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HIGHLIGHTS

o Nanofillers were embedded into TFN
active layers at <1 at.%.

e Physico-chemical characterizations of
active layers were representative of
polymer.

e Salt rejection above nanofiller loading
threshold of ~0.15 wt% was markedly
lower.

e Changes in membrane physico-chemical
properties and performance were not
correlated.

o Flow through nanofiller/along
nanofiller-polymer  interface likely
boosts permeance.
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ABSTRACT

Thin-film nanocomposite (TFN) membranes are emerging water-purification membranes that could provide
enhanced water permeance with similar solute removal over traditional thin-film composite (TFC) membranes.
However, the effects of nanofiller incorporation on active layer physico-chemical properties have not been
comprehensively studied. Accordingly, we aimed to understand the correlation between nanofillers, active layer
physico-chemical properties, and membrane performance by investigating whether observed performance dif-
ferences between TFN and control TFC membranes correlated with observed differences in physico-chemical
properties. The effects of nanofiller loading, surface area, and size on membrane performance, along with
active layer physico-chemical properties, were characterized in TFN membranes incorporated with Linde Type A
(LTA) zeolite and zeolitic imidazole framework-8 (ZIF-8). Results show that nanofiller incorporation up to ~0.15
wt% resulted in higher water permeance and unchanged salt rejection, above which salt rejection decreased
0.9-25.6 % and 26.1-48.3 % for LTA-TFN and ZIF-8-TFN membranes, respectively. Observed changes in active
layer physico-chemical properties were generally unsubstantial and did not explain observed changes in TFN
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membrane performance. Therefore, increased water permeance in TFN membranes could be due to preferential
water transport through porous structures of nanofillers or along polymer-nanofiller interfaces. These findings
offer new insights into the development of high-performance TFN membranes for water/ion separations.

1. Introduction

Membranes used in reverse-osmosis (RO) and nanofiltration (NF)
applications typically consist of three chemically distinct layers ar-
ranged in a thin-film composite (TFC) configuration—a top ultra-thin
polyamide-based active layer (~20-200 nm) synthesized via interfa-
cial polymerization on an intermediate microporous polysulfone sup-
port (~20-50 pm), backed by a porous, non-woven polyester backing
(~50-150 pm) [1-4]. TFC membranes are commonly used in the pro-
duction of clean water from saline and other impaired water sources to
remove a suite of contaminants of concern [2,5,6]. Researchers have
steadily improved TFC membrane performance through the modifica-
tion of physico-chemical properties or molecular structures of the active
layer [7-28], but water/ion separation performance has been curtailed
by the permselectivity trade-off [29-32].

Drawing inspiration from polymeric membranes modified with
inorganic nanomaterials as a means to enhance permselectivity for
gaseous separations [33], scientists have incorporated nanoparticles (i.
e., nanofillers) into active layers of membranes termed thin-film nano-
composite (TFN) membranes for water remediation and desalination
[1,4,10,11,34-39]. Jeong et al. used single-crystal Linde Type A (LTA)
nano-zeolites as nanofillers in water-purification membranes [10].
Nano-zeolites have large pore volumes, cage-like frameworks, narrow-
size pore distributions, and hydrophilic surfaces [10,35,40-44]. Re-
sults show that TFN membranes prepared with porous zeolite nanofillers
had higher water permeances than with non-porous nanofillers, but
water permeance for both types of TFN membranes were enhanced
without negative impacts on salt-rejection performances; the expected
permselectivity trade-off was not observed. Since then, a plethora of
studies have reported on the effects of mobile cations (e.g., sodium, Na™*
and silver, Ag+) [35], zeolite crystal size [40], and post-treatment reg-
imens on membrane water permeance and/or contaminant rejection
[41], including comparisons between the performance of commercially
available TFN membranes and that of existing commercially available
RO products [42-44].

Other potential nanofillers for water-purification applications
include silica [45-49], graphene oxide [50-54], carbon nanotube
[55-63], titania [64-66], and metal-organic frameworks (MOFs)
[67-82]. Among them, MOFs are promising for water-purification ap-
plications [83-85] ascribing to their tunable physico-chemical proper-
ties and multiple functionalities [86-89], but only few classes of MOF
materials possess the required physico-chemical stability, robustness,
and hydrolytic stability [86,87,90]. Zeolitic imidazole framework (ZIF)
is an example of a suitable MOF for water-purification applications
[91-97]. ZIFs are topologically isomorphic with zeolites, but ZIFs
possess ~2-4 times as much surface area and pore volume and, more
importantly, the tunable features that zeolites lack [98,99]. Specifically,
ZIF-8 nanoparticles have pore diameters and apertures of 11.6 and 3.4
A, respectively [86,87], rendering them potential alternatives to LTA
zeolites (11.05 and 4.21 A, respectively [10,100-103]). Theoretically,
the pore apertures in ZIF-8 are large enough to allow for water passage
(2.75 A) while remaining impermeable to hydrated ions such as Na*
(7.16 A) and chloride (Cl~, 6.64 &) [67,69,104,105]. Several studies
have previously investigated the use of ZIF-8 nanofillers in membrane
filtration [69,70,77-80,82,106-108].

Numerous works have attempted to elucidate the mechanism(s)
behind TFN membranes' superior water- and ion-transport properties,
but proposed mechanisms remain debatable and controversial
[41,67,101,109-114]. Using molecular dynamic simulation, Turgman-
Cohen et al. discovered that dense, highly structured water regions at

the polymer-nanofiller interface in TFN membranes formed barriers to
water transport, bringing about lower water permeance [101]. Addi-
tionally, a water depletion layer was formed near the surface of hy-
drophobic nano-zeolites, further impeding water transport. In another
study, results suggest that water flow at the polymer-nanofiller interface
was slightly higher than that through the nanofillers (i.e., 17.3 % higher)
[114]. Based on experimental evidence and Raman microscopic map-
ping analysis, Lee et al. inferred that porous nanofillers provide water-
permeable channels in TFN membranes [67]. Yin et al. [113] found
that TFN membranes embedded with hydrophilic non-porous nanofillers
exhibited enhanced water permeance (i.e., 26.9 %) while maintaining
salt selectivity due to the formation of nanochannels at polymer-
nanofiller interfaces [115]. These highly permeable water channels at
the polymer-nanofiller interface were non-existent in TFN membranes
incorporated with hydrophobic non-porous nanofillers [113], which
was in good agreement with previous literature [116,117]. In the same
Yin et al. study, the addition of hydrophobic and hydrophilic porous
nanofillers resulted in permeance enhancement of 18.3 % and 51.9 %,
respectively. In the case of hydrophobic porous nanofillers, water flows
preferentially through nanochannels present within their porous struc-
tures. On the other hand, the synergistic effects of exterior (i.e., polymer-
nanofiller interface) and interior (i.e., nanofiller pores) nanochannels in
TFN membranes embedded with hydrophilic porous nanofillers brought
about improved interconnectivity among these channels, resulting in
permeance enhancement greater than the sum of their individual con-
tributions. Overdosing nanofillers could form aggregates and result in
negligible enhancement in water permeance in TFN membranes
[39,118].

Thus far, no study has systematically evaluated the effects that
nanofillers have on the physico-chemical properties of polyamide active
layers or how those effects correlate to changes in membrane perfor-
mance [119,120]. Accordingly, the overall goal of this study was to
advance the understanding of the correlation between nanofillers,
physico-chemical properties, and performance. Specifically, the objec-
tives were to (i) investigate the effects of nanofiller loading, surface area,
and size on the physico-chemical properties of TFN membrane active
layers containing either LTA nano-zeolites or ZIF-8 as nanofillers [121];
and (ii) evaluate whether the observed effects on physico-chemical
properties correlate with observed changes in membrane performance
in terms of water permeance and NaCl rejection. All membranes had
polyamide-based active layers similar to those of commercial TFC
membranes. The active layer physico-chemical properties characterized
consisted of properties known to impact membrane performance,
including degree of polymer cross-linking [122], ionization behavior
[123], water absorption [124], thickness [125], surface roughness
[126], and cross-sectional morphology [127]. This work is expected to
contribute to advancing the fundamental understanding of the mecha-
nisms by which nanofillers affect membrane performance.

