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Abstract: The Forward Osmosis (FO) membrane was the core of FO technology. Obtaining a high
water flux while maintaining a low reverse solute flux has historically been considered the gold
standard for a perfect FO membrane. In a thin-film composite FO membrane, the performance of the
membrane was determined not only by the material and structure of the porous support layer but
also by the structural and chemical properties of the active selective layer. Researchers have selected
numerous sorts of materials for the FO membranes in recent years and have produced exceptional
achievements. Herein, the performance of the modified FO membrane constructed by introducing
new two-dimensional nanomaterial MXene nano-sheets to the interfacial polymerization process was
investigated, and the performance of these modified membranes was investigated using a variety of
characterization and testing methods. The results revealed that the MXene nano-sheets played an
important role in improving the performance of the FO membrane. Because of the hydrophilic features
of the MXene nano-sheets, the membrane structure may be tuned within a specific concentration range,
and the performance of the modified FO membrane has been significantly enhanced accordingly. The
optimal membrane water flux was boosted by around 80%, while its reverse solute flux was kept
to a minimum of the resultant membranes. It showed that the addition of MXene nanosheets to the
active selective layer could improve the performance of the FO membrane, and this method showed
promising application prospects.

Keywords: forward osmosis membrane; MXene nano-sheets; water flux; reverse solute flux

1. Introduction

To cope with the shortage of freshwater resources, people began to develop different
types of water treatment technologies to solve such kinds of problems [1]. The membrane
water treatment technology is one of the water treatment technologies that has been widely
used and has achieved remarkable results in drinking water purification, wastewater re-
covery and seawater desalination [2]. The membrane water treatment technology mainly
includes nanofiltration [3], microfiltration [4], ultrafiltration [5], reverse osmosis [6], etc. At
present, reverse osmosis is one of the most widely used and most efficient technologies.
However, because of the significant energy consumption and severe fouling issues involved
in the process of its utilization, it has always been regarded as a bottleneck, prompting
people to search for breakthroughs on a regular basis. Thus, the forward osmosis (FO)
technology has demonstrated tremendous development potential due to its low energy
consumption and less membrane fouling. This technology showed the potential to revolu-
tionize the water treatment industry [7], which quickly attracted the wide interest of lots of
researchers. However, because of the presence of concentration polarization [8], which was
one of the primary factors limiting the improvement of FO technology, the actual result of
FO membrane water flux was significantly lower than the theoretical value, which severely
restricted the FO technology’s widespread usage and application.
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In this context, researchers began to explore new raw materials on a continual basis
in the hope of compensating for the shortcomings of FO membranes by exploiting the
properties of certain materials. So far, a huge number of new materials have been developed
by human beings, which are suitable for preparing FO membranes and can significantly
improve their performance [9], such as TiO2 [10], graphene [11], carbon nanotube [12],
and other materials. In comparison with the original membrane, the modified membrane
prepared by these materials showed improved hydrophilicity, thus alleviating the concen-
tration polarization phenomenon and greatly improving the water flux in the meantime,
promoting the development of FO technology. In recent years, two-dimensional transition
metal carbide MXene nano-sheets [13] have gradually entered people’s vision. Compared
with the previously widely used nano materials, MXene nano-sheets are two-dimensional
flake nano fillers with a high specific surface area, adjustable layer spacing, excellent
chemical stability, and good thermal resistance [14], and have shown good application
performance in other separation membrane fields [15]. For example, Wang et al. used
double-layer MXene nano-sheets as rigid components to prepare the support membrane
by vacuum-assisted filtration, and it was found that the synthetic membrane had highly
ordered nanochannels and only allowed specific molecules to pass through, and its pen-
etration into water and organic matter reached an amazing 2300 and 5000 LMH bar−1,
respectively [16]. Pandey et al. prepared the modified nanofiltration membrane by blend-
ing Ti3C2Tx with cellulose acetate in the phase conversion process. The results showed
that the water flux of the composite membrane was as high as 256.85 LMH bar−1 [17]. In
the research field of FO membranes, Alfahel et al. prepared a modified FO membrane
by blending MXene and cellulose acetate (CA) by the phase conversion method, which
aimed to study the FO membrane application in seawater desalination and wastewater
treatment. It was found that the addition of MXene improved the membrane water flux
and reverse solute flux at the same time, and the MXene modified membrane was better
than the commercial membrane in anti-fouling ability [18]. Xing Wu et al. investigated
the construction of an MXene intermediate layer between the nylon matrix and the PA
layer and also studied the performance of the as-prepared membranes by adjusting the
concentration of MXene and brushing times. The results showed that this method broke
the well-known trade-off effect, increased membrane water flux while decreasing reverse
solute flux, as well as significantly improved the permeability of ethanol [19]. It can be
seen that the MXene nano-sheets had great potential in the direction of water treatment,
but so far, there had been few systematic research on its application in the field of the
thin-film composite FO membrane, which still demanded further exploration. At present,
the thin-film composite FO membrane prepared by interfacial polymerization technology
has been widely studied and applied because it can be flexibly regulated according to
the requirements of membrane performance and has a wide range of applications [20].
Generally, the active selective layer is formed at the top of the porous support layer through
interfacial polymerization. Therefore, the physical structure state and chemical element
composition of the active selective layer play an important role in the separation efficiency
of the FO membrane [21–23].

