catalysts MDPI

Article
Photocatalytic Nanofiltration Membrane Using

Zr-MOF/GO Nanocomposite with High-Flux and
Anti-Fouling Properties

Rina Heu 1?2, Mohamed Ateia 3* and Chihiro Yoshimura !

1 Department of Civil and Environmental Engineering, Tokyo Institute of Technology, 2-12-1-M1-4
Ookayama, Tokyo 152-8552, Japan; heu.r.aa@m.titech.acjp (R.H.); yoshimura.c.aa@m.titech.ac.jp (C.Y.)
2 Faculty of Hydrology and Water Resources Engineering, Institute of Technology of Cambodia,
Phnom Penh 12156, Cambodia
3 Department of Chemistry, Northwestern University, Evanston, IL 60208, USA
* Correspondence: ateia@northwestern.edu; Tel.: +1-864-650-8173

Received: 12 June 2020; Accepted: 24 June 2020; Published: 25 June 2020

Abstract: Photocatalytic nanofiltration (NF) membranes with enhanced flux and anti-fouling
properties were prepared from a layered in situ nanocomposite of metal organic framework (i.e.,
UiO-66) and graphene oxide (UiO-66_GO) on a polyamide NF membrane using a pressure-assisted
self-assembly method. For filtering pure water and humic acid, the composite membrane with a
10% UiO-66_GO loading (UiO-66_GO/NF-10%) showed a higher water flux (up to 63 kg/m? h bar),
flux recovery (80%), and total fouling resistance (33%) than the pristine NF membrane. Physical
and chemical characterization revealed that this performance was attributed to improvements in
hydrophilicity, porosity, surface smoothness, and charge repulsion. The UiO-66_GO/NF-10%
composite membrane exhibited better physical stability with a relatively low mass loss (8.64%)
after five washes than the membranes with mass loadings of 5 and 15 wt %. Furthermore, the
UiO-66_GO/NF-10% composite membrane exhibited considerable photocatalytic activity under
ultraviolet (UV) irradiation (bandgap: 3.45 eV), which reduced irreversible fouling from 20.7% to
2.4% and increased flux recovery to 98%. This study demonstrated that surface modification with
the UiO-66_GO nanocomposite produced a high-flux anti-fouling photocatalytic NF membrane,
which is promising for water purification.

Keywords: graphene oxide; metal-organic framework; nanofiltration; pharmaceuticals;
photocatalysis; UiO-66

1. Introduction

Nanofiltration (NF), which was introduced in the late 1980s, has a high removal efficiency for
hardness, multivalent ions, heavy metal, and organic molecules (e.g., micropollutants and dyes) [1,2].
Thus, NF can be used as a final process in water treatment trains to produce high-quality drinking
water and it is used in several countries. For instance, high supply capacity has been achieved in
water treatment plants in the USA (152,000 m?3/d), France (140,000 m?3/d), Holland (57,000 m3/d),
Spain (30,000 m?/d), and England (30,000 m?/d) [3]. One of the best examples of the use of NF is in the
Mery Sur Oise plant in northern Paris, which has used NF since 1999 to remove pesticides and other
organic pollutants [4,5].

Inorganic and polymeric membranes are used in most NF membrane treatments [6]. Inorganic
membranes have the advantages of a stable pore structure, chemical inertness, and temperature
resistance, although their disadvantages include complicated fabrication processes, non-selective
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cracks, and high cost [7]. In contrast, polymeric membranes have dominated the membrane market
due to their simple, inexpensive fabrication [8], although their hydrophobic surfaces and flexibility
result in limited water flux and fouling [9]. Thus, NF membranes could be improved by integrating
them with hydrophilic materials to improve their flux and anti-fouling properties.

