Journal of Water Process Engineering 56 (2023) 104432

Contents lists available at ScienceDirect

JOURNAL OF
WATER PROCESS
ENGINEERING

Journal of Water Process Engineering

journal homepage: www.elsevier.com/locate/jwpe

ELSEVIER

Check for

High perm-selectivity and performance of tuned nanofiltration membranes [%&s
by merging carbon nitride derivatives as interphase layer for efficient
water treatment

Sadegh Aghapour Aktij ", Milad Hosseininejad °, Mostafa Dadashi Firouzjaei a4 Saeed Farhadi *,
Mark Elliott ¢, Ahmad Rahimpour 5" Joao B.P. Soares ™ , Mohtada Sadrzadeh ™",
Yaghoub Mansourpanah

@ Department of Chemical & Materials Engineering, 12-263 Donadeo Innovation Centre for Engineering, Group of Applied Macromolecular Engineering, University of
Alberta, Edmonton T6G 1H9, AB, Canada

Y Department of Mechanical Engineering, 10-367 Donadeo Innovation Center for Engineering, Advanced Water Research Lab (AWRL), University of Alberta, Edmonton
T6G 1HY9, AB, Canada

¢ Membrane Research Laboratory, Lorestan University, Khorramabad 68151-44316, Iran

4 Department of Civil, Construction and Environmental Engineering, University of Alabama, Tuscaloosa, AL, USA

ARTICLE INFO ABSTRACT

Keywords: The support characteristics under polyamide thin films have proven significant impact on the performance of

Interlayered thin film nanocomposite nanofiltration thin film composite (TFC) membranes. In this study, polyethersulphone (PES) support was initially

?elmbr‘?ges furnished with an interphase layer of different graphitic carbon nitride derivatives and nanocomposites (g-C3Ny,
olyamide

oxidized g-C3N4, and g-C3N4/CuFe;04) to improve the specifications of TFC membranes. Then, the polyamide
layer was fabricated by interfacial polymerization on top of the interphase layer. The interlayer helped fine-tune
the thickness and surface characteristics such as roughness, wettability, and zeta potential of the polyamide
layer, in the way of improving the separation and antifouling capabilities of the TFC membranes. The inter-
layered thin film nanocomposite (ITFN) membranes considerably indicated better water permeability and
rejection of methylene blue (MB), methyl orange (MO), Cadmium nitrate, and sodium sulfate (Na;SO4). We
showed that ITFNs loaded with 0.01 wt% g-C3N4/CuFe;04 had a permeability of ~9.2 LMH/bar, upper from
~3.8 LMH/bar in the pristine form, exhibiting outstanding water flux. The rejection data showed nearly two-fold
increase of rejection of Cadmium nitrate, sodium sulfate, and dyes rather than the pristine nanofiltration
membrane. The modified nanofiltration membranes remarkably exhibited better antifouling properties and
higher flux recovery ratios as well.

Interfacial polymerization
Fouling mitigation
Separation

1. Introduction

Many industrial processes release wastewater tainted with salts,
dyes, and heavy metal ions to the environment [1]. These pollutants
must be removed from wastewater because they are toxic, carcinogenic,
and teratogenic in low quantities [2]. One of the most effective ways to
achieve this objective is to use membranes [3,4]. Compared to con-
ventional chemical or physical methods, nanofiltration (NF) has
garnered significant interest for water treatment because it is easy to
operate and scale-up, consumes little energy, and has high separation
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efficiency [5,6].

Thin film composite (TFC) polyamide membranes are good candi-
dates for nanofiltration processes because they combine mechanical
stability, low cost, and simple manufacture [7], but they are not without
limitations [8]. The heterogeneity of the polyamide layer and membrane
fouling adversely affect the performance and lifetime of TFC membranes
[9]. Recently, applying functional interlayers onto the substrate has
been demonstrated to enhance the performance of TFC membranes. The
interlayer prevents the polyamide layer from intrusion into the porous
substrate and modifies its morphology, mainly by decreasing the
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thickness and surface roughness of the polyamide layer [10]. Incredibly,
support selection is no longer restricted by factors such as hydrophilic-
ity, pore size, or surface uniformity when it can be modified with an
interlayer having the desired nanostructure [11,12]. Functional in-
terlayers aid in the creation of polyamide selective layers by enhancing
amine storage at the interface, regulating amine diffusion, interfering
with heat and nano-bubble generation, as well as controlling the for-
mation of nuclei [13].

Two-dimensional (2D) nanosheets, such as graphene oxide (GO)
[11,14], metal-organic frameworks (MOF) [15,16], and covalent
organic frameworks (COFs) [17] can be used to make uniform and
continuous interlayers for interlayered thin film nanocomposite (ITFN)
membranes [18]. ITFN acronym was used by Mansourpanah for the first
time to describe the nanoparticle-based interphased and interlayered
thin film nanocomposite membranes [18]. Unfortunately, GO-, MOF-,
and COF-based membranes are sensitive to water [14]. This has limited
their applications and commercialization because water is present in
most liquid separation processes.