2. Materials and methods
2.1. Chemicals and solvents

A.C.S. certified cesium chloride (CsCl, 99.999 %), cesium hydroxide
monohydrate (CsOH, 99.95 %), zinc nitrate hexahydrate (Zn
(NO3)2-6H20, >99 %), silver nitrate (AgNOs, >99 %), m-phenylenedi-
amine (MPD, 99 %), and n-hexane (anhydrous, 95 %) were obtained
from Sigma-Aldrich® (Saint Louis, MO). A.C.S. certified N,N-dime-
thylformamide (DMF), nitric acid (HNOs, 70 %), hydrochloric acid (HCI,
37 %), sodium hydroxide (NaOH), sodium chloride (NaCl, >99 %),
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ethanol (95 %), methanol (>99.8 %), hydrogen peroxide (Hy05, 30 % in
water), ammonium hydroxide (NH40H, 25 %), and 2-methylimidazole
(98 %) were acquired from Fisher Scientific (Pittsburgh, PA). Tri-
mesoyl chloride (TMC) and Isopar™ G fluid were purchased from
Spectrum Chemicals (New Brunswick, NJ) and Univar (Raleigh, NC),
respectively. All chemicals and solvents were used as received without
further purification.

2.2. Nano-zeolites

LTA nano-zeolites (4A, Na™) were used as nanofillers in the fabri-
cated TFN membranes. The LTA nano-zeolites were obtained from
NanoScape AG (Planegg, Germany). The zeolite nanofillers had sizes of
~100 nm in diameter according to the manufacturer specifications
[128].

2.3. Synthesis of ZIF-8 nanofillers

All ZIF-8 materials were prepared in the laboratory using modified
procedures adopted from multiple sources [70,98,99]. Zn(NO3)2-6H0
(4.4 g) was added to 24 g of methanol. 2-methylimidazole (9.8 g) was
added to 240 g of methanol. The Zn(NOg3)2-6H>0 solution was added to
the 2-methylimidazole solution over a period of ~4 s, stirred at 1000
rpm for 5 min, then allowed to sit undisturbed for two days. The
resulting colloidal mixture was centrifuged for purity, rinsed with
laboratory-grade water (resistivity: >17.8 MQ.cm and total organic
carbon: <0.2 mg C/L) from a Dracor ultrapure-water system (Durham,
NC), transferred to an open glass dish, covered with a large Kimwipe,
and allowed to sit in air for at least 3 h. Subsequently, the glass dish was
covered with foil, placed in a -4 °C freezer for 6 h, then freeze dried. The
resulting ZIF-8 nanofillers had a diameter and surface area of ~100 nm
and 1148.41 + 8.29 mz/g, respectively (see Fig. A.2(a) and (b) and
Table A.2). The ZIF-8 product yield averaged ~40 % based upon the
formula CgH;oN4Zn.

Additional batches of ZIF-8 nanofillers were prepared with different
surface areas and particle sizes (Fig. A.2(c)-(f)). To prepare ZIF-8
nanofillers with different surface areas, the ZIF-8 nanofillers prepared
as described above were calcined at temperatures of 350, 450, or 550 °C
for 1 h, and then at 1000 °C for 8 h before being allowed to cool under a
nitrogen purge (see detailed protocol in Section Al in the Appendix).
The calcination procedure involving the heating steps at 350, 450, and
550 °C resulted in Brunauer-Emmett-Teller (BET) surface areas of
301.99 + 20.27, 268.55 + 17.52, and 0.96 + 0.48 m>/g, respectively.
To prepare ZIF-8 nanofillers with different diameters, ZIF-8 nanofillers
were produced as described above, but with one of the following
changes in the experimental procedure: (i) addition of the Zn
(NO3)2-6H20 solution into the 2-methylimidazole solution at a rate of
~3 mL/min (instead of over ~4 s) which resulted in ZIF-8 nanofillers
with a diameter of ~150 nm and BET surface area of 747.58 + 9.87 m?/
g; (ii) doubled the methanol solvent volumes to 48 g for the Zn
(NO3)2-6H20 solution and 480 g for the 2-methylimidazole solution
(instead of 24 g and 240 g, respectively), which resulted in ZIF-8
nanofillers with a diameter of ~30 nm and BET surface area of 795.97
+ 16.53 mz/g; (iii) no stirring after the addition of the Zn(NO3)2-6H20
solution to the 2-methylimidazole solution (instead of mixing for 5 min),
which resulted in ZIF-8 nanofillers with a diameter in the 20-200 nm
range and BET surface area of 1275.27 + 20.48 m?/g; and (iv) stirring
time of 15 s (instead of 5 min), which resulted in ZIF-8 nanofillers with a
diameter of ~65 nm and BET surface area of 1322.20 + 19.85 m?/g.
Hereon, these four modified procedures will be referred to as (i) titra-
tion; (ii) double solvent; (iii) no stirring; and (iv) 15-s stirring. Note that
it was not possible to vary only the ZIF-8 nanofiller size, but rather
changes in size were accompanied by changes in BET surface area.
Representative electron microscopy images of ZIF-8 nanofillers fabri-
cated in this study can be found in Figs. A.1(a)-(c) and A.2(a)-(f) in the
Appendix. X-ray diffraction (XRD) patterns of all samples are provided
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in Fig. A.3.
2.4. Membrane supports

Pre-cast PS20 polysulfone membrane supports were provided by
Nanostone Water (Eden Prairie, MN). Prior to use, all PS20 support
sheets (18 x 18 cm?) were sprayed with ethanol, thoroughly rinsed with
laboratory-grade water, and stored for 48 h at room temperature in a 1-L
Nalgene bottle filled with fresh laboratory-grade water.

2.5. Incorporation of nanofillers into active layers during polyamide
casting

Control TFC membranes were hand-cast via the interfacial poly-
merization process (i.e., 1 min of reaction time) between MPD (3.5 wt%
in laboratory-grade water) and TMC (0.15 wt% in Isopar™ G) on pre-
formed PS20 polysulfone supports as described in our previous works
[13-16,129] and elsewhere in the literature [3,35,130-132]. For the
nano-zeolite study, TFN membranes were prepared with LTA nano-
zeolite loadings of 0.015, 0.15, 0.30, and 0.75 wt% in TMC solutions.
Hereon, TFN membranes containing LTA nano-zeolites will be referred
to as LTA-TFNs. As part of the ZIF-8 study, TFN membranes were pre-
pared using TMC solutions containing ZIF-8 nanofillers (~100 nm in
diameter) at loadings of 0.015, 0.15, 0.30, and 0.75 wt%. TFN mem-
branes containing ZIF-8 nanofillers will be known as ZIF-8-TFNs from
here on out. To study the effects of ZIF-8 surface area on membrane
performance, TFN membranes were prepared with carbonized ZIF-8
nanofillers (0.15 wt% in TMC solutions) having BET surface areas of
301.99 + 20.27, 268.55 + 17.52, and 0.96 + 0.48 mz/g (see Section
2.3). To evaluate the effects of ZIF-8 size on membrane performance,
ZIF-8-TFNs were cast with TMC solutions containing ZIF-8 nanofillers
(0.15 wt% in TMC solutions) having diameters of ~30, ~65, ~150, and
~20-200 nm. Additional information on the fabrication procedures of
the respective TFC and TFN membranes can be found in Section A4.