A new class of highly porous hydrophilic materials with a zirconium-based metal-organic
framework improves water flux in membranes [10]. In particular, the material called UiO-66 can be
integrated into a membrane, and the integrated membrane shows good membrane stability, high
resilience to mechanical stress, and wide applicability [11]. This is because the organic linker in
UiO-66 provides a platform for chemical modifications of its surface, which allows better adhesion
to polymeric membranes than other inorganic materials [12]. However, the agglomeration and
aggregation of UiO-66 particles on the membrane surface tend to decrease the smoothness of the
membrane surface and block the membrane pores, reducing water flux [13]. In situ growth of UiO-66
particles on a two-dimensional graphene oxide (GO) sheet demonstrated that the GO oxygen
functional groups improved UiO-66 formation while increasing the dispersion force among UiO-66
particles and suppressing their aggregation, allowing their physicochemical properties such as
morphology, size, and structure to be controlled [14-16]. In addition, a membrane integrated with an
in situ UiO-66 and GO (UiO-66_GO) nanocomposite showed higher flux and anti-fouling properties
compared with the pristine polyethersulfone membrane because of its high hydrophilicity and the
smoothness of the membrane surface [10].

However, the in situ UiO-66_GO nanocomposite has been applied only to ultrafiltration
membranes and their performance has only been tested for removing macromolecule compounds,
such as natural organic matter [10]. The use of in situ UiO-66_GO nanocomposites on an NF
membrane has not been reported, and thus the membrane synthesis method, water flux, anti-fouling
properties, and rejection of organic micropollutants (OMPs) of these composite membranes need to
be investigated. Furthermore, the photocatalytic activity of the UiO-66_GO nanocomposite —as
reported in our recent study [16] —may remove foulants without backwash. Membrane fouling is a
major challenge for NF because it occurs on the nanoscale [17,18]. Thus, integrating the UiO-66_GO
nanocomposite may allow total control of fouling and increase the stability and lifetime of the
membrane, which would reduce the operational and maintenance costs of membrane treatment.
However, the use of photocatalysis to maintain or regenerate fouled composite membranes has not
been explored.

In this work, we developed photocatalytic NF membranes by modifying the hydrophobic
surface of an NF membrane with a hydrophilic UiO-66_GO nanocomposite to improve the water
flux and anti-fouling properties. We demonstrated a synthesis method for the composite NF
membranes, and for the membrane with 10% UiO-66_GO loading, we examined the stability, OMP
rejection, and the recovery of the fouled membrane by ultraviolet (UV) photocatalysis.

2. Results and Discussion

2.1. Characterization of Metal Organic Framework and Graphene Oxide (UiO-66_GO) Nanocomposite and
Membranes

Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) images
confirmed that the dispersion of UiO-66 particles on the GO sheet was uniform (Figure 1). The
dispersion of the UiO-66_GO nanocomposite was explained by the coordination of the Zr* metal
nodes of UiO-66 by functional groups on the GO sheet, suppressing the aggregation of UiO-66 [19].
This observation indicates that the in situ hydrothermal synthesis of UiO-66_GO nanocomposite
dispersed UiO-66 uniformly on the GO layers rather than forming a physical mixture, which is
consistent with Ma et al. (2017). The structure of the UiO-66_GO nanocomposite may prevent GO
layer stacking, which is advantageous for membrane filtration. In addition, the Fourier-transform
infrared (FTIR) spectrum of the UiO-66_GO nanocomposite showed peaks for surface functional
groups, including for the Zr-O mode, Zr-O-C symmetric stretching, the C=C bond of the benzene
ring, the O-C-O moiety of the 1,4-benzenedicarboxylic (BDC) acid ligand, the C=O bond of the
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carboxyl groups of the BDC acid ligand, and O-H bonds of the hydroxyl groups (Figure 2). The
presence of oxygen hydrophilic functional groups (i.e., O-C-O, C=O, O-H) indicated that the
UiO-66_GO nanocomposite was hydrophilic. The band gaps of UiO-66 and UiO-66_GO
nanocomposite were 3.55 and 3.45 eV, respectively, showing that GO narrowed the band gap of
UiO-66. Further details of the properties of GO, UiO-66, and the UiO-66_GO composite are reported
in our previous article [16].