Graphitic carbon nitride (g-C3N4) is a novel 2D nanomaterial with
tri-s-triazine structural units and a wide variety of desirable character-
istics [2,19], such as low cost, straightforward synthesis, excellent me-
chanical, thermal, and chemical stability, photodegradability, easy
aqueous dispersion, and environmental friendliness [2]. The tri-s-
triazine structural unit comprises 6-membered rings containing sp>hy-
bridized C and N atoms that can form an aromatic p-conjugated struc-
ture [7]. Its structure makes g-CsN4 thermochemically stable in alkaline
and acidic environments [2]. The interlayer spacing in g-C3N, is mainly
created by unstripped fragments attached to the nanosheets, serving as a
highly permeable gutter layer with additional water channels [20].
Chemically inert and mechanically rigid, these fragments act as self-
supporting spacers between the g-CsN4 nanosheets. While numerous
2D nanosheet-based membranes, including GO, MOF, and COF, may
display sensitivity to water, leading to swelling and alterations in
selectivity that restrict their extensive applications in aquatic-based
liquid separation processes, the g-CsNy4 interlayered membrane re-
mains stable even in such conditions [14].
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While recent studies have explored the use of g-C3N4 to enhance the
performance of TFC membranes, either as a hydrophilic additive in
amine solutions [16,17] or as interlayers [21-23], the unique approach
of employing different graphitic carbon nitride derivatives and nano-
composite as interlayers in TFC membranes sets our work apart. In this
work, g-C3N4, oxidized g-C3N4 (g-C3N4-Ox), and g-C3N4/CuFeyO4
nanocomposite were synthesized and used as interlayers of TFC nano-
filtration membranes for removing dyes, heavy metal ions, and salts.
First, g-C3N4 was prepared by thermal decomposition of urea. After
being exfoliated, g-C3N4 was chemically oxidized to form g-C3N4-Ox
nanosheets, resulting in oxygen-containing functional groups (carboxyl
and hydroxyl groups) on their basal planes to escalate the hydrophilic-
ity. Finally, the synthesized g-C3N4-Ox nanosheets were decorated onto
copper ferrite, CuFe;04 (CFO), via a facile hydrothermal method to
make a novel g-C3N4-CFO nanocomposite that performed better than
the previous materials. The chemical composition and surface mor-
phologies of ITFN membranes made with several g-C3N4 nanosheet
contents were analyzed. The performance and antifouling properties of
the fabricated membranes were then comprehensively assessed.

2. Materials and methods
2.1. Materials and chemicals

All chemicals employed in this research were utilized in their
received state. Urea (CO(NH3),, >99 %) as a precursor of g-C3Ny, 2-
propanol (IPA, C3HgO, >99.8 %), ethanol (EtOH, C,HgO, >98 %),
Copper (II) chloride (CuCly), sodium hydroxide (NaOH), ammonium
iron(Ill) sulfate dodecahydrate((NH4)Fe(SO4),0.12H20), copper(I)
sulfate pentahydrate (CuSO40.5H20), nitric acid (HNOs, 65 %),
hydrogen peroxide (H202, 30 %), and acetone were bought from Merck.
Polyethersulfone pellets (PES, Solvay, M,, = 62 kDa-64 kDa), poly-
vinylpyrrolidone (PVP, Sigma-Aldrich, M, = 10 kDa), Triton X-100
(Merck), and N, N-Dimethylformamide (DMF, Sigma-Aldrich, 99.8 %)
were used to make the PES support. Piperazine (PIP, 99 %, Acros Or-
ganics) and trimesoyl chloride (TMC, 98 %, Acros Organics) were
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Fig. 1. Schematic illustration of the membrane fabrication steps and high magnification cross-sectional illustration of the prepared ITFN membrane.
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employed as the active monomers for the synthesis of the polyamide
selective layer on the PES support surface. The effectiveness of the
fabricated TFC membranes in removing salt, heavy metal, and dye was
assessed by evaluating their separation performance using feed solutions
of sodium sulfate (NazSO4) at 1000 ppm, Cadmium nitrate (Cd
(NO3)2.4H20, Sigma-Aldrich) at 20 ppm, the cationic dye methylene
blue (Sigma-Aldrich, Mw = 319.8 Da) at 50 ppm, and the anionic methyl
orange (Sigma-Aldrich, Mw = 327.3 Da) at 50 ppm.

2.2. Preparation of g-C3sN4 (CN) nanosheets

The g-C3N4 was synthesized by thermal decomposition of urea
[17,24], in which 10 g was loaded into a loosely covered ceramic cru-
cible after complete grinding by mortar and pestle. The crucible was
subjected to a gradual temperature increase in a furnace, starting from
23 °C and reaching 550 °C over a period of 2 h, with a heating rate of
9 °C per minute. Once cooled to ambient temperature, the resulting
yellow powder underwent three rounds of washing using nitric acid (0.1
M) and deionized water to effectively eliminate any impurities present.
Ultimately, the filtrate was subjected to drying at 60 °C for a duration of
12 h, denoted as CN. The product yield from this synthesis process was
determined to be 0.42 g-C3N4 g/10 g urea.

2.3. Preparation of g-C3N4-Ox (CNOx) nanosheets

A mass of 2 g of CN was added into a 40 solution of sulfuric acid and
nitric acid (1:1) and heated at 40 °C with 2 h sonication. After adding
H20, (33 %) dropwise to the mixture, it was sonicated for 3 h for
exfoliation. Once the suspension achieved a yellow product, it was
diluted by adding 150 ml of deionized water. Subsequently, the diluted
suspension was subjected to centrifugation at a speed of 10,000 rpm for
a duration of 10 min. In the next step, oxidized CN (g-C3N4-Ox) was
washed alternately with DI water and acetone, and dried overnight at
70 °C, resulting in yellow exfoliated g-C3N4-Ox sheets with a product
yield of 1.7 g g-C3N4-Ox/2 g g-C3N4, denoted as CNOx.

2.4. Preparation of g-C3N4/CuFe204 (CNCFO) nanocomposite

g-C3N4/CuFe;04 nanocomposite was synthesized using a facile hy-
drothermal method according to the literature [25]. A mass of 60 mg of
CN was dispersed in 30 ml of distilled water under sonication for 2 h,
followed by 1 mmol of CuSO40.5H;0, and 2 mmol of
(NH4)Fe(S04),0.12H,0 were added to another 30 ml of distilled water,
after which two solutions mixed by 30 min stirring. Next, 20 mL of a
solution containing 20 mmol of NaOH was added dropwise to the pre-
vious mixture under 30-minute vigorous stirring. The solution was then
placed in a stainless-steel autoclave and allowed to react for 14 h at
140 °C. Finally, After the product had cooled down to room tempera-
ture, it underwent multiple washings using deionized water and ethanol,
followed by drying at a temperature of 60 °C, denoted as CNCFO. This
synthesis process yielded 215 mg of the CNCFO nanocomposite.

