volume, as demonstrated by the results of BET gas adsorption
(Figure 3). We hypothesize that the hydrophobic MA chains
prevent inﬁltration of MPD into the pores of the PCN-222
nanoparticles in suspension, resulting in a decrease in pore
penetration by the polyamide (Figure 10). This results in
increased pore volume for transport, increased ﬂux, and
decreased salt rejection compared to the control membrane. A
further decrease in rejection to 92.0 ± 0.3% is observed for the
MA-1 membrane, accompanied by an increase in ﬂux to 8.4 ±
1.1 LMH. However, for the MA-10 membrane, salt rejection
recovers to 96.0 ± 2.4%, while ﬂux declines slightly to 8.0 ±
1.0 LMH. We believe that the dense layer of MA groups within
the PCN-222 pores now act as gatekeepers, allowing passage of
water molecules but inhibiting transport of Na+ ions, as
depicted in Figure 10.
Other possible mechanisms for increased ﬂux in the PA/
PCN-222 membranes are interfacial transport at the surface of
the MOF nanorods or aggregates as well as transport in
interstitial channels of the MOF aggregates. Our group has
previously reported on interfacial transport in TFN membranes containing nonporous, high-aspect ratio CNCs.18 In
this mechanism, the introduction of high-aspect ratio nano-

particles results in the formation of nanochannels at the
interface between the MOF nanoparticles and the polyamide
matrix through which water can permeate more rapidly. The
addition of MA to the PCN-222 nanoparticles results in a
more hydrophobic outer surface that decreases the strength of
the interaction between the polyamide matrix and the
nanoparticle surface. At low MA loadings (1:10 and 1:1),
this would result in larger nanochannels, increased water ﬂux,
and decreased salt rejection. At higher MA loadings (10:1), the
high density of MA on the nanoparticle surface could decrease
the nanochannel size, leading to higher salt rejection and a
slight decrease in ﬂux. The increasing tendency of the MOFs to
form larger aggregates as MA loading increases suggests that
transport in the interstitial gaps between MA-coated MOF
nanorods may also play an important role. The size of these
interstitial spaces is likely also mediated by the MA loading
level, as excess MA may more eﬀectively ﬁll these gaps, leading
to improved salt rejection at the highest MA loading level.

■

CONCLUSIONS

PCN-222 MOFs have been successfully synthesized as rodlike
nanoparticles for incorporation into TFN RO membranes.
Additionally, postsynthetic modiﬁcation of PCN-222 nanoparticles with MA oﬀers the ability to tune the MOF pore size.
Membranes formed using modiﬁed and unmodiﬁed PCN-222
nanoparticles exhibited increased water ﬂux with small
decreases in selectivity compared to the control PA
membranes. In the case of the MA-10 membranes, a nearly
100% ﬂux increase was observed, while salt rejection was
maintained at >95%. Two complementary mechanisms for the
changes in ﬂux and selectivity were proposed: (1) transport
within the MOF pores modulated by polymer inﬁltration and
MA incorporation and (2) transport in the interfacial region
between the MOF particles and the polymer matrix modulated
by MA functionalization of the particle surface. PCN-222
nanoparticles warrant further study as TFN additives because
of their ability to control ion transport and selectivity for
membrane-based RO processes. The ability to modify the
PCN-222 MOFs with a large variety of guest molecule
structures and chemistries promises the possibility of tuning
the TFN membrane performance for speciﬁc, selective
separations.
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