SEM revealed the rough surface of the pristine NF membrane, which contained many nodules
and globules on its surface (Figure 3A), similar to previously reported polyamide membranes [20,21].
The deposition of the UiO-66_GO nanocomposite on the NF membrane created the smooth surface
(Figure 3B-D), possibly because the nodules were covered by UiO-66_GO sheets. In addition, the
SEM images showed that the surface morphology depended on the UiO-66_GO content. Some areas
of the UiO-66_GO/NF-5% membrane were not completely covered by UiO-66_GO (red circle in
Figure 3B), whereas the UiO-66_GO/NF-10% membrane showed a homogenous surface without
uncovered areas or cracks (Figure 3C). The UiO-66_GO/NF-15% membrane showed some cracks
(Figure 3D), indicating that a UiO-66_GO content higher than 10% decreased the stability of the
composite membrane.

6.0kV x100k SE

6.0kV x100k SE

Figure 1. Scanning electron microscope (SEM) images of (A) graphene oxide (GO), (B) metal organic
framework (UiO-66), and (C) the UiO-66_GO composite.
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Figure 2. Fourier-transform infrared (FTIR) spectra of graphite, GO, UiO-66, and the UiO-66_GO
nanocomposite.

Figure 3. SEM images of the (A) pristine nanofiltration (NF) membrane, and the composite
membranes with UiO-66_GO loadings of (B) 5%, (C) 10%, and (D) 15%.

The roughness parameters showed that the roughness of all the composite membranes was
lower than that of the pristine NF membrane due to the presence of the UiO-66_GO sheets (Figure 4,
Table 1). The UiO-66_GO sheets covered the rough membrane surface, possibly by hydrogen
bonding between the functional groups of the UiO-66_GO nanocomposite and the surface layer of
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the polyamide membrane [10,22]. Consequently, unlike other inorganic nanoparticles, which
typically show aggregation [23,24], the UiO-66_GO nanocomposite was uniformly distributed on the
membrane surface, increasing the surface smoothness. A similar modification has been reported by
other studies in which hydrophilic materials were loaded on polyamide membranes [20,22,25,26]. In
addition, pressure-assisted self-assembly (PASA) at a constant pressure of 5 bar may produce tighter,
denser, and smoother membranes than physical mixing of UiO-66 and GO. Increasing the
UiO-66_GO nanocomposite loading to 15% gave higher roughness parameters (average roughness
[Sa] and root mean square roughness [Sq]) than loadings of 5% and 10% because of the aggregation
and agglomeration of UiO-66_GO particles on the membrane surface.

The pristine NF membrane showed a water contact angle of 39.5° (Table 1, Figure S2). Addition
of 5%, 10%, and 15% UiO-66_GO nanocomposite to the NF membrane surface decreased the water
contact angles to 22.7°, 14.2°, and 5.63°, respectively (Table 1, Figure S2). This means that the
presence of hydrophilic functional groups (O-C-O, C=0O, and O-H) on the UiO-66_GO surface
resulted in the higher hydrophilicity and wettability of the membrane, which improve filtration and
anti-fouling performance.

The overall porosity and the mean pore radius of the pristine NF were 64.8% and 2.78 nm,
respectively (Table 1). The addition of 5%, 10%, and 15% UiO-66_GO to the NF membrane increased
the overall porosities to 72.1%, 76.4%, and 78.3%, respectively (Table 1). The composite membranes
also showed higher mean pore radii (2.98, 3.26, and 3.51 nm, respectively) compared with the
pristine NF membrane (2.78 nm). The higher porosity and larger pore radius of the composite
membrane explained why UiO-66_GO on the membrane did not block the membrane pores and
water pathway. These properties were achieved by the in situ one-step hydrothermal method, and
thus the composites possessed high porosity at the micro- and macropore levels, as confirmed

previously [16].
Table 1. Characterization of the pristine and composite membranes.
Roughness Parameters
Membrane Thickness Porosity% Mean Pore Size s s s Contact Angle
mm nm a q y Deg
nm nm nm
Pristine NF 0.252 64.8 2.78 217 283 1986 39.5
UiO-66_GO/NF-5% 0.267 72.1 2.98 161 211 1723 22.7
UiO-66_GO/NF-10% 0.275 76.4 3.26 122 161 1564 14.2
UiO-66_GO/NF-15% 0.310 78.3 3.51 136 176 1442 5.63