2.5. Thin-film membranes fabrication

PES ultrafiltration membranes, fabricated via non-solvent-induced
phase separation (NIPS), were used as substrates [26,27]. A vacuum
filtration method was used to construct g-C3N4 interlayers [28-30],
followed by interfacial polymerization to fabricate all ITFN polyamide
membranes, as shown in Fig. 1. CN, CNOx, and CNCFO aqueous sus-
pensions with different mass concentrations (0.0012 wt/v%, 0.0025 wt/
v%, 0.01 wt/v%) were prepared by dispersing into DI water. Following
30 min of sonication, the 10 mL of selected aqueous suspensions were
transferred into a funnel and filtered onto a PES membrane coupon with
a filtration area of 9 cm?, utilizing vacuum filtration at a pressure of 0.2
bar. Coated PES membranes were prepared with material loadings of

Journal of Water Process Engineering 56 (2023) 104432

Table 1
The summary of membranes' labeling and structure information.

Membrane name Interlayer 2D materials (wt/v%)
TFC-0 X 0
ITFN-CN-12 v 0.0012
ITFN-CN-25 v 0.0025
ITFN-CN-100 v 0.0100
ITFN-CNOx-12 v 0.0012
ITFN-CNOx-25 v 0.0025
ITFN-CNOx-100 v 0.0100
ITFN-CNCFO-12 v 0.0012
ITFN-CNCFO-25 v 0.0025
ITFN-CNCFO-100 v 0.0100

13.33, 27.78,and 111.11 pg-cm 2 for mass concentrations of 0.0012 wt/
v%, 0.0025 wt/v%, and 0.01 wt/v%, respectively.

To prepare ITFNs, 10 ml of the aqueous solution containing 2 wt%
PIP was poured onto the surface of the pre-coated membrane. After a
contact time of 2 min, the solution was drained off. Then, an air knife
was utilized to remove any excess aqueous solution present on the upper
surface of the membrane. Afterward, the membrane surface was coated
with 5 mL of a 0.2 wt/v% TMC in n-hexane solution, allowing it to
remain for 1 min to facilitate the completion of the polymerization re-
action. After forming the selective layer, the membrane was cured in an
oven at 70 °C for 30 min. The resultant ITFN membranes were labelled
according to the interlayer type (X; CN, CNOx, CNCFO) and loading (Y;
12, 25, and 100 for 0.0012 wt/v%, 0.0025 wt/v%, and 0.0100 wt/v%,
respectively): ITFN-X-Y. TFC-0 stands for the control TFC membrane
prepared on the pristine PES support without an interlayer. Table 1
summarizes the membranes labeling procedure. Detailed information
regarding the physiochemical characterization, experimental proced-
ures for NF filtration, and fouling experiments conducted on the fabri-
cated membranes are provided in the Supporting Information.

2.6. Performance evaluation of the membranes

A bench-scale dead-end stirred cell with a cell volume of 80 mL and
an effective membrane area of 5 cm? was used for the filtration tests
(flux, solute rejection, and fouling) of the prepared membranes. All
experiments were done at a constant transmembrane pressure (TMP) of
3 bar using a nitrogen cylinder under continuous stirring at 400 rpm to
minimize concentration polarization. Pure water was passed through
the membrane for one to two hours to pre-compact it until the flux
stabilized at a value that remained constant for over half an hour. For
each membrane, the pure water permeability (PWP) was determined by
collecting the permeate over 5 min in a parafilm-covered glass beaker.
The pure water flux was calculated as [31]:

m

v =g €Y)

where J,, (L m~2h~!; LMH) is the pure water flux, m (kg) is the weight of
the permeated water, A (m?) is the active surface area of the membrane,
and At (h) is the operating time. After measuring the pure water flux,
foulant/solute solutions, including dyes (MB and MO), heavy metal
(Cd®*"), and salt (NaySO4) were filtered, and a sample of ~3 mL was
collected when the filtrate color had stabilized after at least an hour of
equilibrium. Samples collected from the feed and permeated water were
analyzed using a conductometer (JENWAY 4510), UV-vis spectropho-
tometer (Shimadzul650PC), and atomic absorption spectrometer (Shi-
madzu AA-670) according to the nature of the solute.

The membranes' separation performance was assessed by deter-
mining the percentage rejection of the feed components, which was
calculated as follows [4,8]:

R(%) = 1-S 5 100 2
&
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Fig. 2. SEM images (a), EDX mapping (b), FTIR (c), and XRD patterns (d) of CN, CNOx, and CNCFO nanosheets.
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PES-CNCFO

Fig. 3. Surface SEM images of the PES substrate with 0.0025 wt/v% loading and without nanosheet coating.