2.6. Membrane physico-chemical characterizations

For physico-chemical characterizations, membrane coupons with a
size of 2.5 x 5.0 cm? were cut from the membrane sheets (18 x 18 cm?).
Active layer physico-chemical properties such as elemental composition,
concentration of charged sites, ionization behavior, degree of polymer
cross-linking, water absorption, thickness, surface roughness, and
overall morphology were characterized using methods previously
established in the literature [122,123,125,127,133-136]. In the ZIF-8
study, we focused the characterization work on the group of ZIF-8-
TFNs used to study the effects of ZIF-8 loading on membrane perfor-
mance (Section 3.1.1) because these membranes showed significantly
different performances from one another in terms of both water per-
meance and NaCl rejection. Given that the group of ZIF-8-TFNs used to
study the effects of ZIF-8 size on membrane performance (Section 3.1.2)
showed significantly different performances from one another only in
terms of water permeance, we used their characterization results only
where needed to support discussions relevant to water permeance. We
did not characterize the active layers of ZIF-8-TFNs prepared with
calcined ZIF-8 nanofillers (cZIF-8-TFNs) because none of the cZIF-8-
TFNs performed better than their corresponding control TFC mem-
branes. As it will become evident in Section 3.2, even though nanofiller
incorporation resulted in substantial changes in membrane perfor-
mance, they were incorporated at relatively low concentrations in the
active layers (<1 at.%). Therefore, physico-chemical characterization
results for the respective active layers can be assumed to be represen-
tative of the polyamide itself with a level of uncertainty within
approximately 1 %. A detailed description of the procedures for prepa-
ration and analysis of membrane samples for the respective character-
ization techniques, including active layer isolation from support layers,
is provided in Sections A5-A14.
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2.7. Evaluation of water permeance and salt rejection

For evaluation of membrane water permeance and NaCl rejection,
8.5 x 11.5 cm? membrane coupons were cut from the original 18 x 18
cm? membrane sheets. Duplicate coupons were tested for each mem-
brane. The coupons were rinsed with laboratory-grade water and loaded
onto a custom-built cross-flow, flat-sheet filtration system with four
membrane cells in series (see Fig. A.5 in the Appendix); the active
membrane area in each cell was 35.6 cm?. 0.5 g/L of NaCl solution was
supplied to the system as feed. Cross-flow velocity of 16 cm/s, feed
temperature of 22 £ 0.2 °C, pH of 6.2 + 0.3, and applied pressure of
190 psi (for ZIF-8-TFNs) or 200 psi (for LTA-TFNs) were used as test
conditions. Water permeance and NaCl rejection data were collected
after system performance had stabilized. The reader is referred to the
Appendix for additional information on the experimental protocol
(Section Al15) and equations (Egs. (A8) and (A9)) for calculation of
water permeance and NaCl rejection.

2.8. Statistical analysis

Unless otherwise specified, statistical significance was evaluated
using Student's t-tests. We used a 90 % confidence level (p < 0.1) as our
metric for assessment of statistical significance. This metric was selected
because (i) the purpose of the statistical analysis was to search for evi-
dence of trends, (ii) the number of replicate measurements in membrane
studies, including this one, is limited for each condition (i.e., 2-4), and
(iii) the solute rejection values of well-performing membranes (>90 %
salt rejection) are very close to each other with no more than a few
percentage points difference. Whenever statistical comparisons are
performed, we provide the p-value to enable further interpretation by
the reader.

3. Results and discussion
3.1. Membrane performance

3.1.1. Effects of nanofiller loading on membrane performance

Fig. 1(a) summarizes the effects that zeolite loading had on mem-
brane performance in terms of water permeance and NaCl rejection; the
corresponding data are summarized in Table A.1 in the Appendix. In
general, the results show that the incorporation of nano-zeolites into the
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respective membrane active layers moderately increased average water
permeance without substantially affecting salt rejection up to interme-
diate nanofiller loadings (0.15-0.30 wt%). However, while further
increasing nanofiller loading (0.30-0.75 wt%) continued to increase
average water permeance, it also resulted in a substantial decrease in
salt rejection. Specifically, nanofiller incorporation up to 0.30 wt%
increased average water permeance by 39 % or less and decreased NaCl
rejection by <0.9 percentage point (p = 0.573). This level of change in
salt rejection is substantial in full-scale seawater and brackish-water
desalination applications, but falls within the uncertainty of mem-
brane casting and testing in bench-scale laboratory settings which, in
our experience, is <1 percentage point. Further increasing nanofiller
loading to 0.75 wt% increased average water permeance by 212 % (p =
0.004), but resulted in NaCl rejection plummeting to 72.5 % (p < 0.001),
rendering the membranes impractical for seawater desalination and
most brackish-water desalination applications.

Fig. 1(a) shows enhanced water permeance and comparable
contaminant rejection by LTA-TFNs compared to corresponding control
TFC membranes. This observation is consistent with results for zeolite
TFN membranes reported by others [4,10,35,40-44,137]. For example,
a study of NaY zeolite TFN membranes for brackish-water desalination
showed that 0.15 wt% nanofiller incorporation increased water per-
meance by 46 % versus the control without substantial decrease in NaCl
rejection (98.8 %) [44]. Also, a study on the use of LTA-TFNs in forward
osmosis showed enhanced water permeance of TFN membranes versus
TFC membranes by 79 % at 0.10 wt% zeolite loading, whereas salt
rejection decreased to 78 % [43]. Further, in a pilot-scale study of
commercially manufactured TFN membranes versus TFC membranes,
the water permeance was nearly a factor of two higher (47 % higher) for
TFN membranes versus TFC membranes while presenting generally
comparable salt rejection [42]. In a recent study, Salehi et al. prepared
TFN membranes using nanostructured zeolite (i.e., clinoptilolite) as
nanofillers, and observed permeance enhancement of 43 % and com-
parable NaCl rejection of 94.7 % (versus 96.2 % for TFC membrane) at a
nanofiller loading of 0.40 wt% [137].

Fig. 1(b) shows water permeance and percent NaCl rejection for ZIF-
8-TFNs as a function of ZIF-8 loading in the TMC organic solution used
during active layer casting; the corresponding data are summarized in
Table A.2 in the Appendix. The results indicate that average water
permeance generally increased as ZIF-8 nanofiller content increased up
to a loading of 0.15 wt%, without causing a deleterious impact on NaCl
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Fig. 1. Percent NaCl rejection (%R) versus water permeance (A) for TFC and TFN membranes with a range of nanofiller loadings. TFC membranes correspond to
membranes without nanofillers incorporated (i.e., 0.00 wt%). TFN membranes contained (a) LTA-zeolite and (b) ZIF-8 nanofillers in the active layers. Different
batches of chemicals were used in both studies, leading to differences in baseline TFC membrane performance. The legend indicates the percent weight concentration
(wt%) of nanofillers in the organic TMC solution during active layer casting. Results reported correspond to the average and standard deviation for duplicate samples.
Test conditions: 0.5 g/L NaCl; pH = 6.2 + 0.3; 190 psi (ZIF-8-TFNs) or 200 psi (LTA-TFNs); and 22 + 0.2 °C.
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rejection performance. Specifically, a 35 % increase in average water
permeance was observed at a ZIF-8 loading of 0.15 wt% without sig-
nificant detrimental effects on NaCl rejection (p = 0.143). This trend in
water permeance was similar to that observed in the TFN membranes
containing LTA-zeolite nanofillers. As shown in Fig. 1(b), while the
membranes showed increased average water permeance at ZIF-8 load-
ings higher than 0.15 wt% (e.g., average 156 % increase versus the TFC
control at 0.75 wt% ZIF-8 loading), they also demonstrated significant
deterioration in salt rejection (e.g., 49 percentage points decrease versus
the TFC control at 0.75 wt% loading, p < 0.001). Others [106,138] have
speculated that the reasons why NaCl rejection decreases at higher ZIF-8
loadings are because of the aggregation of nanofillers and formation of
defects in the polyamide active layer. The relatively low NaCl rejections
exhibited by the TFN membranes with ZIF-8 loadings of 0.30 and 0.75
wt% render them unsuitable for full-scale desalination applications.

The observed trends of increasing water permeance with ZIF-8
loading and drop in salt rejection above a certain ZIF-8 loading
threshold were consistent with trends observed in other studies
embedding ZIF-8 nanofillers in membrane active layers
[69,70,107,108]. For example, Duan et al. evaluated ZIF-8 nanofillers in
the selective layer at loadings in the 0.00-0.40 wt% range [70]. At 0.20
and 0.40 wt% loading, Duan and co-workers reported water permeances
124 % and 162 % higher, respectively, than the TFC control without
negatively impacting salt rejection performance (>98 %). In another
study, Wang et al. prepared ZIF-8-TFNs by incorporating ZIF-8 nano-
fillers into the aqueous and/or organic phases during active layer casting
[108]. TFN membranes with ZIF-8 loadings of 0.15 wt% in either the
aqueous or organic phase showed water permeances 46 % and 60 %
higher, respectively, than the TFC control. However, the reported salt
rejections were 51 % and 38 %, respectively.

