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ABSTRACT

The surface modification of polyacrylonitrile (PAN) ultrafiltration membranes with advanced
porous framework materials is suggested as a directional design of membrane apertures and capa-
bilities to improve their permselectivity and antifouling/antibacterial performance. In this work, a
2D metal-organic framework, HKUST-1, and reduced graphene oxide (rGO) were used to modify
a PAN membrane and prepare a novel composite membrane named HKUST-1/rGO/PAN for dye
wastewater treatment. X-ray photoelectron spectroscopy, scanning electron microscopy, atomic
force microscopy and energy dispersive X-ray spectrometer analyses were used to evaluate the
structure and chemical composition of the as-obtained membranes. HKUST-1/rGO/PAN exhib-
ited a pure water flux of 58.46 L m™ h™' bar™, which was 2.8 times higher than that of an rGO/
PAN membrane. The membrane rejection for Methylene blue was more than 90% after 2 h of con-
tinuous operation. The composite membrane also exhibited excellent antifouling and antibacterial
properties. The removal ratio greatly improved in the antifouling experiment after 3 rounds of
sequential fouling and washing, and the inhibition rate against Escherichia coli and Staphylococcus
aureus reached 100%. This work offers a simple technology for exploiting novel multifunctional
composite membranes with long-term operational stability and strong antibacterial properties for

water treatment.
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1. Introduction

Membrane separation technology has been applied in
many fields because of its easy operation, strong selectivity,
low energy consumption, and extensive application [1,2].
However, in the process of liquid separation, the membrane
easily breeds bacteria, thus leading to the secondary pollu-
tion of products and an increase in energy consumption.
For example, Salmonella and Escherichia coli in water can
cause various diseases that have the following symptoms:
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vomiting, fever, diarrhea, hemolytic anemia acute renal
failure or even death [3,4]. It is a key challenge to find effi-
cient methods that can enhance the antibacterial properties
of membranes. Currently, many antibacterial substances
have been used to modify membranes to improve their anti-
bacterial properties. According to the molecular structure
of these antibacterial substances, they can be divided into
inorganic antibacterial agents (such as inorganic nanopar-
ticles Ag, Au and Cu, etc.) [5], carbon nanomaterials [6],
and organic antibacterial agents (chitosan [7], lysine, qua-
ternary ammonium salts and their copolymers) [8]. Organic
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antibacterial agents are mostly used to prepare antibacte-
rial ultrafiltration membranes through blending and sur-
face modifications, which have shortcomings, such as com-
plicated operations while producing a surface with limited
antibacterial properties. In comparison, inorganic antibacte-
rial agents, which possess excellent antibacterial efficiency
due to the release of metal ions and a simple preparation
process, have been increasingly studied. Various types of
dopants, such as Ag NPs, TiO,, Fe NPs, graphene quan-
tum dots, and carbon nanotubes, have displayed excel-
lent potential for eliminating bacterial activity due to their
superb antibacterial behavior [9]. However, inorganic anti-
bacterial agents may not be durable and may cause sec-
ondary pollution, which limit the antibacterial activity of
composite membranes [10].