where C, and C; are the concentrations of the permeate and feed,
respectively. The investigation of membrane fouling characteristics
aimed to evaluate the antifouling properties of TFC-0 and ITFN mem-
branes. A model foulant solution was prepared by dissolving 100 mg of
BSA in 1 L of deionized water to achieve a concentration of 100 ppm,
serving as a representative foulant for this assessment. The antifouling
experiment was structured into three distinct steps. Initially, the pure
water flux through the membrane, denoted as J,,; (LMH), was measured
at a TMP of 3 bar for 1 h, establishing a baseline for membrane per-
formance before fouling. Subsequently, the model foulant solution was
introduced into the nanofiltration system, and the flux, denoted as J,
(LMH), was recorded under a consistent TMP of 3 bar for a duration of 2
h, simulating a fouling scenario. Following the fouling phase, a cleaning
regimen was employed where the fouled membrane was rinsed with
pure water at a controlled temperature of 27 + 1 °C for 10 min to
dislodge the adhered foulants. Post cleaning, the pure water flux of the
cleaned membrane, denoted as J,,» (LMH), was measured again at a TMP
of 3 bar to evaluate the recovery of membrane performance. Multiple
indices were employed to assess the membranes' antifouling capabilities,
such as the flux recovery ratio (FRR), the flux loss caused by reversible
fouling resistance (R,), the flux loss caused by irreversible fouling
resistance (R;), and the total flux decline ratio (R). These indices are
defined in the following equations [32,33]:

FRR(%) = (%T) x 100 3)
R.(%) = (%) x 100 (C))
R (%) = (%) % 100 ©)
R(%) = R+ Ry (%) X 100 ®

3. Results and discussions
3.1. Structure and surface properties of synthesized nanosheets

The morphologies of CN, CNOx, and CNCFO samples — measured by
SEM - are shown in Fig. 2a. CN has a distinctive lamellar structure [34].
The morphology of CNOx was similar to that of CN, with a wide variety
of nonuniform sheet sizes, perhaps caused by stacking effects between
layers and hydrogen bonding interactions mediated by oxygen-

containing groups (OH, COOH, CO) [34]. CNCFO appears as platelet-
like sheets with layered and curved morphologies [35]. According to
EDX and elemental mapping images (Fig. 2b), the CN nanosheets are
made up of C and N in almost 3:4 atomic ratios without additional im-
purities. Oxygen was found in the elemental analysis of the CNOx
nanosheets, showing that it was effectively oxidized using the method
described above. The corresponding elemental maps for CNCFO prove
that C, N, Fe, Cu, and O are homogeneously distributed on the entire
area of the sample. The FTIR spectra of CN, CNOx, and CNFO are
compared in Fig. 2c. The large peak between 3400 and 3000 cm™! for
the CN sample corresponds to the stretching vibrations of the primary
and secondary amine groups, as well as to H,O molecules adsorbed from
the atmosphere. Oxygen-containing functional groups placed onto
modified g-C3N4 nanosheets result in more distinct peaks for CNOx and
CNCFO [36]. The peak at 808 cm~! is characteristic for tri-s-triazine
units; it can be seen in all three samples [37]. C—N stretching of aro-
matic rings accounts for the peaks between 1450 and 1220 cm™!, while
the peak at 1633 cm™! results from the stretching vibrations of C=N
bonds [38,39]. The peaks at 1063, 1453, and 1596 cm ™! in the spectrum
of CNOx correspond to C—0O, OH, and N—O functional groups, respec-
tively [40]. The peak observed at 615 cm™! can be attributed to the H in
NH groups bridging the heptazine units, further validating the presence
of these units in synthesized nanosheets [41,42]. It has been observed
that the peaks in around 1400 cm™! are attributed to the stretching of
tertiary C-OH groups, suggesting the presence of O-containing sub-
stances within the range of aromatic C—N stretching [43,44]. In the
FTIR spectrum of CNCFO, the peaks at 580 cm~! and 435 cm™! are
attributed to metal-oxygen (Fe—O) bonds and the vibration of metal
ions at the octahedral sites in CFO, respectively [25,45].

The crystalline structure of the nanoparticles was analyzed by
comparing XRD patterns of CN, CNOx, and CNCFO (Fig. 2d). The
diffraction patterns for CN and CNCFO agree with those reported in the
literature [36,46]. The sharp peak at 26 = 27.3° is associated with the
(002) plane and is ascribed to tri-s-triazine interlayer stacking re-
flections, demonstrating that CN was successfully synthesized [46]. For
CNOx, a slight broadening of the (002) peak, relative to CN, suggests a
decrease in crystallite size, potentially due to the oxidation process [47].
Additionally, the reduced peak intensity in CNOx, in comparison to CN,
indicates a decrease in crystallinity, which can be attributed to the
introduction of oxygen-containing functional groups during the oxida-
tion process [48]. Furthermore, there is a slight shift in the (002) peak
from 27.3° to 27.5° for CNOx, which is an indicative of a change in the
interlayer spacing [49,50]. This shift can be attributed to the denser
packing of the oxidized layers, a result of enhanced n—x stacking and
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Fig. 4. FESEM (a), TEM (b), AFM 3D images, and surface roughness parameters (c) of the fabricated membranes.

hydrogen bonding interactions [35,51]. It was also found that hybridi-
zation with CN did not affect the XRD pattern of CFO. The distinct peaks
identified around 30, 35, 43, 53, 57, and 62 for the pure CFO sample
align with the planes (220), (311), (400), (442), (511), indicating that
CFCN was synthesized as a two-phased composite.