When compared to the results for TFN membranes prepared with
LTA-zeolite nanofillers, ZIF-8 nanofillers allowed for a greater increase
in water permeance without detriment to salt rejection. Specifically, at a
nanofiller loading of 0.15 wt%, ZIF-8-TFNs and LTA-TFNs showed a 35
% and 18 % increase, respectively, in water permeance versus their
corresponding control TFC membranes. Some researchers have hy-
pothesized that the moderately higher water permeance observed in ZIF-
8-TFNs versus LTA-TFNs may be related to faster water transport through
the hydrophobic ZIF-8 structure versus the hydrophilic structure in ze-
olites [68-70].

3.1.2. Effects of nanofiller surface area on membrane performance

To investigate the impacts of nanofiller surface area on TFN mem-
brane performance, we used ZIF-8 nanofillers with a range of surface
areas (Fig. 2 and Table A.3). The different surface areas were achieved
through calcination (Section 2.3), and the membranes prepared with
these nanofillers (0.15 wt%) were labeled as “cZIF-8-TFNs”. Corre-
sponding membrane performance results show that incorporation of
calcined nanofillers into the active layers had detrimental effects on
membrane performance when compared to non-calcined ZIF-8 incor-
poration. Specifically, compared to the control ZIF-8-TFN, the cZIF-8-
TFNs had up to 50 % lower water permeance (p = 0.017-0.188) and
up to 4.1 percentage points lower salt rejection (p = 0.006-0.037).
Given that calcined ZIF-8 nanofillers had lower surface areas than their
non-calcined counterparts, the results suggest that lower surface areas
may lead to decreased water permeance and salt rejection, and thus, that
calcination of ZIF-8 nanofillers is not an effective approach to improve
performance of ZIF-8-TFNs. Compared to the control TFC, the cZIF-8-
TFNs had up to 32 % lower water permeance (p = 0.060-0.409) and
up to 4.9 percentage points lower salt rejection (p = 0.001-0.024).

To the best of the authors' knowledge, there are no existing studies
that investigate how calcined ZIF-8 nanofillers influence the structure
and performance of membrane active layers. On the other hand, several
studies have investigated the influence of calcined MOF materials for
absorption and for capture of flue gases [139-142]. For example, Jiang
et al. successfully used ZIF-8 nanofillers as template materials to make
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Fig. 2. Percent NaCl rejection (%R) versus water permeance (A) for TFC and
TFN membranes prepared with ZIF-8 nanofillers having a range of BET surface
areas. TFC membranes correspond to membranes without nanofillers incorpo-
rated (i.e., “No ZIF-8”). All TFN membranes in this figure were made using ZIF-8
nanofillers at 0.15 wt% loading in the organic TMC solution used during active
layer casting. The non-calcined ZIF-8 surface area was 1148.41 + 8.29 m?/g.
ZIF-8 surface areas of 301.99 + 20.27, 268.55 + 17.52, and 0.96 + 0.48 mz/g
were obtained using the calcination procedures involving the heating steps at
350, 450, and 550 °C, respectively (see Section Al). Performance results indi-
cate the average and standard deviation for duplicate samples. Test conditions:
0.5 g/L NaCl; pH = 6.2 &+ 0.3; 190 psi; and 22 + 0.2 °C.

nano-porous carbon with exceptionally high BET surfaces areas (~3400
m?/g) and relatively high hydrogen uptake (2.77 wt% at 77 K and 1 atm)
[141]. Srinivas et al. synthesized what they referred to as ‘hierarchical
porous carbons’ from several different MOF materials resulting in
carbonized structures displaying surface areas >2000 m?/g and rela-
tively high CO, absorption capabilities (up to 5.53 cm3/g) [142].
Therefore, it may be possible to find the right set of calcination condi-
tions that would lead to ZIF-8 nanofillers with increased surface areas
(over the 1148 m?/g provided by non-calcined ZIF-8) amenable to
incorporation into membrane active layers; however, the procedures
reported in this study to produce calcined nanofillers did not result in
nanofillers with surface areas larger than that of non-calcined nano-
fillers. One potential explanation for this is that the imidazolate linkers
(melting point of 89-91 °C) of the ZIF-8 materials were compromised
from excessive heat exposure during the calcination process, thereby
resulting in materials with diminished surface areas [143].

3.1.3. Effects of nanofiller size on membrane performance

To investigate the impacts of nanofiller size on membrane perfor-
mance, we used ZIF-8 nanofillers with a range of sizes (Fig. 3 and
Table A.4). Differences in ZIF-8 nanofiller size were achieved through
distinct modifications to the ZIF-8 fabrication procedures as described in
Section 2.3. Differences in ZIF-8 nanofiller size were accompanied by
differences in ZIF-8 surface area. The resulting ZIF-8 nanofillers had
sizes and BET surfaces areas in the ~20-200 nm and 748-1322 m?%/g
range, respectively. Membrane performance results (Fig. 3) show that
incorporation of non-calcined ZIF-8 nanofillers into the active layers at a
0.15 wt% loading almost always resulted in a substantial increase in
water permeance compared to the corresponding control TFCs (p =
0.022-0.154). This finding was consistent with the results reported in
Section 3.1.1 for LTA-TFNs. Results also show that when the ZIF-8-TFNs
were prepared with nanofillers having a narrow size distribution (i.e.,
~30, ~65, ~100, or ~150 nm), salt rejection performance was not
compromised (p = 0.142-0.968). By contrast, ZIF-8-TFNs prepared with
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Fig. 3. Percent NaCl rejection (%R) versus water permeance (A) for TFC and
TFN membranes prepared with ZIF-8 nanofillers (0.15 wt%) having a range of
sizes. TFC membranes correspond to membranes without nanofillers incorpo-
rated (i.e., “No ZIF-8”). ZIF-8 nanofiller sizes of ~20-200, ~30, ~65, and ~150
nm were obtained using the ZIF-8 fabrication procedures denoted in Section 2.3
as “no stirring”, “double solvent”, “15-s stirring”, and “titration”, respectively;
the nanofillers had surface areas of 1275.27 + 20.48, 795.97 + 16.53, 1322.20
+ 19.85, and 747.58 + 9.87 m?/g, respectively. Results reported indicate the
average and standard deviation for quadruplicate samples. Test conditions: 0.5
g/L NaCl; pH = 6.2 + 0.3; 190 psi; and 22 + 0.2 °C.

the batch of ZIF-8 nanofillers having a broad distribution of sizes in the
~20-200 nm range had a lower salt rejection than the TFC control (p =
0.013). Therefore, the results indicate that regardless of the ZIF-8
nanofiller size, a 0.15 wt% loading of ZIF-8 nanofillers with a narrow
size distribution resulted in increased water permeance without detri-
mental effects to salt rejection.

Among the ZIF-8-TFNs with similar salt rejections to the control TFC
(i.e., those with narrow size distribution), the ones with the highest
water permeance increase with respect to their corresponding control
TFC were those with ZIF-8 nanofillers of intermediate sizes. Specifically,
ZIF-8-TFNs prepared with nanofillers of ~100 nm and ~65 nm in size
had water permeances 22 % (p = 0.109) and 42 % (p = 0.022) greater,
respectively, than their corresponding control TFCs. The ZIF-8-TFNs
with the highest (~150 nm) and smallest (~30 nm) ZIF-8 sizes had
water permeances 23 % (p = 0.154) and 28 % (p = 0.048) greater,
respectively, than their control TFCs. Thus, it appeared that nanofiller
sizes similar in size to active layer thickness (52-92 nm, see Section 3.6)
resulted in greater water permeance increases with respect to corre-
sponding control TFCs than ZIF-8 nanofiller sizes significantly different
from the active layer thickness.