Sa: average roughness; Sq: root mean square roughness; Sy: mean height difference between the
highest peaks and lowest valleys.
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Figure 4. Two- and three-dimensional atomic force microscopy (AFM) images of (A) the pristine NF
membrane, and the composite membranes with UiO-66_GO loadings of (B) 5%, (C) 10%, and (D)
15%.

2.2. Filtration Performance

2.2.1. Water Flux

The pristine NF membrane had a water flux of 34 kg/m? h bar (Figure 5), which was comparable
to the reported range (1.5-30 kg/m? h bar) [27]. The water fluxes of the UiO-66_GO/NF-5%,
UiO-66_GO/NF-10%, and UiO-66_GO/NF-15% membranes were 44, 57, and 63 kg/m? h bar,
respectively (Figure 5). This result demonstrated that modifying the NF surface with the
UiO-66_GO-0.5 nanocomposite increased the water flux of the pristine NF membrane substantially
owing to the increase of the surface hydrophilicity (water contact angle), porosity, and membrane
pore size (Table 1). The increased membrane hydrophilicity was attributed to the oxygen-containing
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functional groups, such as hydroxyl and carboxyl, on the UiO-66_GO nanocomposite, which
increased the water permeability and wettability of the membrane by attracting water molecules and
the high water-holding capacity of these groups [7,28]. In addition, the higher porosity and larger
pore size of the membranes improved the water transport paths and decreased the resistance to
water molecules [22,29], increasing the water flux.

80
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10 4
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Figure 5. Pure water flux of pristine and composite membranes (operation pressure = 4 bar; solution
pH =5). Plots and error bars represent averages and standard deviations from triplicate experiments.

2.2.2. Membrane Stability

The mass losses for UiO-66_GO loadings of 5 and 10 wt % after five washes were 4.49% and
8.64%, respectively (Figure 6, Figure S3A,B). Both loading rates allowed the strong adhesion of the
UiO-66_GO nanocomposite to the membrane surface. The terephthalic ligand and various functional
groups on the UiO-66_GO nanocomposite provide a supporting platform for the surface chemical
modifications, which allows substantial adhesion to the polyamide membrane [11,12]. However,
when the UiO-66_GO loading was increased to 15 wt %, the mass loss increased to 23.1%, and voids
were visible on the washed membranes (Figure 6, Figure S3A,B). SEM images showed many cracks
on the as-prepared membrane surface, suggesting that the stability reduction was due to the poorly
structured nanocomposite layer (Figure 3D). Because of the high water flux and good adhesion, we
considered 10 wt % loading as the optimum and used it in subsequent experiments.
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Figure 6. Mass loss (%) of UiO-66_GO nanocomposites after five washes.

2.2.3. Anti-Fouling Properties

MilliQ water was replaced with Suwannee River humic acid (SRHA) solution, and the
permeate flux of pristine and composite membranes decreased constantly (Figure 7A) due to SRHA
molecules accumulating on the membrane surface [20,28]. After filtering SRHA solution for 180 min
and washing with MilliQ water, the membranes were used to filter MilliQ water again, and the
permeate flux was higher than for SRHA and stable over 1 h. The pristine membrane showed a
reduction in pure water flux from 34 to 15 kg/m? h bar, whereas the UiO-66_GO/NF membrane
showed a reduction from 57 to 29 kg/m? h bar. The flux recovery ratio (FRR), irreversible fouling
ratio (Rir), and total fouling ratio (R:) of the pristine membrane were 49.9%, 49.8%, and 57.3%,
respectively (Figure 7B). This result demonstrated that the adsorption of SRHA caused substantial
irreversible fouling, accounting for almost 90% of the total fouling of the pristine membrane. In
contrast, for the UiO-66_GO/NF membrane, FRR was increased to 79.6% and R: was decreased to
33.3%. Furthermore, Rir was reduced to 20.7%, which accounted for only 60% of Ri, demonstrating
that the nanocomposites prevented the adsorption of SRHA to the pristine membrane. For both
pristine and composite membranes, the Rir values were higher than the Rr values, implying that cake
formation mainly contributed to fouling rather than concentration polarization. The higher FRR and
lower fouling ratios of the UiO-66_GO/NF membrane than those of the pristine membrane further
confirmed that the anti-fouling properties of the composite membrane arose from its hydrophilicity,
surface roughness, and charge repulsion.