Recently, metal-organic frameworks (MOFs) have been
increasingly studied due to their high potential for wide
range of use [11], such as in catalysis [12], separation [13],
sensors [14] and drug delivery [15,16]. MOFs composed of
metal ions and bridged organic ligands have been intro-
duced into the field of membrane separation due to their
special physicochemical properties [17,18]. Yang et al.
[19] prepared a composite membrane named ZIF-8/PEI-
HPAN that exhibited 99.2% rejection for Congo red solu-
tion. In another work, on a polysulfone ultrafiltration sup-
port, a new thin nanocomposite membrane was reported
by doping MIL-101(Cr) into the dense selective polyam-
ide layer, and the water permeance was increased [20].
However, it is worth noting that there are few reports on
preparing antibacterial membranes using MOFs. The anti-
bacterial compounds of MOFs have several superiorities,
including broad-spectrum antibacterial properties against
gram-negative and gram-positive bacteria with long-last-
ing persistence, high efficiency and thermal stability
[21,22]. Many MOFs have been proposed as excellent anti-
biofouling candidates. Three different MOFs based on Co
(Co-SIM1), Zn (Zn-SIM1) and Ag (Ag-TAZ) caused >50%
inhibition towards cyanobacteria [23]. Lu et al. [24] synthe-
sized two novel Ag-based MOFs that slowly released Ag*
and exhibited excellent antibacterial effects toward both
gram-negative bacteria and gram-positive bacteria. The
antibacterial activity of MOFs is due to the presence of anti-
microbial cations such as Ag*, Cu* and Zn*". In particular,
as an endogenous low-toxicity transition metal cation, Cu®"
is widely used in antibacterial applications [25]. The metal
center of HKUST-1 is copper, and Cu* and trimesic acid
coordinate to form a paddlewheel structure. HKUST-1 has
a porous structure with excellent stability, which is good
for gas and liquid separation. Herein, HKUST-1 was used
to construct a dense layer of membranes on the surface for
water separation. However, due to the limited aqueous sta-
bility of HKUST-1, it requires a stable skeleton to obtain a
stabilized composite membrane. It is known that reduced
graphene oxide (rGO) is a two-dimensional material with
an atomic-scale thickness, and the two-dimensional nano-
channels between adjacent layers can provide a transmis-
sion path for small molecules while effectively blocking
large-sized molecules [26]. Thus, rGO can form an interpen-
etrating structure with the MOFs to improve the stability
of the selective layer of the membrane that retains macro-
molecular pollutants [27,28]. Furthermore, the sharp edges

of rGO can pierce bacteria synergizing with the MOF for
sterilization during water separation [29].

In this paper, we fabricate a novel composite ultra-
filtration membrane (HKUST-1/rGO/PAN-polyacryloni-
trile) for dye rejection by simple filtration. A schematic
illustration of the HKUST-1/rGO membrane is shown in
Fig. 1. The permeability and antifouling of the composite
membrane are tested for the separation of Methylene blue
during filtration. The antibacterial activities against E. coli
and Staphylococcus aureus of the HKUST-1/rGO/PAN mem-
brane are also determined. To the best of our knowledge,
this is the first attempt to fabricate a composite membrane
with 2D Cu-based MOFs to achieve the triple purpose of
separating pollutants while exhibiting antifouling and anti-
bacterial properties during wastewater treatment.

2. Experimental
2.1. Chemicals and materials

Graphite powder, dopamine hydrochloride and tris(hy-
droxymethyl)aminomethane were provided by Aladdin
Bio-Chem Technology Co., Ltd., (Shanghai, China).
Copper acetate hydrate (Cu(CH,COO),H,0), trimesic
acid (H,BTC) and Methylene blue (MB) were purchased
from Macklin Biochemical Co., Ltd., (Shanghai, China).
Hydrochloric acid (HCl), sodium hydroxide (NaOH), sul-
furic acid (H,SO,), phosphoric acid (H,PO,) potassium
permanganate (KMnO,), hydrogen peroxide (H,0,), N,N-
dimethylformamide (DMF), and absolute ethanol (C,H,OH)
were supplied by Sinopharm Chemical Reagent Co., Ltd.,
(Shanghai, China). The PAN membrane was purchased
from RisingSun Membrane Technology Co., Ltd., (Beijing,
China). All reagents were of analytical grade and used
without further purification.

2.2. Preparation of HKUST-1, GO and HKUST-1/rGO

2D HKUST-1 was synthesized according to meth-
ods reported in the literature [30]. Briefly, 10 mmol of
Cu(CH,COO),H,0 and 3.6 mmol of H.BTC were added
to 70 mL of solvent (DMF:ethanol = 4:1), and the mixture

Fig. 1. Schematic illustration of the HKUST-1/rGO membrane.



Z. Wang et al. | Desalination and Water Treatment 228 (2021) 121-132 123

was sonicated for 1 h. Then, the mixture was transferred
to a Teflon-lined autoclave for solvothermal treatment at
393 K for 8 h. After cooling to room temperature, the mix-
ture was centrifuged at 8,000 rpm for 5 min, providing navy
blue products that were washed three times using etha-
nol. Finally, the products were dried at 323 K in a vacuum
drying oven.