In this study, a new two-dimensional hydrophilic nanomaterial, MXene nano-sheets,
were implanted into the aqueous phase in the interfacial polymerization process to prepare
a new nano-modified thin-film composite FO membrane with different addition amounts
of MXene nano-sheet, and a series of characterizations and analyses were carried out on the
aspects of surface structure, physical properties, chemical composition, and permeability.
After optimization and experimental analysis, the FO membrane with high separation
performance was finally obtained. This study showed a good and promising protocol for
MXene-modified FO membrane fabrication and synthesis.
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2. Materials and Methods
2.1. Experimental Materials

Polysulfone (PSf, average molecular weight of 22,000da) and trimethyl chloride (TMC,
>98%) were purchased from Sigma-Aldrich, (St. Louis, MO, USA). Polyvinylpyrrolidone
(PVP, K30), n-hexane (chromatographic grade, >98%), m-phenylenediamine (MPD, an-
alytical purity >99.5%), and N-methyl pyrrolidone (NMP, analytical purity >99%) were
purchased from Aladdin, Shanghai, China. From Beike 2D Materials Co., Suzhou, China,
MXene nano-sheets (single layer) were obtained. Sodium chloride was purchased from
Macklin, Shanghai, China. Pure water (conductivity less than 5 µs/cm) was self-made.

2.2. The Preparation of the MXene Nano-Sheets Modified FO Membrane
2.2.1. The Preparation of the Porous Support Layer

At a room temperature of 25 ◦C, the PSf, PVP, and NMP were mixed in the container
in a 7:2:40 ratio for 24 h, and the resulting mixture was degassed for 12 h to produce a
clear, homogeneous casting solution. The resulting mixture was scraped with the casting
solution evenly on a clean glass plate, then placed in a water bath for phase conversion to
obtain the porous support layer [24], which was subsequently stored in DI water after it
was removed from the water bath till later usage, as shown in Figure 1.
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Figure 1. The porous support layer preparation by the phase inversion method.

2.2.2. The Preparation of the Modified Active Selective Layer

The active selective layer was synthesized via classical interfacial polymerization [25].
Firstly, the MXene nano-sheets were dissolved in pure water by ultrasonic for 30 min,
followed by stirring for 3 h to obtain the MXene nano-sheets dispersion. The MXene nano-
sheets dispersion was mixed with MPD to form the liquid mixture, which was added to the
top surface of the porous support layer, after which the substrate was held horizontally for
4 min. Next, the aqueous mixture was drained off, and the TMC/n-hexane solution was
poured onto the porous support layer surface and drained off after 1 min of immersion.
Finally, those as-prepared membranes were put into the oven for 5 min. The addition
amounts of MXene nano-sheet of 0%, 0.005%, 0.007%, 0.01%, and 0.03%, respectively,
correspond to the prepared FO membrane numbers T-1, T-2, T-3, T-4, and T-5, as shown in
Figure 2.
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2.3. The Characterization of MXene Nano-Sheets Modified FO Membrane

The ATR mode transformed infrared spectrum of the spectrometer (Thermo Fisher
Nicolet, Chengdu, China) was used to analyze the functional groups of the modified FO
membrane. The water contact angle of the membrane surface was measured by the contact
angle meter (CAM, Kruss DSA100, Hamburg, Germany). The surface morphology and
surface roughness of the modified FO membrane were measured by an emission scanning
electron microscope (FEI inspect F50 FSEM, Hillsboro, OR, USA) and an atomic force
microscope (dimension icon AFM, Billerica, MA, USA) respectively. The surface chemical
characterization and crosslinking degree of the active selective layer of the FO membrane
were tested by X-ray electron spectroscopy (XPS, Thermo Scientific Escalab250 Xi, Waltham,
MA, USA).

2.4. The Permeability Test of the MXene Nano-Sheets Modified FO Membrane
2.4.1. Test Equipment

The FO membrane test equipment mainly included peristaltic pumps (Jie Heng,
Chongqing, China), an electronic balance (APT456, Shenzhen, China), and a self-made
membrane module (the effective area was 8.0 cm2) [26]. Because the FO membrane was
asymmetric, different membrane orientations had a great impact on the results. Therefore,
the membrane permeability and separation performance under the two modes of the active
selective layer facing the draw solution (AL-DS mode) and the active layer facing the feed
solution (AL-FS mode) were measured accordingly. The 1 M NaCl solution and pure water
were selected as the draw solution and feed solution. As shown in Figure 3, the change in
the weight of the draw solution during the FO process was recorded by the balance and
the change in the conductivity on the feed solution side was recorded by the conductivity
meter (Lei Ci, Shanghai, China).