The hydrophilic character of the membrane made it less prone to fouling due to the abundance
of hydrophilic functional groups, which decreases the adsorption of hydrophobic SRHA molecules
on the membrane surface [30-32]. Furthermore, surface roughness promotes membrane fouling due
to the accumulation of SRHA molecules in the deep valleys of the rough surface [7,33]. Thus, the
lower surface roughness of the UiO-66_GO/NF membrane observed by atomic force microscopy
(AFM) (Table 1, Figure 4) decreased membrane fouling compared with the pristine NF membrane.
In addition, the membrane charge also affects its anti-fouling properties [34]. The pKa of SRHA is
about 4.5 [35,36], meaning that SRHA had a negative charge under our experimental conditions of
pH 5. The pH of the point of zero charge of UiO-66 and GO is about 4 [37-40], and thus the
UiO-66_GO/NF membrane also had a negative charge at pH 5. Therefore, the electrostatic repulsion
between the negative charges on the SRHA molecules and the membrane may be important in
reducing the adhesion of SRHA to the membrane.
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Figure 7. (A) Flux versus time and (B) flux recovery ratio and fouling ratios of the pristine NF and
UiO-66_GO/NF-10% membranes for Suwannee River humic acid (SRHA) filtration (experimental
conditions: SRHA concentration = 50 mg/L; operation pressure = 4 bar; pH = 5). Plots and error bars
represent averages and standard deviations from triplicate experiments.

2.2.4. Photocatalytic Activity of UiO-66_GO/Nanofiltration (NF) for Flux Recovery

After the filtration of SRHA for 1 h, Ri of the pristine and composite membranes were 49.8%
and 20.7%, respectively (Figure 8A). Rir was probably due to complete or partial blockage caused by
the adsorption of SRHA to the membrane surface and pores [41,42]. After the fouled membrane was
exposed to UV irradiation for 1 h, Ri of the pristine membrane decreased slightly from 49.8% to
45.1%, whereas Rir of the UiO-66_GO/NF membrane decreased substantially from 20.7% to only 2.4%
(Figure 8A). The photocatalytic degradation of SRHA by the UiO-66_GO nanocomposite caused this
large decrease in Ri. To evaluate the effect of photocatalysis further, we measured FRR for the fouled
membranes with and without irradiation (Figure 8B). FRR of the composite membrane after
photodegradation increased by more than 18%, which was higher than that of the pristine
membrane (4%). This result also suggested that under UV radiation, the composite membrane had
substantial photocatalytic activity that degraded SRHA on the membrane surface and recovered
water flux, resulting in the higher FRR (>97%), compared with no UV irradiation (Figure 8B).
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Figure 8. (A) Rir and (B) FRR with and without UV radiation for the pristine NF and
UiO-66_GO/NF-10% membranes after SRHA filtration. Plots and error bars represent the averages
and standard deviations from triplicate experiments.

2.2.5. Separation Performance

The separation of carbamazepine (CBZ) and diclofenac sodium (DCF) by the UiO-66_GO/NF-10%
membrane was examined. The initial removal rates were higher than 90% for the first 20 min of
filtration (Figure 9), which may arise from the effect of CBZ and DCF adsorption on the membrane
surface in addition to physical separation. Over a longer filtration time, the rejection decreased while
the adsorption equilibrium was reached, and then became stable after 2 h. The steady-state rejection
of CBZ was 70%, whereas that of DCF was still high at 93% (Figure 9).