GO was synthesized according to the Hummers method
[31]. Briefly, 360 mL of H, SO, and 40 mL of H,PO, were
poured in a 1,000 mL beaker and stirred in a low-tempera-
ture reaction bath at 278 K. Then, 3.0 g of graphite and
18.0 g of KMnO, were slowly added to the mixture. After
stirring for 1 h, the mixture was transferred to a water bath
at 323 K and stirred for 12 h. Subsequently, 200 g of ice and
8 mL of H,O, were added to the mixture to remove excess
KMnO,. Next, the slurry was centrifuged at 10,000 rpm for
10 min, and the solid was washed with deionized water
until the pH was neutral. Finally, graphene oxide was
obtained after freeze-drying.

The obtained graphene oxide was dispersed in 25 mL
of ultrapure water, and after adding HKUST-1, the mix-
ture was stirred and ultrasonicated for 2 h. Then, 0.05 g
of dopamine hydrochloride was added, and the pH was
adjusted to 8.5 with Tris-HCI. Next, the mixture was trans-
ferred to a flask and stirred at 70°C for 24 h. Finally, the
HKUST-1/rGO casting solution was cooled to room tem-
perature for further use.

2.3. Synthesis of the composite membranes

The PAN membranes were soaked in ethanol and
ultrapure water for 24 h. Then, 0.5 mL of the casting
solution was diluted to 50 times the original concentra-
tion and filtered onto the surface of the PAN membrane
at 0.09 MPa. The prepared membranes were named MO,
M40, M80, M120 and M160 to express the different doses
(Table 1). Finally, the membranes were dried at 323 K
for 20 min.

2.4. Characterization

Scanning electron microscopy (SEM, Hitachi S-4800)
was used to detect the morphology of the materials and the
surface and cross-section morphologies of the membranes.
The crystalline structure of the materials and membranes
was investigated by X-ray diffraction (XRD, Ultima IV,
10°C/min). The surface chemical composition was deter-
mined by X-ray photoelectron spectroscopy (XPS; Thermo
ESCALAB 250Xi). The surface roughness and three-dimen-
sional images of the membranes were characterized by
atomic force microscopy (AFM; NanoWizard 4, America).

Table 1
Compositions of the composite membranes in this study

Composite membrane M0 M40 M80 MI120 M160
HKUST-1 (mg/L) 0.0 400 80.0 1200 160.0
GO (mg) 125 125 125 125 1.25
PDA (mg) 05 05 0.5 0.5 0.5

A NETZSCH STA 449 F5 instrument was applied to obtain
the thermogravimetric analysis (TGA) in flowing air and
N, at a heating rate of 10°C/min. The hydrophilicity of the
membranes was measured by a dynamic contact angle ana-
lyzer (JY-82B Kruss DSA) using 1.5 mL of UP-water as the
liquid drop each time.

2.5. Performance evaluation

The separation test of the composite membranes was
evaluated by a Methylene blue aqueous solution in vac-
uum filtration equipment at room temperature (20°C-25°C).
A steady water flux was ensured for each membrane by
precompacting at 0.9 bar for 20 min.

The permeate flux (J , L m™ h™) was calculated by mea-
suring the permeate volume (AV, L) through the effective
area of the membrane (A, m? at a certain time (At, h).
Solute rejection (R, %) was evaluated by measuring the MB
concentrations of the permeate (Cp) and feed (Cf) solution
using a UV spectrophotometer at 664 nm. The effective area
of all solutions permeating the membrane was 12.56 cm?

(A, m2).

R4

(A, xa) @
¢, -C

R=— 2 %100% )

In addition, the test was carried out for 2 h to evaluate
the long-term stability of membranes using the same vac-
uum filtration system at an operation pressure of 0.9 bar.
Water samples were collected at 20 min intervals for
recording the water flux and MB rejection.

The antifouling property of a membrane has a signifi-
cant influence on its practical application. To evaluate this
property of the membrane, the rGO/PAN and HKUST-1/
rGO/PAN membranes were used to adsorb MB three
tilter adsorption of a 20 mL MB solution (30 mg/L), a 1%
HCl and ethanol solution was used to wash the mem-
brane for 40 min. The flux recovery ratio (FRR) and repeat
removal rate (R1, R2, and R3) were measured. The R1, R2,
and R3 formulas are the same as Eq. (2), and the FRR for-
mula is as follows:

FRR = %x 100% 3)

0

where ], and ] represent the first and second fluxes,
respectively.