We also evaluated the performance results of the ZIF-8-TFNs with
narrow size distribution from the point of view of their surface areas.
The results indicate that the two membranes with the largest water
permeance increases, with respect to their corresponding control TFCs,
had BET surface areas of 1322.20 4+ 19.85 mz/g (~65 nm ZIF-8 nano-
fillers) and 1148.41 = 8.29 m?/ g (~100 nm ZIF-8 nanofillers). The other
two membranes had smaller BET surface areas of 747.58 + 9.87 m%/g
(~150 nm ZIF-8 nanofillers) and 795.97 + 16.53 m?/g (~30 nm ZIF-8
nanofillers). Therefore, the results ascertain that larger surface areas
correlated with greater increases in water permeance, which was in
good agreement with the results for TFN membranes prepared with
calcined ZIF-8 nanofillers discussed in Section 3.1.2.

Overall, the results discussed thus far demonstrate that incorporation
of nanofillers (i.e., loading) as well as the nanofiller properties (ie.,
zeolite versus ZIF-8, surface area, and size) play a role in the observed
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performance differences between TFN membranes and corresponding
control TFCs. Therefore, the nanofillers themselves, as well as poten-
tially the polymer-nanofiller interface, play a role in the different per-
formances of TFN membranes and corresponding control TFCs.

3.2. Elemental compositions of membrane active layers

We used LTA-TFNs and ZIF-8-TFNs to evaluate differences in
elemental composition between TFN membranes and corresponding
TFC controls and the level of nanofiller incorporation into active layers.
Table 1 summarizes the elemental compositions of polyamide active
layers of LTA-TFNs and corresponding TFC control obtained by X-ray
photoelectron spectroscopy (XPS) and Rutherford backscattering spec-
troscopy (RBS). Elemental content is reported in units of atomic percent
(at.%). The RBS elemental compositions reported in Table 1 excluded
hydrogen content to allow for easier comparison with XPS results; the
corresponding compositions including hydrogen content can be found in
Table A.5.

In general, the elemental compositions were similar to those previ-
ously reported for commercial RO/NF membranes with polyamide
active layers [3,133,144-147]. Elemental compositions were also
generally consistent with the range of compositions characteristic of
incompletely cross-linked aromatic polyamide, with carbon (C), oxygen
(0O) and nitrogen (N) contents within the ranges of fully cross-linked
aromatic polyamide (Cg7500.125No.125 excluding hydrogen, or
C0.5000.083N0.083H0.333 including hydrogen) and linear aromatic poly-
amide (Co.71400.190N0.095 excluding hydrogen, or
Co.48400.120N0.065Ho.323 including hydrogen). For example, C, O, and N
contents obtained by XPS were in the 73.10-74.52, 13.53-14.94, and
11.49-12.42 at.% ranges, which were consistent with the theoretical
71.4-75.0, 12.5-19.0, and 9.5-12.5 at.% ranges, respectively. Chlorine
(C1) was found to be present at relatively low concentrations (<0.33 at.
%) in the active layers of all membranes tested, consistent with results
for commercial membranes used in our previous study [122]. The source
of Cl atoms in the polyamide active layer was the acyl chloride moieties
in the TMC monomers used during membrane fabrication. No apparent
trend in C, O, N, or Cl elemental content was observed as a function of
zeolite loading.

As observed in Table 1, aluminum (Al) and silicon (Si), which are the
two signature elements of the zeolite nanofillers, were not detected in
the respective TFC samples by neither XPS nor RBS. This was consistent
with the absence of nanofillers during the TFC casting process. By
contrast, while Al and Si were not detected in the LTA-TFNs by RBS, they
were detected in small concentrations by XPS. For zeolite loadings up to
0.30 wt%, only Al or Si was detected, and in some cases (0.015 and 0.30
wt%) they were not detected in all locations analyzed over the mem-
brane samples. In contrast, for the highest zeolite loading (0.75 wt%),
both Al and Si were detected and at least one of them was detected in
each of the four locations analyzed over the membrane samples. The
detection of Al and Si in some locations but not in others might be
attributed to the combination of relatively low content of zeolites in the
active layers (<0.75 wt% in the TMC casting solution) and relatively
small XPS analysis area (300 x 700 pm?). Nevertheless, the higher
consistency of Al and Si detection in the 0.75 wt% LTA-TFN samples
suggests that a higher zeolite concentration in the TMC casting solution
led to a higher level of zeolite incorporation into the membrane active
layer.

In comparing XPS to RBS results, it is important to keep in mind the
following two factors: (1) XPS probes the top ~7 nm from the membrane
sample surface, whereas RBS provides volume-averaged results for the
entire thickness of the active layers; and (2) the total analysis area of
RBS was ~2400 mm?, whereas that of XPS was <1 mm?. Therefore, RBS
results provide a more accurate representation of the overall level of
zeolite incorporation in the active layers. Given that neither Al nor Si
could be detected through RBS analyses, we conclude that these ele-
ments were present at a concentration below the RBS detection limit of
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Table 1

Surface (XPS) and bulk-averaged (RBS) properties of TFC (0.00 wt%) and LTA-TFN (0.015, 0.15, 0.30, and 0.75 wt% zeolite loadings) polyamide active layers.
Uncertainties represent standard deviation between samples tested. For elemental composition results obtained using RBS, no standard deviations were presented
because - for each type of membrane — the RBS spectra of the triplicate samples analyzed were added up and fitted as one single cumulative spectrum to improve
accuracy of fitting. The uncertainty of the RBS fitting was <5 %.

Membrane” 0.00 wt% 0.015 wt% 0.15 wt% 0.30 wt% 0.75 wt%
C (at.%) XPS' 73.51 + 0.26 73.55 + 0.10 73.10 + 0.25 74.52 +1.13 72.16 + 0.77
RBS® 75.28 76.57 74.70 74.76 74.79
0 (at.%) XpS' 13.93 + 0.59 13.74 + 0.15 14.82 + 0.23 13.53 + 0.50 14.94 + 0.73
RBS® 12.23 11.56 12.62 12.51 12.52
N (at.%) XPS' 12.26 + 0.37 12.35 + 0.21 11.49 + 0.04 11.61 + 0.72 12.42 + 0.90
RBS? 12.23 11.56 12.44 12.51 12.52
cl (at.%) XpS' 0.29 + 0.04 0.33 +0.05 0.28 + 0.03 0.26 + 0.05 0.24 + 0.09
RBS® 0.25 0.32 0.24 0.23 0.18
Al (at.%) xps' 0.00 + 0.00 0.00 + 0.00 0.32 + 0.01 0.00 + 0.00 0.15 + 0.03
RBS® BDL! BDL' BDL' BDL! BDL'
Si (at.%) XPs' 0.00 + 0.00 0.03 + 0.06 0.00 + 0.00 0.08 +0.15 0.08 + 0.10
RBS? BDL! BDL' BDL' BDL' BDL'
[RCOO-T> ) Xst‘ 0.29 + 0.01 0.34 + 0.08 0.24 + 0.02 0.28 + 0.06 0.35 + 0.08
RBS" 0.27 + 0.00 0.23 + 0.01 0.24 +0.03 0.20 + 0.03 0.17 + 0.01
%R — COO- xps' 2.58 + 0.14 3.00 + 0.76 2.31 +0.18 2.62 + 0.42 3.03 + 1.08
%(%7,\,)‘ RBS" 2.37 + 0.00 2.08 +0.13 2.08 + 0.27 1.73 +0.24 1.48 + 0.04
—— XPS' 97.49 £ 0.13 97.09 + 0.72 97.74 + 0.17 97.45 + 0.40 97.06 + 1.02
PH=105 RBS" 97.68 + 0.00 97.96 + 0.12 97.96 + 0.26 98.30 + 0.24 98.55 + 0.04
" xps' 0.925 + 0.004 0.913 + 0.022 0.932 + 0.005 0.923 + 0.012 0.912 + 0.031
RBS" 0.93 + 0.000 0.939 + 0.004 0.939 + 0.008 0.949 + 0.007 0.956 + 0.001
" Xps' 0.075 + 0.004 0.087 + 0.022 0.068 + 0.005 0.077 + 0.012 0.088 =+ 0.031
RBS" 0.070 + 0.000 0.061 + 0.004 0.061 + 0.008 0.051 + 0.007 0.044 + 0.001

# Indicates weight percent of LTA nano-zeolite in the TMC solution used for active layer casting.
> [R-COO™]: approximated as the molar concentration of silver in Ag* probed samples at pH = 10.5.
%R — COO~
%N

COO™ and the average %N.