The molecular weight of DCF (296 Da) is higher than that of CBZ (236 Da), which may have
contributed to the higher rejection efficiency of DCF via size exclusion. In addition, DCF and the
UiO-66_GO nanocomposite had a negative charge at pH 5 [39,40,43], which caused electrostatic
repulsion between DCF molecules and the membrane surface, increasing the rejection of DCF, as
described by Lin et al. (2017) [41]. In contrast, CBZ is charged positively at pH 5 [44,45], which
allowed CBZ molecules to diffuse into the pores and the membrane surface, decreasing the rejection
values [46]. Overall, UiO-66_GO/NF-10% rejected both CBZ and DCF with high removal efficiency
rates, which resulted from the combined effects of size exclusion (steric effects) and charge repulsion
(Donnan effects).
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Figure 9. Diclofenac sodium (DCF) and carbamazepine (CBZ) removal over time by the
UiO-66_GO/NF-10% membrane (experimental conditions: initial DCF and CBZ concentration = 1
mg/L; operation pressure = 4 bar; solution pH = 5). Plots and error bars represent averages and
standard deviations from duplicate experiments.

3. Materials and Methods

3.1. Materials

CBZ (>98%), DCF (<100%), hydrochloric acid (35-37%), hydrogen peroxide (30-35.5%),
methanol (99.9%), potassium permanganate (>99.0%), sulfuric acid (295%), terephthalic acid (298%),
and zirconium(IV) chloride (>99.5%) were purchased from Sigma-Aldrich (Tokyo, Japan).
N,N'-Dimethylformamide (DMF; 99.5%) was obtained from Kanto Chemical (Tokyo, Japan).
Graphite flakes (325 mesh, 99.8%) were purchased from Wako Chemical (Tokyo, Japan). SRHA was
purchased from the International Humic Substances Society (Saint Paul, MN, USA). All chemical
reagents were of analytical grade and were used without further purification. MilliQ water was used
as a solvent for all experiments. Polyamide NF membrane sheet (molecular weight cut off 150-300
Da) was supplied by Synder (Sterlitech Corp, Kent, WA, USA) and a Millipore stirred cell (Amicon
UFSC40001, Merck-Millipore, Burlington, MA, USA) was used for the filtration experiment.

3.2. Preparation of UiO-66_GO Nanocomposite and Membranes

GO and UiO-66 were prepared by the methods described by Heu et al. (2020). The
hydrothermal UiO-66 preparation method was used to prepare the UiO-66_GO nanocomposite in
the presence of GO. We used a 0.5% GO loading in the composite material because it showed the
highest photodegradation rate for carbamazepine [16]. GO (10 mg) was dispersed in DMF (150 mL)
and sonicated for 8 h. ZrCls (1.17 g) and H.BDC (0.83 g) were added to the GO solution and mixed
until completely dissolved. The mixture was transferred into a 200 mL Teflon liner within a
stainless-steel autoclave and heated at 120 °C for 24 h. After the solvothermal reaction, the solution
was cooled, centrifuged, and washed with DMF and methanol several times. Finally, the product
was dried and kept dry until it was used.

Composite NF membranes were prepared with a PASA system [22] with some modifications
(Figure S1). The pristine NF membranes were submerged and washed in MilliQ water for at least 5 h.
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Different amounts of the UiO-66_GO nanocomposite (5, 10, or 15 wt % of the pristine NF membrane)
were dispersed in MilliQ water to achieve a consistent concentration of 0.25 g/L, and the dispersions
were sonicated for 15 min. Each of the solutions was filtered through an NF membrane (D =76 mm)
in the stirred cell apparatus under a pressure of 5 bar. The composite membranes were dried in air at
room temperature overnight, and then dried in a freeze dryer overnight and kept dry until use. The
final composite NF membranes with 5, 10, and 15 wt % loadings of the UiO-66_GO nanocomposite
were denoted as UiO66_GO/NF-5%, UiO66_GO/NF-10%, and UiO66_GO/NF-15%, respectively.