To investigate the antibacterial properties of the com-
posites, rGO and HKUST-1/rGO were tested against E. coli
and S. aureus, respectively. First, E. coli and S. aureus sus-
pensions at a concentration of ~1.0 x 10° cfu/mL were pre-
pared. Next, 1 mL of bacterial solution and material were
transferred into 20 mL of sterile physiological saline.
Then, the mixture was shaken in a constant-temperature
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shaking incubator at 37°C for 2 h to allow the bacteria to
fully contact the sample. Finally, 0.1 mL of the bacterial
suspension was taken and uniformly coated on an LB solid
medium plate and placed in a 37°C incubator for 12 h.
The bacterial killing ratio (R,) of the material was calculated
using Eq. (4):

N,-N

=

R =

k

$ x100% “)

B

where N, is the number of live bacterial colonies on the
reference plate, and N, is the total number of live bacte-
rial colonies on the sample plate. The photograph of bac-
terial colonies after the inoculation of E. coli and S. aureus
with materials were named Blank-E, rGO-E, HKUST-1/
rGO-E for E. coli and Blank-S, rGO-S and HKUST-1/rGO-S
for S. aureus.

To observe the antibacterial properties of the com-
posite membrane, M0 and M120 were tested against
E. coli and S. aureus. First, E. coli and S. aureus suspen-
sions were prepared at a concentration of ~1.0 x 10° cfu/
mL. Second, 1 mL of the bacterial solution was trans-
ferred to 20 mL of sterile physiological saline contain-
ing a membrane with a 4 cm diameter, which was then
placed in a constant-temperature shaking incubator at
37°C for 2 h. Next, each membrane was rinsed with 5 mL
of physiological saline, and the solution was placed in
a 100 mL beaker and cultivated in a 37°C constant tem-
perature shaking incubator. After 10 min, 0.1 mL of the
bacterial suspension was taken and uniformly coated
on a sterile LB solid medium plate. Then, the coated
plates were placed in a 37°C incubator for 12 h. In this
experiment, PAN membranes were used as a blank.
Photographs of the bacterial colonies after the inoculation of
E. coli and S. aureus with the membranes were named PAN-
E, M0-E, M120-E, PAN-S, M0-S and M120-S, respectively.

A live/dead assay was also used to test the bacterial
viability after contacting the prepared membranes using
a LIVE/DEAD BacLight bacterial viability kit containing
calcein-AM/PI fluorescent staining agents. First, the E. coli
and S. aureus suspensions were prepared at a concentra-
tion of ~1.0 x 10° cfu/mL. Second, 1 mL of the bacterial
solution was transferred to 20 mL of sterile physiologi-
cal saline containing a membrane with a 4 cm diameter,
which was then placed in a constant-temperature shak-
ing incubator at 37°C for 2 h. Then, 1 mL of the super-
natant of the membranes was stained at room tempera-
ture in the dark for 15 min. Next, the supernatant was
transferred to a glass slide and observed with a laser
scanning confocal microscope (OLYMPUS CX31, China).
With an appropriate mixture of the fluorescent staining
agent calcein-AM and propidium iodide, bacteria with
intact cell membranes were stained fluorescent green,
and bacteria with damaged cell membranes were stained
fluorescent red [7].

To detect whether the concentration of ions in the
water caused secondary pollution. The release of cop-
per ions from the membranes was monitored via batch
experiments by atomic absorption spectrometry.