3.2. Morphology of the membranes

The surface morphologies of the PES substrate with 0.0025 wt/v%
loading and without a nanosheet coating are contrasted in Fig. 3. The
absence of visible pores on the PES substrate suggests a successful and
homogeneous formation of a thin interlayer on top of the substrates.
More specifically, the pores of the PES substrate are covered and
replaced by smaller stacking pores formed by the nanosheets, which
subsequently facilitate enhanced control over the reaction-diffusion
process during the interfacial polymerization (IP) reaction. The mem-
brane surface exhibits a smooth layer after being coated with suspen-
sions containing CN, CNOx, and CNCFO nanosheets. Notably, the
CNCFO-coated sample demonstrates a rougher surface compared to
the CN and CNOx-coated substrates, attributable to the inherent wrin-
kled structure of CNCFO itself [52]. Fig. 4a and b reveal FESEM and TEM
images respectively, providing visual evidence for the successful for-
mation of the polyamide active layer on the PES support that was
modified with various interlayers. The ITFN membranes, as shown in the
cross-sectional TEM image, are made up of three layers: a polyamide
outer layer, a nanosheet interlayer, and a PES substrate. During

interfacial polymerization, the polyamide layer in the TFC-0 membrane
(without a nanosheet interlayer) presents stripe structure of conven-
tional nanofiltration membranes [53]. This structure is likely due to the
diffusion of PIP towards the interface of the organic solution during the
polymerization process [4]. In contrast, ITFN membranes display less
pronounced surface features. Furthermore, in the case of the ITFN-
CNCFO membrane, the polyamide stripe formations appear to be flat-
tened, resulting in a more nodular structure. The polyamide layer of the
TFC-0 membrane was around 250 nm thick, while the thickness of ITFN-
CN, ITFN-CNOx, and ITFN-CNCFO membranes were around 160, 95,
and 110 nm, respectively. Because the polyamide layer is formed by a
mechanism of self-limited diffusion control, variations in the PIP diffu-
sion rate affect the membrane thickness [54]. According to Zhang et al.
[55], the hydrophilic interlayer containing PVA and GO nanosheets —
with plenty of hydroxyl groups — affect the diffusion rate of PIP mole-
cules to the membrane interface due to hydrogen bonding with the
amine groups. Liu et al. [56] suggested that hydrogen bond interactions
with poly(amidoxime) interlayers slowed the diffusion of the PIP mol-
ecules to the interface with the organic phase, leading to the formation
of a thinner skin layer that allowed for higher filtration fluxes. Similarly,
the CN nanosheets have several reactive amino groups, which may
interact with the diffusing PIP via electrostatic forces and hydrogen
bonds. This may reduce the PIP diffusion rate. To facilitate the regulated
release of PIP from the aqueous phase and reaction with TMC molecules
at the interface, fabricated CN interlayers were constructed to store and
distribute PIP molecules more uniformly with limited access to the TMC
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Fig. 5. High resolution XPS spectra of the prepared membranes.

[57]. More uniform and regulated release of PIP results in a thinner skin
layer for ITFN membranes compared to TFC-0 (without interlayer) [55].
Due to their higher hydrophilicity and oxygen-containing functional
groups, thinner polyamide layers are formed on ITFN-CNOx and ITFN-
CNCFO membranes than on ITFN-CN membranes. Fig. 4c displays the
3D images and surface roughness for ITFN-CN, ITFN-CNOx, and ITFN-
CNCFO membranes measured by AFM. SEM and AFM data corrobo-
rate the observation that ITFN-CN, ITFN-CNOx, and ITFN-CNFCO
membranes had smoother surfaces than TFC-0. This may be explained
by the smoother surface of the coated substrate and its higher surface
wettability compared to the pristine PES substrate (without the inter-
layer). The uniform wetting of the PIP aqueous solution on the pristine
PES substrate is not achieved to the same extent as on the coated sub-
strates. Consequently, PIP diffuses unevenly during interfacial poly-
merization, resulting in a rougher polyamide layer for TFC-0 membranes
than for ITFN membranes [58,59]. Moreover, as highlighted by Yang
et al. [60], the incorporation of an interlayer can effectively decrease the
rate of amine monomer release and slow down its diffusion. This phe-
nomenon leads to the formation of thinner polyamide layers with
smoother surface [61,62]. It is also possible that the roughness of the
substrate modified with CNCFO nanosheets is responsible for the
increased surface roughness of the ITFN-CNCFO membrane as compared
to the ITFN-CN and ITFN-CNOx membranes (Fig. 3) [45]. The presence
of CuFe;04 particles on the CNCFO nanosheets, which impairs the
directed stacking of CNCFO nanosheets during vacuum filtering, may
explain this difference.

3.3. Surface properties of membranes

XPS measurements were conducted to investigate the elemental
composition and chemical bonding of TFC-0, ITFN-CN, ITFN-CNOx, and
ITFN-CNCFO membranes. Fig. 5 shows the XPS carbon (C 1s), (O 1s),

Table 2
Elemental composition, O/N ratio, and degree of cross-linking of the
membranes.

Membrane Atomic concentration (%)  O/N Degree of cross-linking
ratio %
C(s) O(s) N(s) 0
TFC-0 73.05 12.75 9.17 1.39 51.0
ITFN-CN-25 72.75 13.71 11.62 1.18 74.0
ITFN-CNOx-25 72.18 14.82 12.89 1.15 79.1
ITFN-CNCFO- 72.22 14.21 12.18 1.17 76.8
25

and nitrogen (N 1s) spectra of the membranes. More detailed informa-
tion including the atomic percentages of each element, O/N ratio, and
degree of cross-linking of the membranes are provided in Table 2.
Theoretical O/N ratios span a range from 1.0 (indicating 100 % cross-
linking) in a fully cross-linked structure, where each oxygen atom is
linked to a nitrogen atom through an amide bond, to 2.0 (indicating 0 %
cross-linking) in a fully linear structure that incorporates additional
oxygen atoms within unreacted carboxylic groups. By increasing the
cross-linking degree of the polyamide, a denser polyamide structure is
achieved, resulting in higher selectivity [63]. A crosslinking degree of
the polyamide active layer for prepared membranes was calculated
based on the O/N elemental ratio from the XPS spectra [64]. Table 2
shows that the degrees of crosslinking of polyamide active layer for ITFN
membranes increased compared to the TFC-0 membrane, suggesting
that the presence of interlayers increased the degree of crosslinking. The
highly cross-linked networks of the ITFN membranes commonly resulted
in a denser polyamide structure and thus higher rejections [65]. The
difference in the degree of cross-linking of ITFN membranes may be
explained by the functional groups of interlayers. These membrane in-
terlayers have functional groups that promote the controlled release of
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Fig. 6. FTIR spectra (a), water contact angle (b), and zeta potential (c) of the prepared membranes.