3.3. Characterization of UiO-66_GO Nanocomposite and Membranes

Surface morphologies of the UiO-66_GO nanocomposite were observed by TEM (JEM-2010 F,
JEOL, Tokyo, Japan) and SEM (SU9000, Hitachi, Tokyo, Japan). The functional groups in the
composite material were identified by FTIR spectroscopy from 400 to 4000 cm™, using KBr pellets
(FTIR 4600, JASCO, Tokyo, Japan). Ultraviolet/visible (UV/Vis) absorption spectra of the UiO-66_GO
nanocomposite were measured by a spectrophotometer (UV-2600, Shimadzu, Kyoto, Japan) to
calculate its indirect band gap by the Tauc plot model [16].

The static water contact angle of the membrane surface was determined with a contact angle
meter (Simage AUTO 100, Excimer Inc., Yokohama, Japan) to confirm their hydrophilicity. Three
measures of surface roughness were measured by AFM (Asylum CypherS, Oxford Instruments,
Abingdon, UK) with a scan area of 3 x 3 um. The measures were average roughness (Sa) and root
mean square roughness (Sq), which are the average deviation and standard deviation of peaks and
valleys, respectively, and the mean height difference between the highest peaks and lowest valleys
(Sy). In addition, the membrane thickness (/) was manually measured by using a scale ruler.

Overall porosity (¢) and mean pore radius (=) of the membranes were calculated by the
gravimetric method (Equation (1)) and the Guerout-Elford-Ferry model (Equation (2)), respectively

[7].

mq—mj
“~ Tlaa, (1)
2.9-1.75¢) 8nl
Tm= \/( ) n Q (2)
AeP

Here, m: and m: are the masses of the wet and dry membranes (kg), respectively, I is the
membrane thickness (m), A is the membrane surface area (m?), dw is water density (10° kg/m?3), 7 is
water viscosity (8.9 x 10? bar s), Q is the volume flow rate (m?3/s), and P is the operational pressure
(bar).

3.4. Filtration Experiment

The permeate flux of four membranes (pristine NF, UiO-66_GO/NF-5%, UiO-66_GO/NF-10%,
and UiO-66_GO/NF-15%) were measured in a dead-end cell filtration system filled with nitrogen
gas as a pressure source (Figure S1). The membrane sheet was cut into a circle 76 mm in diameter
with an effective area of approximately 41.2 cm?. Prior to the filtration experiment, each membrane
was compacted under a pressure of 5 bar with MilliQ water for 30 min to obtain a steady-state flux.
To determine the pure water flux, MilliQ water was filtered under a pressure of 4 bar and the
permeate flux was recorded every 10 min for 1 h. Then, the pure water flux (Juz, kg/m? h bar) was
calculated by [7].

M

I = AP 3)

where M is the weight of the permeate (kg), A is the membrane active surface (m?), t is the
permeation time (h), and P is the operational pressure (bar).

In addition, to examine the stability of the composite membranes (UiO-66_GO/NF-5%,
UiO-66_GO/NF-10%, and UiO-66_GO/NF-15%), each composite membrane was washed with MilliQ
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five times and dried. The masses of the composite membranes before and after washing were
determined to calculate the mass loss of the UiO-66_GO composite to indicate their stability.

To determine their flux recovery performance, immediately after pure water filtration (Ju1),
MilliQ water was replaced with 50 mg/L SRHA as a model foulant, and it was filtered in an identical
system for 3 h (Jsrra). The fouled membrane was washed and kept in MilliQQ water for 15 min and its
pure water flux was determined again (J«2). The anti-fouling properties of the pristine and composite
membranes were quantified by the FRR [28].

FRR (%) = 100 Jw (4)
]wl
Here, J,,; and ], are the pure water fluxes (kg/m2 h) before and after fouling, respectively. A
higher FRR indicates better fouling resistance.
To understand the fouling behavior better, the additional indicators R:, Rir, and R: were

determined by Equations. (5)—(7), respectively [29].