3. Results and discussion

3.1. Evaluating the physiochemical properties
of the materials and composite membranes

The morphology of the materials was character-
ized by SEM and is displayed in Fig. 2a—c. The SEM
images suggested that rGO had a flake-like structure
with stacked fragments (Fig. 2a) and that HKUST-1 exhib-
ited an irregular microflower shape (Fig. 2b). The mor-
phology of the HKUST-1/rGO materials is displayed in
Fig. 2¢, suggesting that many ravines are formed on the
surface of the composite material, which can provide
additional paths for water molecules. The XRD spectra
of HKUST-1 and GO exhibited typical diffraction peaks
(Fig. 2d). The sharp peak at 9.42° corresponded to GO,
and the typical diffraction peaks at 6.68°, 9.44°, 11.52°
and 13.3° were assigned to HKUST-1. The peaks at 36.34°
and 38.96° represented Cu,0O and CuO, respectively, in
the XRD pattern of HKUST-1 [32]. XPS analysis was car-
ried out to assess the elemental composition and chem-
ical variations of HKUST-1/rGO and rGO, as shown in
Fig. 2e—j. As described in Fig. 2e, the energy peaks of
HKUST-1/rGO and rGO were predominantly composed
of C, O, N, and the spectra of HKUST-1/rGO presented a
new signal assigned to the presence of copper (HKUST-1).
The result of the C 1s self-evident spectra of rGO (Fig. 2f)
showed two typical peaks: a primary peak correspond-
ing to the C-O bond located at 286.3 eV and another peak
at 284.8 eV conforming to C—C or C=C bonds [33]. The
enhanced intensity of the C-O peak in HKUST-1/rGO was
consistent with the existence of the free -COOH func-
tional group of the H,BTC ligand in HKUST-1 (Fig. 2g).
Additionally, the N 1s spectrum of rGO (Fig. 2h) exhibited
three peaks: a major peak attributed to the =N-R bond
located at 399.7 eV, a middle peak at 401.5 eV attributed
to the R-NH-R bond and a small peak at 406.8 eV corre-
sponding to the R-NH, bond [34]. The improved inten-
sity of the =N-R peak in HKUST-1/rGO was attributed to
the presence of -NH ~COO (Fig. 2i), which was due to
the combination of the -NH; in dopamine molecules with
the —-COO- in the HBTC ligand. The shape of the new
copper signals illustrated the existence of HKUST-1 in
HKUST-1/rGO (Fig. 2j). The peaks of Cu?*" were situated at
954.7 and 934.68 eV, and the peaks at 952.8 and 932.9 eV
were separately assigned to Cu 2p,, and Cu 2p,,, respec-
tively [35].

The surface and cross-sectional morphology of the
membranes are shown in Figs. 3a—c. The rGO/PAN mem-
brane exhibits a flat and dense surface with obvious
nodule granule features, which is the characteristic mor-
phology of composite membranes formed by the stack
of flaky rGO (Fig. 3a). After the addition of HKUST-1,
some irregular microflower structures were observed,
and the active layer covered the surface of HKUST-1/rGO/
PAN (Fig. 3b and c). Additionally, the energy dispersive
X-ray spectroscopy mapping clearly validated that cop-
per from HKUST-1 was distributed on the surface and
in the channels of HKUST-1/rGO/PAN. The XRD spec-
tra (Fig. 3d) of the HKUST-1/rGO/PAN and rGO/PAN
membranes exhibited no significant changes because the
peaks of HKUST-1 and rGO were covered by the peaks
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Fig. 2. Characterization results of the materials. SEM images of (a) rGO, (b) HKUST-1, and (c) HKUST-1/rGO; (d) XRD spectra of the
materials. XPS survey spectra of the composite materials: (e) HKUST-1/rGO and rGO, (f) C 1s spectra for rGO, (g) C 1s spectra for
HKUST-1/rGO, (h) N 1s spectra for rGO, (i) N 1s spectra for HKUST-1/rGO and (j) Cu 2p spectra for HKUST-1/rGO.
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Fig. 3. Characterization results of the membranes. SEM surface images of (a) rGO/PAN and (b) HKUST-1/rGO/PAN.
(c) SEM cross-section and energy dispersive X-ray spectroscopy image of HKUST-1/rGO/PAN, (d) XRD spectrum of the

membranes and (e) TGA curves of MO and M120.