4 DPC (degree of polymer cross-linking) ~ DPCpy—10.5 Was calculated from Eq. (A5) using the %R-COO™ /%N values at pH = 10.5 shown in the previous row of this
table.

¢ n and x represent the fraction of fully aromatic polyamide repeating units that were fully cross-linked (C;gH;2N303), and that contained a carboxylic group
(C15H10N204), respectively, and were calculated assuming that the concentration of amine groups in the active layer was negligible compared to that of carboxylic
groups (ie, n+ x = 1).

f Values in this row correspond to the average of results obtained at 3-5 locations over the same set of three samples analyzed by RBS; there was at least one location
analyzed per sample. Elemental content is reported in units of atomic percent.

& Values in this row correspond to the cumulative spectrum obtained from three samples totaling an analysis area of ~2400 mm? (~800 mm? each). Elemental
content is reported in units of atomic percent.

" Values in this row are the average of three replicates and correspond to the same samples analyzed by XPS.

! BDL: below detection limit.

¢ Average %( > values were calculated as the average between the corresponding values for each replicate, not as the ratio between the average %R-

~0.1 at.% for each of Al and Si (see Sections A17 and A18).

Overall, the elemental composition results indicate that zeolite
content in the active layers was very small (<1 at.%) and had no sub-
stantial effect on the overall elemental composition of the active layer.
This suggests that no major changes in the chemical structure occurred
that could have played a role in the observed changes in membrane
performance. For example, the elemental composition of the 0.75 wt%
LTA-TFN (ie., highest zeolite loading, and 3.12 times as much water
permeance and 25.6 percentage points lower NaCl rejection than the
control TFC) was not substantially different from that of the control TFC,
except for the combined presence of Al and Si below 0.23 at.% at the
near-surface region.

XPS analysis of the near-surface elemental compositions of ZIF-8-
TFNs and corresponding TFC controls (see Table A.6) yielded similar
conclusions to those for LTA-TFNs. Specifically, ZIF-8 content in the
active layers was also very small (<1 at.%), and had no substantial effect
on the overall elemental composition of the active layer. Zinc (Zn) — an
element characteristic of ZIF-8 nanofillers — was not detected in the
respective TFC samples by XPS. This was consistent with the absence of
nanofillers during the TFC casting process. In contrast, Zn was detected
in small concentrations in ZIF-8-TFNs at the near-surface region
(0.22-0.28 at.%). The elemental compositions of the control TFC and
0.75 wt% ZIF-8-TFN (i.e., highest ZIF-8 loading, and 2.56 times as much
water permeance and 48.3 percentage points lower NaCl rejection than
the control TFC) were not substantially different, except for the presence

of Zn at 0.28 at.% at the near-surface region. These findings were
consistent with those of LTA-TFNs in that no major changes in the
chemical structure occurred that could have played a role in the observed
changes in membrane performance.

Additionally, notably, because nanofillers were embedded at such
low concentrations in the active layers (<1 at.%), results from physico-
chemical characterization tests of the active layer (Sections 3.2-3.7) are
representative of the polyamide itself and serve to evaluate whether the
polyamide properties differ in TFN membranes compared with control
TFCs.

3.3. Degree of polymer cross-linking of membrane active layers

The traditional approach of using the oxygen-to-nitrogen (O:N) ratio
to quantify the degree of cross-linking in LTA-TFN membranes could
lead to inaccuracies due to the abundance of oxygen in the LTA-zeolite
nanofiller and in environmental impurities that may contaminate sam-
ples during sample preparation and mounting. Charged sites in the
polyamide structure are unreacted acyl chloride groups that hydrolyze
into R-COO™ moieties, and therefore each charged site represents a
‘broken’ link in the polyamide structure [3]. Accordingly, we used the
concentrations of charged sites in active layers measured by RBS and
XPS analyses to quantify the degree of cross-linking of active layers
(Fig. 4 and Table 1). Charged sites are quantified by probing them with
silver ion (Ag™) and quantifying the corresponding silver content in the
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Fig. 4. Degree of cross-linking of membrane active layers measured as (a) degree of polymer cross-linking and as the fractions of polymer repeating units that are (b)
fully cross-linked (Co.5000.083N0.083H0.333)n OF (¢) contain a broken link in the form of a carboxylic group (Co.48400.120N0.065H0.323)x- XPS and RBS results indicate
near-surface and volume-averaged concentrations, respectively. For RBS results, error bars indicate standard deviation for triplicate samples. For XPS results, error
bars indicate standard deviation for 3-5 locations over the same set of three samples analyzed by RBS.

membrane sample [133]. This approach improves accuracy in the
quantification of degree of cross-linking not just because silver is not
present in the original membrane or environmental impurities, but also
because both RBS and XPS are substantially more sensitive to silver than
to oxygen; more detailed explanations can be found in our previous
works [122,133,148]. We used as metrics the degree of polymer cross-
linking [133], as well as the fractions of polymer repeating units that
are fully cross-linked (Cop 5000.083N0.083H0.333)n OF contain a broken link
in the form of a carboxylic group (Co.48400.129N0.065H0.323)x [149].
The results show that the near-surface degree of polymer cross-

linking and n fraction of fully cross-linked repeating units were in the
97.06-97.74 % and 0.912-0.932 ranges, respectively, and did not sub-
stantially change as a function of zeolite loading. The volume-averaged
degree of polymer cross-linking and n fraction were in the 97.68-98.55
% and 0.930-0.956 ranges, respectively, and had a slight increasing
trend with increasing zeolite loading, with the highest loading (0.75 wt
%) resulting in the highest degree of polymer cross-linking and n frac-
tion. The results therefore indicate that the higher water permeance or
decreased salt rejection observed in LTA-TFNs compared to the control
TFC was not the result of deterioration in active layer cross-linking.

Fig. 5. Ionization behaviors of TFC (0.00 wt
%) and LTA-TFN (0.015, 0.15, 0.30, and
0.75 wt% nano-zeolite loading) membrane
active layers as a function of pH obtained
using active layers isolated on QCM sensors.
(a) Experimental data for the concentration
of negatively charged sites (NCD) as a
function of pH. (b) Representative fit lines of
% an acid-base model (Eq. (A4) [133]) using
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A potential source of uncertainty in the calculated degrees of cross-
linking is that the zeolites themselves contain charged sites initially in
the sodium form; sodium could be exchanged for the silver ions used to
probe charged sites and therefore contribute to artificially high charge
densities and correspondingly low degrees of cross-linking. As discussed
above, the degree of cross-linking of the control TFC was approximately
97.5 % and the degrees of cross-linking of TFN membranes were all
similar (97.06-98.55 % including all XPS and RBS results for all mem-
branes, see Table 1). If the observed degrees of cross-linking for TFN
membranes were artificially low, then the true degrees of cross-linking
would be higher than observed which is not supported by the filtra-
tion performance data (i.e., increased nanofiller content led to increased
water and salt passage). Further, there is a 1:1 correspondence between
the number of charged sites and aluminum atoms in the LTA-zeolite
structure (Naj2((AlO2)12(Si02)12)-27H50 [150]) and elemental compo-
sition results for TFN membranes (Table 1) indicate aluminum incor-
poration below 1 at.%. Therefore, any potential artifact in the observed
degrees of cross-linking due to nanofiller incorporation is likely rela-
tively low.

3.4. Concentration of charged sites and ionization behaviors of membrane
active layers

We evaluated the effects of nanofiller incorporation on the ionization
behaviors of membrane active layers as a function of pH (Figs. 5 and 6).
The results for LTA-TFNs (Fig. 5) show that the volumetric concentration
of charged sites (NCD) was always below 0.60 M, which is within the
range of values reported in the literature for polyamide active layers
[122,123,144,151]. Results also show that NCD increased with
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increasing pH, which is consistent with the ionization behaviors re-
ported previously for active layers of commercial TFC membranes
[144,151] and for the TFC and TFN membranes studied in our previous
work [123]. The increasing concentration of charged sites with
increasing pH is also consistent with the expected deprotonation of
carboxylic groups as pH increases [3].