]W2 - ]SRHA

R.(%) = 100 )
]wl

R, (%) = 100 22— Jwz. (6)
]wl

R,(%) = 100 221~ Jsrua @)

]wl

Ry indicates the proportion of fouling caused by concentration polarization. Ri- indicates the
proportion of fouling caused by adsorption or/and deposition of SRHA molecules on the membrane
surface. Rt is the sum of Rrand Ry, indicating the degree of total flux decline. In general, a lower ratio
shows better fouling resistance.

To confirm how photocatalysis regenerated the composite membrane, after the filtration with
SRHA solution for 3 h, the fouled membrane was irradiated under UV light (wavelength, 254 nm;
intensity, 0.16 W/cm?) for 1 h. The membrane was then subjected to pure water filtration and FRR
and Rirwere calculated by Equations (4) and (6), respectively.

The separation performance of fresh UiO-66_GO/NF membranes was evaluated by rejection of
DCF and CBZ with the same filtration apparatus. They were selected as model OMPs because they
are among the most frequently detected OMPs in the aquatic environment [47]. Solutions of 1.0 mg/L
of DCF and CBZ at pH 5 were filtered by each of the UiO-66_GO/NF membranes for 2 h under a
pressure of 4 bar. The residual concentrations were determined by high-performance liquid
chromatography (Prominence UFLC, Shimadzu) equipped with a UV/Vis absorbance detector
(SPD-20 UFLC, Shimadzu) and a C18 column of dimensions 4.6 mm x 250 mm x 5 um (Kinetex,
Phenomenex, Torrance, CA, USA). To determine the DCF concentration, the oven temperature was
40 °C and the UV/Vis detector was operated at 276 nm. The mobile phase was a mixture of methanol
(75%) and water (25%) at a constant flow rate of 1 mL/min. To determine the CBZ concentration, the
oven temperature was 40 °C and the detection wavelength was at 285 nm. The mobile phase was a
mixture of methanol (60%) and water (40%) at a constant flow rate of 0.6 mL/min. The relative errors
of the measurements for DCF and CBZ were 2-12% and 0.7-7%, respectively. Based on these
measurements, the removal efficiencies of the OMPs were calculated by:

Removal (%) = 100C°;—C” 8)

0

where Co and Cy are the initial and permeate concentrations (mg/L), respectively.

4. Conclusions

Photocatalytic NF membranes were fabricated by depositing a UiO-66_GO nanocomposite
synthesized by a hydrothermal method on NF membranes by PASA to improve the water flux and
anti-fouling properties. The UiO-66_GO nanocomposite at a loading of 15 wt % increased pure water
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flux by 187% compared with the pristine NF membrane flux by increasing the surface smoothness
and hydrophilicity of the membrane surface. However, the 10 wt % loading of the UiO-66_GO
composite was optimal because of its high flux improvement (169%) and the good stability of the
UiO-66_GO nanocomposite on the membrane surface. The UiO-66_GO/NF-10% membrane also
showed higher FRR (80%) and lower Rir (20%) than did the pristine NF membrane, which were
attributed to the increased hydrophilicity, surface smoothness, and charge repulsion. In addition,
the composite membrane showed photocatalytic activity that degraded accumulated SRHA and
increased FRR to 98%. The composite membrane also showed high solute rejection of DCF and CBZ,
although we still need to measure the effects of photocatalytic activity of UiO-66_GO on solute
rejection by the membrane and membrane lifetime. The UiO-66_GO nanocomposite is a promising
additive for developing advanced photocatalytic NF membranes to tackle common problems in
water treatment, such as limited flux, high energy consumption, and short membrane lifetime.

Supplementary Materials: The following materials are available online at
www.mdpi.com/2073-4344/10/6/711/s1: Figure S1: Schematic of the preparation of UiO-66_GO/NF membrane;
Figure 52: Water contact angle measurement; Figure S3: Images of the composite membrane before and after
washing five times.
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