of the PAN membrane. As shown in Fig. 3e, the curve of
MO attained a plateau up to 130°C without any obvious
mass loss, demonstrating the framework integrity during
this process. Then, M0 showed a continuous weight loss
from 130°C to 200°C caused by the sublimation of residual
dimethylamide. From 200°C-300°C, there was no obvious
weight loss, indicating the stability of MO in this tempera-
ture range. The apparent weight loss of 50% in the second
part that occurred from 300°C to 450°C was assigned to the
collapse in the structure of the sample [36]. In this process,
large amounts of CO,, CO, CH,, HCN, NH, were released
along with the decomposition of the membrane and the
collapse of the rGO structure. Additionally, there was no
significant weight loss in the M120 curve from 25°C-300°C,
indicating that HKUST-1 improved the thermal stability of
the composite membrane. From 300°C—450°C, the weight
of M120 decreased by 70%, and the structure of the sam-
ple collapsed completely near 450°C, which was consistent
with literature reports. In this process, with the decompo-
sition of M120 and the release of a large amount of gas,
cuprous oxide and copper oxide were produced at the
same time [37].

As shown in Fig. 4, an AFM surface analysis was con-
ducted to further explore the surface morphology of the mem-
branes with different concentrations of HKUST-1. The AFM
parameters in terms of height, R and R are illustrated in
Fig. 4f. It can be clearly seen that the height and roughness
parameters of the membrane increased after the formation
of HKUST-1/rGO on the surface. However, the more pro-
nounced ridge and valley morphology of the membranes
decreased with an increasing concentration of HKUST-1.

Additionally, the R, R, and height of the membranes first
increased, then clearly decreased, before increasing one
more time at 160 mg/L MOFs due to the deposition of
HKUST-1 on the surface. On account of the addition of
MOFs, the space between rGO sheets was first expanded by
HKUST-1, resulting in an increase in surface roughness and
height. Then, HKUST-1 filled and leveled the gaps on the
surface, leading to a flat surface with reduced roughness and
height. Notably, the rough surface morphology may possi-
bly lower the fouling tendency of the functional membrane.
Therefore, 120 mg/L HKUST-1 (M120) was determined to be
a favorable concentration for further experiments.

The water contact angle was measured as the degree
of hydrophilicity of the membrane surface, which plays an
important role in its pure water flux and antifouling per-
formance. According to Fig. 5, the water contact angle of
the PAN membrane was approximately 78.6°. As can be
observed, M0 had a larger water contact angle and therefore
lower hydrophilicity than the neat PAN membrane due to
the hydrophobic nature of the incorporated rGO nanopar-
ticles on the membrane surface. After the incorporation of
the MOF, the water contact angle of M120 decreased and
reached a lower value of 69.3°, which can be related to the
presence of abundant hydroxyl groups on the structure of
HKUST-1 (Fig. 5c¢).

3.2. Performance evaluation of the membranes

The water flux and MB rejection of the compos-
ite membranes are evaluated in Fig. 6. The water flux
steadily increased from 20.51 to 58.46 L m= h' (LMH)
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Fig. 5. Contact angles of the different membranes: (a) PAN, (b) MO, and (c) M120.

with an increasing HKUST-1 from 0 to 120 mg/L and then
decreased to 52.39 L m h' at 160 mg/L. This clear change
in flux can be due to five possible reasons. First, the sur-
face hydrophilicity of the HKUST-1/rGO/PAN membranes
was improved by the addition of MOFs with hydrophilic
ligands. Second, the addition of HKUST-1 broke down the
intermolecular forces, and hydrogen bonds between the
rGO sheet and some voids were unavoidably generated.
Third, the relatively flat membrane surface shortened the
path of water molecules through the membranes. Fourth,
the nanochannels of the MOFs could supply extra water
pathways, improving the permeation of water molecules.
Fifth, blocking on the membrane surface, due to excess
MOFs, caused the flux to decrease. MB rejection of the com-
posite membranes remained at a high level (>90%) with an

increasing HKUST-1 loading from 0 to 160 mg/L. The reason
for this result is that with an increasing content of MOF in
the selective layer, the structure of the active layer became
more stable, and the water penetration into the membrane
increased due to the decreased mass transfer resistance for
water molecules. From the above results, the HKUST-1/
rGO/PAN membrane had better performance in regard to
MB rejection than rGO/PAN membranes.