PIP molecules by hydrogen bonding with their amine groups. The more
controllable release of PIP molecules from the aqueous phase to the
interface leads to a more orderly manner reaction between PIP and TMC
and reduced TMC consumption with a larger proportion of cross-linked
structures [66]. The degree of cross-linking for the ITFN-CNOx mem-
brane is slightly higher than for the ITFN-CNCFO membrane. The dif-
ference between the ITFN-CNCFO and ITFN-CNOx membranes may
result from the reaction of some CNOx hydrophilic functional groups
when it was decorated onto the copper ferrite (CuFe;O4) to form
CNCFO. The surface of PES, TFC-0, ITFN-CN, ITFN-CNOx, and ITFN-
CNCFO membranes was analyzed by FTIR-ATR (Fig. 6a). TFC-0, ITFN-
CN, ITFN-CNOx, and ITFN-CNCFO membranes showed additional peaks
at 1442 and 1625 cm™! compared to the PES substrate. These peaks,
belonging to OH bending vibrations and C—=O stretching vibrations of
amide groups in polyamide, show that the polyamide layer was formed
by interfacial polymerization on the PES substrate [63]. The broad peak
at 3450 cm™! corresponds to the OH stretching of carboxylic groups,
which were formed by hydrolysis of unreacted COCl groups. The C—C
stretching vibration of aromatic rings is characterized by the peak at
roughly 1485 cm™! [67]. The peak at 1245 cm™! corresponds to the

asymmetric stretching vibration of C—O—C, and the peaks at 1295 cm™!
and 1152 cm™! to the symmetric and asymmetric stretching vibrations of
S—O from the PES substrate [63,68]. The intensified peak at 1442 cm~!
for ITFN-CNCFO corresponds to the OH stretching vibration of carboxyl
groups [57]. The increased intensity of this peak can be attributed to the
greater hydrolysis of acyl chloride groups in TMC, leading to the for-
mation of additional carboxylic groups [69]. The higher cross-linked
polyamide network would hinder the diffusion of PIP molecules more,
leading to lower PIP content on the top surface of the nascent polyamide
film. As a result, the hydrolysis of TMC would be enhanced [65,70].
With regard to degree of cross-linking of ITFN membranes, the peak
intensity at 1442 cm~! for the ITFN-CNCFO membrane is lower than for
the ITFN-CNOx membrane and higher than for the ITFN-CN membrane.
The evaluation of membrane surface hydrophilicity was performed
through measurements of water contact angles, as illustrated in Fig. 6b.
Incorporating interlayers increased the surface hydrophilicity of ITFN-
CN, ITFN-CNOx, and ITFN-CNCFO, as shown by the reduction in their
contact angles relative to the TFC-0 membrane. The increased hydrolysis
of acyl chloride groups in TMC may account for some of its increased
hydrophilicity [69]. An amplified peak at 1442 cm~!, corresponding to
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membrane pressure of 3 bar at 24 °C with a solution pH of 6-7.

the OH stretching vibration of carboxyl groups and more hydrophilic
functional groups of the interlayer, provides further evidence for
increased hydrolysis. The enhanced presence of oxygen-containing
functional groups, namely carboxyl and hydroxyl groups, within the
interlayer of the ITFN-CNOx membrane, coupled with a more exten-
sively cross-linked PA layer, effectively suppresses the PIP diffusion ef-
fect. This suppression promotes a higher degree of acyl chloride group
hydrolysis, a component found in TMC. Consequently, a larger propor-
tion of acyl chloride is converted into hydrophilic carboxyl groups. This
transformation is evidenced by a reduced water contact angle of 25° for
the ITFN-CNOx membrane, a significant decrease when compared to the
water contact angles of the ITFN-CN membrane (52°) and the ITFN-
CNCFO membrane (41°). Hydrolysis of the acyl chloride groups may
explain the difference in contact angle between ITFN-CNCFO and ITFN-
CNOx. CNCFO nanosheets contain more functional groups than CN and
CNCFO, making them more hydrophilic. Fig. 6¢ compares the zeta po-
tentials of all membranes. The ITFN membranes had more negative

surface charges than TFC-0 because more controllable release of PIP
molecules and reduced TMC consumption result in more -COOH groups
from hydrolysis of unreacted acyl chloride. The ITFN-CNOx membrane
had a slightly more negative surface charge due to enhanced hydrolysis
of acyl chloride into negatively charged carboxyl groups [71].