Results show that at all pH values, there was not a substantial dif-
ference in NCD up to a zeolite loading of 0.15 wt% (Fig. 5(a)). In com-
parison, a slight or moderate decrease in NCD was observed at zeolite
loadings of 0.30 and 0.75 wt%, where the latter resulted in the lowest
NCD values measured. Consistent with this observation, the fitted con-
centration of volume-averaged charged sites at full ionization (NCDr)
had a moderate decreasing trend with increasing zeolite loading (Fig. 5
(c)). Lower concentrations of charged sites indicate lower active layer
hydrophilicity and higher degree of cross-linking (consistent with
Fig. 4), each of which would result in lower water permeance as opposed
to the increased permeance observed in TFN membranes (Fig. 1(a))
[3,133,149]. Therefore, any potential changes to the concentration of
charged sites in the active layer caused by zeolite incorporation did not
appear to have played a substantial role in the observed changes in
membrane performance.

As illustrated with the 0.015 wt% LTA-TFN in Fig. 5(b), and
consistent with results from elsewhere [42,43,123], a unimodal pK,
distribution did not adequately describe the active layer ionization
behavior (R? = 0.846); rather, two pK, values were required to describe
it well (R% = 0.999). Thus, the data for all membranes were fitted using a
bimodal pK, distribution. Results show that w; (and thus w»), pKq 1, and
pKg,2 did not substantially change with zeolite loading. Therefore, the
physico-chemical properties of the active layer that affect ionization of

1 1 Fig. 6. Ionization behaviors of TFC (0.00 wt
A 0.00win - x %) and ZIF-8-TEN (0.015, 0.15, 0.30, and
@ 0.015wt% 0.75 wt% ZIF-8 loading) membrane active
0.8k ® 0.15wt% PAS o8l layers as a function of pH obtained using
@ 0.30wt% ] VA active layers isolated on QCM sensors. (a)
@ 0.75wt%
® - i Experimental data for the concentration of
__06fF Al ;: 0.6k negatively charged sites (NCD) as a function
= [4) n of pH. (b) Representative fit lines of acid-
8 g base model (Eq. (A4) [133]) using unim-
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chemical moieties (e.g, dielectric constant, spatial distribution of other
chemical moieties) did not substantially change and did not play a
substantial role on the observed changes in membrane performance.

Results for the analysis of ionization behaviors of ZIF-8-TFNs with
the same ZIF-8 type but different ZIF-8 loadings (Fig. 6) yielded similar
conclusions to those for LTA-TFNs (Fig. 5). Specifically, NCDy results
(Fig. 6(c)) indicate that the control TFC had the highest total concen-
tration of charged sites, and that in general a higher ZIF-8 loading -
which resulted in a higher water permeance (Fig. 1(b)) - also resulted in
a lower total concentration of charged sites. For example, the two ZIF-8-
TFNs (0.015 and 0.30 wt%) that had greater water permeance but
similar salt rejection to the TFC membrane also had a lower total con-
centration of charged sites, and thus a higher degree of cross-linking.
Therefore, NCDy results indicate that the observed differences in mem-
brane performance were not related to changes in degree of cross-
linking. Also, similar to LTA-TFNs, the ionization behaviors of all ZIF-
8-TFNs were best described by a bimodal pK, distribution (Fig. 6(b))
and neither the values of the acidity constants (i.e., pKq,1 and pKg 2) nor
the relative distribution of sites with pK,; and pK, 2 varied substantially
across TFN membranes containing different ZIF-8 loadings (Fig. 6(c)).
However, the incorporation of nanofillers did affect membrane ioniza-
tion behavior, where pK,'s and w; were greater for ZIF-8-TFNs than for
the control TFC (Fig. 6(c) and (d)). Overall, however, given that
different ZIF-8-TFNs had substantially different performances (Fig. 1(b))
but not different ionization behaviors, results indicate that the physico-
chemical properties of the active layer that affect ionization of chemical
moieties did not play a substantial role on the observed changes in
membrane performance. It is worth noting that acidity constants (i.e.,
PKq,1 and pKy2) depend on the dielectric constant of the surrounding
environment, which in turn is a function of free volume size
[133,152-154]. Hence, the minor differences in pK, values across
nanofiller loadings (for both LTA-TFNs and ZIF-8-TFNs) suggest that
substantial differences in free volume did not occur.

3.5. Water absorption by membrane active layers

We evaluated the effects of nanofiller incorporation on the absorp-
tion of water by active layers of LTA-TFNs and ZIF-8-TFNs when exposed
to humidified nitrogen gas at 98 % relative humidity (RH) (Fig. 7).
Results for LTA-TFNs (Fig. 7(a)) show that water absorption was in the
0.08-0.15 ng/ng range, consistent with the range of values reported for
commercial TFC membranes in previous studies [124,144]. Water
sorption showed a slight decreasing trend with increasing zeolite
loading. Since the ability of a material to absorb and retain water is
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largely impacted by its hydrophilicity and secondary forces (ie.,
hydrogen bonding), the moderately decreasing trend in water absorp-
tion with increasing zeolite loading was consistent with the corre-
sponding moderately decreasing trend in volume-averaged
concentration of charged sites described in Section 3.4. Therefore, given
that water permeance is directly proportional to water absorption [155],
but zeolite incorporation caused a slight decrease in water absorption,
then the results indicate that changes in the water absorption properties
of the active layers did not substantially contribute to the observed
changes in membrane performance.

To study the absorption of water by active layers of ZIF-8-TFNs
(Fig. 7(b)), we selected the group of membranes used to study the ef-
fects of ZIF-8 nanofiller size on membrane performance (Fig. 3). We
selected this group of membranes because these membranes showed
significantly different performances from one another only in terms of
water permeance. Results show that water absorption was in the
0.05-0.09 ng/ng range, consistent with the low end of the range of
values reported for commercial TFC membranes in previous studies
[133,141] and LTA-TFN membranes. Water sorption did not show a
distinct trend with ZIF-8 nanofiller size, though all average values for
ZIF-8-TFNs were slightly lower than that for the control TFC (p =
0.030-0.406). Lower water sorption in ZIF-8-TFNs compared to that in
the control TFC might be the result of lower hydrophilicity due to the
lower charge density described in Section 3.3. Therefore, given that
water permeance is directly proportional to water absorption [133], but
ZIF-8 incorporation caused a decrease in water absorption (if any), then
the results indicate that changes in the water absorption properties of
the active layers did not substantially contribute to the observed changes
in membrane performance.

3.6. Thicknesses of membrane active layers

We evaluated the effects of nanofiller incorporation on the active
layer thicknesses of LTA-TFNs and ZIF-8-TFNs. Results for the LTA-TFNs
(Fig. 8(a)) show that active layer thicknesses were in the 65-109 nm
range, with all but the 0.75 wt% LTA-TFN active layer being in the
65-73 nm range. The range of thicknesses obtained was consistent with
the range of values reported for commercial TFC membranes in previous
studies [125,144]. Active layer thickness did not show an appreciable
change with increasing zeolite loading, except at the highest loading
(0.75 wt%) at which the thickness (109 nm) was, on average, 57 %
higher than for the TFC membrane (69 nm); however, the difference
between these two thicknesses was not statistically significant (p =
0.278). Active layer thickness results for ZIF-8-TFNs (Fig. 8(b) and (c))

0.2
(b)
0.15f
0.1F
0.05f
T & & & &
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1z ZIF-8 Size

Fig. 7. Water absorption by membrane active layers as a function of (a) zeolite loading and (b) ZIF-8 nanofiller size. Water absorption was measured by exposing
active layers isolated on QCM sensors to humidified nitrogen gas at 98 % RH. Results are presented as mass of water absorbed per mass of dry active layer. Data
points and error bars indicate average and standard deviation, respectively, of four measurements with two measurements performed in each of duplicate samples.
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Fig. 8. Active layer thickness as a function of (a) zeolite loading, (b) ZIF-8 loading, and (c) ZIF-8 size. Data points and error bars indicate average and standard

deviation, respectively, of duplicate samples.

show that active layer thicknesses were in the 53-92 nm range, which is
consistent with the range of thicknesses reported previously for com-
mercial TFC membranes and LTA-TFNs [125,144]. For both the group of
ZIF-8-TFNs used to study the effects of ZIF-8 loading (Fig. 8(b)) and the
group used to study the effects of ZIF-8 size (Fig. 8(c)), the active layers
of all ZIF-8-TFNs had thicknesses that were either similar to or greater
than the active layer thickness of the corresponding control TFC.