In ultrafiltration systems, long-term performance is
important in regard to membrane performance charac-
teristics. Thus, the rGO/PAN and HKUST-1/rGO/PAN
membranes were tested for 120 min of continuous oper-
ation, and the results are demonstrated in Fig. 6c-d.
Regarding the rGO/PAN membrane, both water perme-
ability and MB rejection decreased as the operating time



128
75
=
§60
545
=
1330
B
<15
=
0
0 40 80 120 160
Cyop(mg/L)
520 —
) © —eo— MB Permeability{ 120
E 16! ‘_.—.—\o—.MBRejection ] 100§
— —~—e
=12 T w0 &
L ® 1 Bt
E \.\ 8
e .\o\. 160 -2,
< 8Ff — v
S |40
» =
=~ 7| rGO/PAN 20 =
= 0 20 40 60 80 100 120

Time (min)

Z. Wang et al. | Desalination and Water Treatment 228 (2021) 121-132

=
& 80+ (b) -e- Water Permeability
S 1120
E -e- MB Rejection <
| o— O ——eo—° ) <
= 60 . ——, 90 £
) =
5407 {602,
S
g 7
20 ¢ {3084
A =
=
3 0 L L 1 L I
§ 0 40 80 120 160
Cyvor(mg/L)
%?70
é 60 (d -eo— Water Permeability 1120
I -e- MB Rejection ©
S so ——e—a . 1100
———s =
-‘?40- ./‘\./°\o—o——o 180 ke
5 5
S 300 {60 8
Q [P]
g 20} 140 &
(]
"2 10} HKUST-1/fGO/PAN {20 3
s 0 . . - . . — 0
= 0 20 40 60 80 100 120

Time (min)
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(c) rGO/PAN and (d) HKUST-1/rGO/PAN membranes.

increased. However, regarding the HKUST-1/rGO/PAN
membrane, the addition of MOFs resulted in a slight
decrease in MB rejection, while the water permeability
increased by more than 3 times. This result demonstrated
that the HKUST-1/rGO/PAN membrane with a firm active
layer was available for long-term operation.

3.3. Antifouling performance of the membranes

To evaluate the antifouling capacity of the mem-
branes, the removal ratio during the antifouling tests
was observed; these tests included 3 rounds of sequential
fouling and washing. Fig. 7a and b illustrate the varia-
tions in MB flux and rejection during the 3 rounds. As fil-
tration proceeded, the aggregation of rGO caused a large
number of defects in the membrane, which resulted in a
decrease in MB rejection. After the addition of MOFs, the
MB rejection of HKUST-1/rGO/PAN clearly improved
compared with that of rGO/PAN, and M120 containing
120 mg/L HKUST-1 exhibited the highest FRR. This result
demonstrated that HKUST-1-functionalized membranes
exhibited much higher antifouling properties. HKUST-1
improved the hydrophilicity of membranes, which was
conducive to the formation of water layers on the mem-
brane surface by adsorbing water molecules. The water

layer would prevent dye molecules from adsorbing on the
membranes [33]. Moreover, the addition of HKUST-1 in the
active layers could prevent the accumulation of dye mol-
ecules on the membrane surface, demonstrating that the
HKUST-1/rGO/PAN membrane had better recyclability and
antifouling performance.

3.4. Antibacterial performance

The antibacterial activity of the composite membranes
was evaluated by using two typical gram-negative and
gram-positive bacteria. The results of the antibacterial
experiments for materials and membranes are shown
in Fig. 8. The bacterial killing ratio (R,) of rGO for E. coli
and S. aureus was 13.03% and 37.28%, respectively, while
HKUST-1/rGO significantly increased the R, of E. coli
(R, = 100%) and S. aureus (R, = 76.62%). Clearly, regard-
ing HKUST-1/rGO, the presence of HKUST-1 played an
important role in improving the bactericidal properties.
Furthermore, the R, of M0 and M120 were tested and
compared with those of the PAN membrane. As shown in
Fig. 8f and g, a large quantity of E. coli and S. aureus strains
lived on the PAN membrane surface. In contrast, the via-
ble bacteria observed on the MO0 surface decreased, and
the bacterial mortality of E. coli and S. aureus was 13.64%
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and 44.63%, respectively. Additionally, colony growth was
inhibited on the surface of M120, and the bacterial mortal-
ity was approximately 100%. This result was indicative of
the antibacterial property of the HKUST-1-functionalized
membrane against gram-negative and gram-positive

bacteria.