3.4. Filtration performance of NF membranes

Fig. 7a and b show that the presence of an interlayer greatly im-
proves water permeability and Na,;SO4 rejection of ITFN membranes.
The permeability and Na;SO4 rejection of the ITFN-CNCFO-25 mem-
brane increased by >50 %, to 8.5 LMH/bar and 94 %, respectively. The
significant increase in permeability observed in the ITFN membranes, in
comparison to the control membrane, can be attributed to two key
factors. Firstly, the interlayer serves as a high-permeability gutter layer,
directly improving the pathway for water transport. Secondly, the
interlayer indirectly affects polyamide formation by facilitating the
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creation of a thinner PA active layer, preventing polyamide intrusion,
and enhancing the hydrophilicity of the membrane surface. An illus-
tration of the gutter effect enhancing permeability can be seen in Fig. 7c.
The CN, CNOx, and CNCFO interlayers, in fact, have lower resistance
and a much higher intrinsic water permeability than polyamide film.
Thus, the gutter effect could potentially reduce the overall hydraulic
resistance because it minimizes the transport path within the low-
permeable polyamide layer [72,73]. The study aimed to investigate
the effect of nanosheet loading on the performance of fabricated mem-
branes and determine the optimum mass loadings of interlayers. To
achieve this, testing the NF desalination performance of control TFC-
0 and a series of ITFN-X-Y membranes with different mass loadings
were conducted. Fig. 7b demonstrates the effect of interlayer mass
loading on the separation performance of the fabricated membranes. By
increasing the mass loading of interlayers from 0.0012 wt/v% to 0.0025
wt/v%, the water permeability of all three ITFN membranes (ITFN-CN-
25, ITFN-CNOx-25, and ITFN-CNCFO-25) decreased, while Nay;SO4
rejection elevated up. The reason for the reduced permeability could be
attributed to the much thicker interlayer that is formed at higher mass
loadings of CN, CNCOx, and CNCFO interlayers, thereby adding further
resistance to mass transfer and impeding water permeation. The
increased Na;SO4 rejection observed in the interphase-based mem-
branes with interlayer coatings suggested an enhancement in their
selectivity. Higher mass loadings of interlayer contributed to defect-free
PA layer with higher degree cross-linking and resulted in the increment
of steric hindrance [74]. However, with the further increase of the mass
loadings for all interlayers from 0.0025 wt/v% to 0.0100 wt/v%, the
active layer was negatively impacted, and the selectivity of the mem-
branes was compromised, despite being more permeable and selective
than the control TFC-0 membrane. This could be attributed to the minor
defects within the PA active layer, resulting from excessive loading and
inhomogeneous formation of interlayers at high concentrations, as well
as rough interlayer surfaces (see Fig. 7d) [75]. The findings indicate that
the optimum mass loading for the interlayers is 0.0025 wt/v%. This
loading will be utilized to investigate separation performance and
fouling behaviors of fabricated membranes (ITFN-X-25). At an interlayer
mass loading of 0.0025 wt/v%, the ITFN-CN-25 membrane demon-
strated a permeability of 6.6 LMH/bar (a 42 % increase compared to the
TFC-0 membrane) and a Na,SO4 rejection of 88 %. Upon replacing the
CN interlayer with CNCOx and CNCFO, the permeability of the ITFN-
CNOx-25 and ITFN-CNCFO-25 membranes was further improved to
7.3 LMH/bar and 8.5 LMH/bar, respectively (a 48 % and 55 % increase
compared to the TFC-0 membrane), while maintaining Na,;SO4 rejection
of 89 % and 94 %, respectively. The enhanced performance of the
membrane can be mainly attributed to the presence of an oxidized re-
gion of nanosheets, which exhibit hydrophilic properties. This region
plays a crucial role in improving the substrate's hydrophilicity, enabling
greater storage capacity for aqueous monomer molecules, better regu-
lation of their release, and the provision of additional channels that
facilitate water permeation [58,73]. Compared with ITFN-CNOx, the
slightly higher permeability of ITFN-CNCFO may be attributed to the
larger interlayer spacing due to solid 3D CuFe,04 decoration on CNCFO
nanosheets, providing more water pathways [64,76]. Moreover, higher
surface area owing to its rougher surface could also improve the water
permeability of ITFN-CNCFO [77]. The slight difference in rejection of
ITFN-CNOx and ITFN-CNFO membranes is in agreement with their
respective surface characteristics. The surface of the ITFN-CNOx mem-
brane has a higher concentration of hydrated acyl chloride groups than
the ITFN-CNCFO membrane. This increased concentration of functional
groups leads to a decrease in sieving efficiency and, consequently,
slightly lower sieving ability. These findings are in agreement with
previous research [10]. The rejection rates for Cadmium ion (Cd2+)
across the four different membranes are graphically represented in
Fig. 7e. The inconsistency of the Donnan repulsion effect in rejecting
Cd2* cations indicates that size exclusion must be the primary rejection
mechanism. Among the membranes tested, the ITFN-CN-25 membrane
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Table 3
Comparison of our best membrane with other NF membranes.
Membrane Membrane Water flux NaySOy4 Ref
type (LMH/bar) rejection
(%)
PEI-TMC/PDA/ TFC 2.1 92.4 [79]
PAN
PA/COFs/PSF HF TFN 8.66 96.6 [80]
PA/GO/PSF HF TFN 8.39 96.10 [81]
PA/PDA-COF/PAN  TFC 20.7 93.4 [82]
PA/salt modified/ TFC 5.1 60 [83]
PES
PA/MWCNT-NH/ TFC 5.3 96.8 [84]
PSF
Poly (aryl TFC 1.7 97.1 [5]
cyanurate)/PES
NF270 Commercial 13.1 98.1 [85]
NF90 Commercial 6.7 98.6 [85]
AMS (A3012) Commercial 2.1 ~95 [86]
Nadir (NPO30P) Commercial >1.0 80-95 [86-89]
SUEZ (Duracid) Commercial 1.1-1.3 ~98 [86]
SUEZ (HL) Commercial 5.5 B [4]
Synder (NDX) Commercial 9.8 _ [4]
TriSep (TS80) Commercial 4.3 _ [90]
Osmonics (Desal Commercial 3.6-4.5 96.8 [91]
5DK)
ITFNCNFO-25 TFN 8.5 94 This
work