Since water permeance is inversely dependent on active layer
thickness [124], thicker active layers (with all other properties
remaining the same) should result in lower water permeances. In
contrast, nanofiller incorporation resulted in no change or an increase in
active layer thickness accompanied by an increase in water permeance
(Figs. 1 and 3). Therefore, the results indicate that the effects of nano-
filler incorporation on active layer thickness did not explain the
observed changes in membrane performance.

3.7. Surface morphologies of membrane active layers

We evaluated the surface morphologies of TFN membrane active
layers via quantification of their surface roughness (Fig. 9). This
morphological feature was selected for analysis because higher mem-
brane surface roughness has been correlated to higher water permeance,
possibly due to increased interfacial area between the membrane surface
and the feed solution [156-161]. The results for LTA-TFNs (Fig. 9(a))
show that, in all cases, average surface roughness was in the 59-84 nm
range. The range of roughness values obtained was consistent with the
range of values reported for commercial TFC membranes in previous
studies (~20-150 nm) [122,156-159]. Active layer roughness did not
show a specific trend with increasing zeolite loading, and statistical

analyses indicate that there was not a significant difference in roughness
values between LTA-TFNs and the control TFC (p = 0.472-0.801).
Therefore, given that no statistically significant changes were observed
on surface roughness with zeolite loadings, the results indicate that any
effects that zeolite incorporation had on surface roughness did not play a
substantial role on the corresponding observed changes in membrane
performance.

The roughness results for ZIF-8-TFNs (Fig. 9(b) and (c)) show that, in
all cases, average surface roughness ranged from 22 to 57 nm, which was
at the lower end of the range of values obtained for LTA-TFNs (59-84
nm, Fig. 9(a)) and those reported elsewhere for commercially manu-
factured TFC membranes (~20-150 nm) [156-159]. For the group of
ZIF-8-TFNs used to study the effects of ZIF-8 loading (Fig. 9(b)), the only
ZIF-8-TFN that had a substantially different roughness from the control
TFC was the ZIF-8-TFN with 0.15 wt% ZIF-8 loading (i.e., p < 0.001 for
0.15 wt% loading, p = 0.150-0.321 for the remaining ZIF-8 loadings).
This correlates well with the higher water permeance of the 0.15 wt%
ZIF-8-TFN (p = 0.060, see Fig. 1(b)). In contrast, even though the other
ZIF-8-TFNs did not have roughness values that were significantly
different than the control TFC, these ZIF-8-TFNs had water permeance
values very different from the control TFC.

For the group of ZIF-8-TFNs used to study the effects of ZIF-8 size on
membrane performance at 0.15 wt% ZIF-8 loading (Fig. 9(c)), all ZIF-8-
TFNs had average surface roughness values higher than the control TFC.
However, only the roughness values of the ZIF-8-TFNs with the two
highest water permeances had significantly greater roughness than the
control TFC (p = 0.007-0.046 for the ZIF-8-TFNs with the highest water
permeances, p = 0.220-0.552 for the other ZIF-8-TFNs). Specifically,
ZIF-8-TFNs with ZIF-8 nanofillers ~65 nm and ~20-200 nm in size had
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Fig. 9. Membrane surface roughness as a function of (a) zeolite loading, (b) ZIF-8 loading, and (c) ZIF-8 size. Roughness results are presented as average roughness,
and were calculated from the atomic force microscopy (AFM) topography data as described elsewhere [126]. Data points and error bars indicate average and

standard deviation, respectively, of triplicate samples.
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roughness values that were 40-41 % higher than the roughness of the
control TFC. In comparison, while the ZIF-8-TFN with ZIF-8 nanofillers
~30 nm in size had a greater average water permeance than the control
TFC (p = 0.048), its surface roughness was not significantly different
than that of the control TFC (p = 0.220).

Overall, ZIF-8 incorporation into active layers did not have a
consistent effect on surface roughness, and surface roughness results did
not have a consistent correlation with water permeance. Therefore, any
effects that ZIF-8 incorporation had on surface roughness did not
consistently explain the observed changes in membrane performance.
This conclusion was consistent with that obtained for zeolite incorpo-
ration into active layers.

3.8. Bulk morphologies of membrane active layers

We evaluated the bulk morphologies of the active layers of TFN
membranes via visualization of their cross-sectional void structures
(Fig. 10, Figs. A.9-A.11) as void structure [127,130,162,163] has been
reported to impact water permeance [17,24,164-166]. Consistent with
the relatively low nanofiller content (<1 at.%) in the TFN active layers
(Section 3.2) as well as the corresponding low statistical probability of
finding a nanofiller in a random cross-section, no nanofillers were
visualized in the transmission-electron-microscopy (TEM) images. The
images also show that, consistent with the previously reported presence
of voids in the active layers of commercial TFC membranes
[127,130,162,163], all active layers had voids in them and no discern-
able differences in the size or prevalence of voids could be visually
observed between the TFN membranes and corresponding TFC controls.
Therefore, the TEM images suggest that the incorporation of nanofillers
into the membrane active layers did not have an apparent effect on their
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bulk morphologies and hence did not play a substantial role on the
changes observed in membrane performance.

4. Conclusions

A study of properties and performance of TFN membranes embedded
with nano-zeolites (LTA-TFNs) and ZIF-8 nanofillers (ZIF-8-TFNs) was
conducted to better understand the effects of nanofillers on the physico-
chemical properties of the polyamide active layer, and whether the
observed effects on physico-chemical properties correlated with
observed changes in membrane performance. Results obtained from this
study support the following main conclusions:

o At the concentrations that nanofillers were used in casting solutions
(ie, <0.15 wt%, typical in the literature and above which salt
rejection deteriorates substantially), nanofillers were incorporated
into active layers at <1 at.%.

e Because nanofillers were embedded at such low concentrations (i.e.,
<1 at.%) in the respective active layers, results from physico-
chemical characterization tests of TFN active layers are representa-
tive of the polymer itself and serve to evaluate whether the poly-
amide properties differ in TFN membranes compared with control
TFCs.

e None of the active layer physico-chemical properties studied in this
work trended in a manner that would explain the increased water
permeance with increasing nanofiller loading (Table 2).

Because the observed changes in physico-chemical properties of
polyamide upon nanofiller incorporation did not account for the
observed changes in membrane performance (Table 2), we conclude that
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Fig. 10. Representative cross-sectional TEM images of membrane active layers of (a) control TFC prepared for the zeolite study, (b) LTA-TFN with zeolite loading of
0.15 wt%, (c) control TFC prepared for the ZIF-8 study, and (d) ZIF-8-TFN with ZIF-8 loading of 0.15 wt%. Example voids are indicated by arrows. The (blue) dashed
line indicates the approximate boundary between the polyamide active layer and the polysulfone support.
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Table 2
Trends in change of membrane performance and active layer physico-chemical
properties with increasing nanofiller loading.

Property LTA nano-zeolite ZIF-8

Nacl rejection decrease decrease

Water permeance increase increase

DPC no change or slight increase” not available”
NCD no change or decrease” decrease
Water absorption decrease decrease
Thickness no change* increase
Roughness no change no change

# Conclusion depends on whether one analyzes RBS or XPS results (Table 1
and Figs. 4 and 5).

> We did not measure the DPC of the ZIF-8-TFNs.

¢ The greatest loading (0.75 wt%) had a greater thickness compared with the
rest of the LTA-TFNs and TFC.

the increased water permeances of TFN membranes over the control
TFCs were primarily the result of water transport through the porous
structures of nanofillers or along the polymer-nanofiller interface, as has
been suggested to be possible elsewhere [1,4,10,11,34-39,67,114].
Alternatively, properties of the polyamide layer not characterized in this
study (e.g., water diffusivity [17]) might have changed, or the topology
of the void structure of the selective layer might have been altered in a
way that led to greater water permeance but was not quantifiable
through the methods used in this study.
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