The antibacterial mechanism of membranes included
the following pathways. The reasons for the good anti-
bacterial performance were that rGO and HKUST-1 acted
similarly to a “spear and shield”; the sharp edges of rGO
pierced the bacterial cell membrane by direct adherence.
Then, HKUST-1 released Cu?*, which could penetrate
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Table 2 Comparison of the antibacterial capacities of reported membranes

Antibacterial agent Antibacterial methods

Bacteria

Antibacterial performance

Phosphorylcho-
line (PC)-containing Control cellular adhesion
polymers [40]

2-Methacryloyloxyethyl

Escherichia coli

90% (Anti-adhesion rate)

Staphylococcus aureus, Streptococcus

phosphorylcholine Control cellular adhesion mutans, Pseudomonas aeruginosa, and 95% (Anti-adhesion rate)
polymers [41] Candida albicans
Escherichia coli and Staphyl
Ag-MOFs [42] Release metal ions Screriciu cott and staphytococcus Almost 100%
aureus
GO-PDA-PEI [43] Near.in'frared (NIR) laser Escherichia coli and Staphylococcus 99%
irradiation aureus
HKUST-1/rGO/PAN Release metal ions and Escherichia coli and Staphylococcus Almost 100%

(this work) contact sterilization

aureus

into the bacterial cell, and carboxylic acids in the trimeric
acid linker accelerated and promoted the sterilization
process [38]. Since rGO and HKUST-1 were available in
the active layer of the membrane, they conveniently pro-
vided direct contact with bacterial cells and improved
antibacterial performance [32]. Furthermore, HKUST-1,
which possessed properly distributed metal active sites in
its matrix, could act as a reservoir of copper ions to con-
tinuously release Cu*, thus creating sustainable antibac-
terial activity [39].

Additionally, the release of Cu** was monitored in both
soak and filtration solutions. Fig. 8c shows that the high-
est Cu®" concentrations detected in the soak and filtration
solutions are 0.035 and 0.111 mg/L, respectively, which
are far below the maximum contamination extent of Cu in
drinking water as reported by the Sanitary Standard for
Drinking Water (GB5749-2006) (China). Thus, the release of
Cu?" during the operation of the composite membrane could
not cause secondary contamination in either the soak or
filtration solutions.
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Furthermore, a fluorescence test (Fig. 9) was conducted
to confirm the bactericidal performance of the membrane.
Many green spots and very few red spots appeared in the
fluorescence images of the samples in contact with the PAN
membrane, indicating that almost no E. coli or S. aureus
were sterilized. After cultivation with MO, many of the
bacterial cells were stained red by SYTO PI, revealing that
some cells might be disrupted. Almost all the bacteria were
stained red upon M120 exposure, which showed that M120
caused noticeable damage to both bacteria owing to its syn-
ergistic antibacterial effect.

A comparison of the antibacterial methods and per-
formance of the as-prepared composite membrane
with other antibacterial agents are presented in Table 2.
Due to the synergistic effect of both rGO and copper ions
in HKUST-1, HKUST-1/rGO/PAN exhibited excellent
antibacterial performance, indicating its outstanding
application potential in water treatment.

4. Conclusion

In this study, tGO and HKUST-1 were loaded onto
a PAN membrane using polydopamine by simple fil-
tration to prepare a new composite membrane (HKUST-1/
rGO/PAN). The composite membrane possessed excellent
water permeability, dye separation and antifouling prop-
erties during long-term operation. Bacterial experiments
showed that the antibacterial activity of the composite
membrane loaded with HKUST-1/rGO reached 100%,
which was attributed to the synergistic effect of both rGO
and copper ions released from HKUST-1. This work pro-
vides a simple method for the preparation of two-dimen-
sional material-based composite membranes, which can not
only separate dyes effectively but also release low concen-
trations of metal ions to improve the antimicrobial perfor-
mance of the membrane.
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