demonstrated a rejection rate of 71 %, which is significantly higher than
the 51 % rejection rate observed for the TFC-0 membrane. Additionally,
the ITFN-CNOx-25 and ITFN-CNCFO-25 membranes exhibited signifi-
cantly higher rejection rates, with values of 94 % and 96 % respectively.
This translates to an increase of >84 % and 88 % respectively, when
compared to the bare TFC-0 membrane. These results underscore the
significant enhancements in Cd>" ion rejection capabilities brought
about by the modifications in these membranes. This data offers valu-
able insights into the potential of these membranes for efficient cad-
mium ion rejection in water purification applications. Fig. 7f shows that
the ITFN membranes removed organic dyes (MB and MO) more effec-
tively than the bare TFC-0 membrane. The MB rejection rates were 55 %
for TFC-0, 85 % for ITFN-CN-25, 93 % for ITFN-CNOx-25, and 94 % for
ITFN-CNCFO-25. A similar trend was observed for MO rejection rates:
56 %, 87, 93 %, and 92 %. The removal efficiency of the ITFN mem-
branes was almost the same for positively charged MB molecules and
negatively charged MO molecules. Therefore, physical size sieving and
steric factors are likely to contribute to the separation performance of
these membranes [66,78]. In Table 3, we have provided a comparative
analysis of the performance of our top-performing membrane,
ITFNCNFO-25, with a selection of highly rated commercial NF mem-
branes, as well as several NF membranes with and without interlayer
documented in academic literature. Compared with most of other
membranes, the membrane fabricated in this research exhibited supe-
rior pure water permeability while maintaining comparable rejection to
other nanofiltration membranes, particularly commercially available
ones. The g-C3N4/CuFe;04 -interlayered TFN membrane (ITFNCNFO-
25) developed in this study demonstrated excellent separation perfor-
mances, with a water permeability of 8.5 LMH/bar and a NazSO4
rejection of 94 %, surpassing the majority of other membranes listed in
Table 3. Furthermore, the ITFNCNFO-25 membrane demonstrated
significantly improved separation performance in terms of both water
permeability and rejection compared to the control TFC-0 membrane
without an interlayer. This indicates the membrane's promising poten-
tial for applications in the treatment of heavy metal wastewater and
desalination processes. It is worth mentioning that our work utilized
graphitic carbon nitride derivatives and its nanocomposites as an
interphase layer in the fabrication of TNF membrane for the first time.
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Fig. 8. The fouling resistances and flux recovery ratio of the prepared membranes.

3.5. Antifouling assessment of the membrane

The accumulation of organic and inorganic foulants on the surfaces
of membranes lowers their nanofiltration efficiency and lifetime [27].
Fouling is mainly affected by membrane roughness, surface charge, and
hydrophilicity [4,92]. Hydrophobic interactions can facilitate the
adsorption of organic foulants on nanofiltration membranes [93], while
water molecules form a protective layer on hydrophilic surfaces, pre-
venting foulants from adhering to them [94]. Negatively charged
membranes are less prone to fouling by most contaminants that are also
negatively charged in water due to electrostatic repulsion. Finally,
foulants can more easily adhere to the valleys of rough surfaces, where
there is less water mixing [95,96].

The fouling resistance of the ITFN membranes was assessed through
filtration experiments using a BSA solution. Fig. 8 compares the flux
recovery ratio (FRR), reversible fouling resistance (R;), flux loss due to
irreversible fouling (R;;), and total flux decline ratio (Ry). The nanosheet
interlayers increased the FRR of all ITFN membranes: 91 % for ITFN- CN-
25, 95 % for ITFN-CNOx-25, and 92 % for ITFN-CNCFO-25, in contrast
to only 64 % for the TFC-0 membrane. The lower hydrophilicity and
rougher surface of the TFC-0 membrane made it easier for BSA to adsorb
to its surface, and harder to wash it off [97]. ITFN-CNOx-25 was more
hydrophilic than ITFN-CN-25 and ITFN-CNCFO-25 (Fig. 6b), with a
contact angle of 25°. The AFM images in Fig. 4c showed that the ITFN-
CNCOx-25 membrane also had the lowest surface roughness (R, = 5.7
nm) of all the interlayered membranes. Fig. 8 also shows that the ITFN
membranes also had lower R, and higher FRR values than the TFC-
0 membrane. These findings prove that the ITFN-CNOx-25 and ITFN-
CNCFO-25 membranes were harder to foul with BSA than the TFC-
0 membrane. The improved organic fouling resistance of the mem-
branes is attributed to their smoother surface and increased hydrophi-
licity [97,98]. The surface of the interlayered membrane adsorbs more
water molecules and generates a dense hydration layer, which ulti-
mately prevents the adsorption of contaminants on the membrane sur-
face [2].

4. Conclusion

Interlayered thin film nanocomposite (ITFN) membranes were syn-
thesized by incorporating graphitic carbon nitride (g-C3N4; CN),
oxidized g-CsN4 (CNCOx) and g-C3N4/CuFe,04 (CNCFO) nanosheets on
the surface of a PES substrate using vacuum filtration, then conducting
interfacial polymerization of PIP and TMC on the interlayers. The in-
terlayers greatly helped to tune the thickness, surface roughness, and
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zeta potential of the polyamide active layer, boosting both the perme-
ability and rejection of the resulting nanofiltration membranes.

The permeability of the ITFN membrane with the optimum content
of CNCFO (about 8.5 LMH/bar) was more than two times that of the
control membrane (TFC-0). The interlayer was conducive to the prep-
aration of a tuned polyamide rejection layer with more cross-linking and
negative charge by regulating the IP reaction, which in turn afforded the
ITFN-CNCFO-25 membrane rejections of 94 %, 92 %, 96 %, and 94 % for
MB, MO, Cd?>*, and NaySOy4, respectively. Finally, ITFN membranes
drastically showed improved antifouling and enhanced flux recovery
ratio (FRR) for nanofiltration separations, thanks to the improved sur-
face properties controlling the deposition and adsorption of foulants on
the membrane surface. This research provides a novel route to make
high-performance ITFN NF membranes through designing a multifunc-
tional interlayer using carbon nitride 2D nanosheets.
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