2.4.2. Test Parameters

Water flux (Jw), reverse solute flux (Js), and specific reverse solute flux (FS) were used
as FO membrane test indicators [27]. The higher the water flux, the better the permeability
of the membrane. The interception performance of the membrane depends on the reverse
solute flux. The smaller the reverse solute flux, the better the interception effect of the
membrane. The specific reverse solute flux was a comprehensive index to measure the
selectivity of the membrane, and the lower its value, the better the overall separation
performance of the membrane.
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The calculation formulas are:
Jw =

∆m
ρ·t·s

where Jw is the water flux of FO process (unit: L/m2·h), ∆m is the weight change in the
draw solution (unit: g), ρ is the density of water (unit: g/m3), t is the operation time of FO
process (unit: h), and s is the effective area of FO membrane module (unit: m2).

Js =
c·m
ρ·t·s

where Js is the reverse solute flux of FO process (unit: g/m2·h), m is the weight of the feed
solution after a certain time (unit: g), c is the concentration in the feed solution after a
certain time (unit: g/L), ρ is the density of water (unit: g/m3), t is the operation time of FO
process (unit: h), and s is the effective area of FO membrane module (unit:m2).

FS =
Js
Jw

where FS is the specific reverse solute flux of the FO process (unit: g/L).

3. Results and Discussion
3.1. The SEM Characterization of the MXene Nano-Sheets Modified FO Membrane

Figure 4 shows the SEM figure of the active selective layer of the FO membrane pre-
pared with different MXene nano-sheet additions. It can be seen from the figure that all
membrane surfaces showed the typical morphology of the active selective layer, demon-
strating the structural characteristics of “synapse” and “sheet”, which also proved that the
active selective layer was successfully prepared on the porous support layer through the
interfacial polymerization reaction [28,29]. At the same time, it can also be seen that there
were obvious differences in the prepared active selective layer on the FO surface because of
the different addition amounts of MXene nano-sheet in the FO active selective layer, which
indicates that the addition of different amounts of MXene nano-sheet can affect the structure
of the active selective layer. When MXene nano-sheets were not added, due to the limitation
of the membrane structure of the porous support layer, less aqueous phase solution was
attached and the interfacial polymerization reaction rate was slow, the morphology and
structural characteristics of the “synapse” of the polyamide active selective layer were not
apparent. Therefore, there were fewer and insignificant “synapses” in the active selective
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layer of the T-1 membrane structure. When MXene nano-sheets were added to the aqueous
phase, the structure of the active selective layer of the prepared FO membrane changed
immediately, showing more “synapse” and a more conspicuous “flakes” structure. With the
increase of MXene nano-sheet addition, more MXene nano-sheets participated in interfacial
polymerization, which has a greater impact on the reaction rate of the aqueous phase and
organic phase. Finally, due to the agglomeration of excessive MXene nano-sheets in the
active selective layer [30], the polyamide structure was affected, and the “synapse” and
“sheet” structures were significantly reduced, so the structural characteristics of the active
selective layer from T-3 to T-5 membrane became gentle and dense [31].
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3.2. The Atomic Force Microscopy Characterization of the MXene Nano-Sheets Modified
FO Membrane

Figure 5 shows the AFM images of the active selective layer of the FO membrane
modified by MXene nano-sheets. By observing the morphology in the figure, it can be
seen that all the membrane surfaces showed a typical polyamide “valley ridge” structure,
which also showed the success of preparing an active selective layer by the interfacial
polymerization reaction again. In addition, it can be seen that with the gradual increase
of the addition amount of MXene nano-sheets, the protrusion morphology in this figure
indicated the principle of first sharp and then gentle, which meant that MXene nano-sheets
had a severe impact on the reaction process of interfacial polymerization after being adding
into the aqueous phase. Therefore, MXene nano-sheet incorporation had a great impact on
the formation of the membrane structure and morphological changes.

The surface roughness of the active selective layer corresponding to the FO membrane
was modified by the addition of the different MXene nano-sheets in Table 1. With the
addition of MXene nano-sheets, the surface roughness of the active selective layer under-
went a special change. The principle shown in this table was that with the addition of
MXene nano-sheets, the roughness of the surface-active selective layer first rose suddenly,
then decreased gradually, and finally decreased slightly. From the point of view of the
interfacial polymerization reaction, it can be explained that the diffusion of the aqueous
phase usually leads to the formation of a ridge structure. That was the formation of the
“ridge” shape, which improved the surface roughness of the active selective layer. When
MXene nano-sheets were added in small amounts, they not only inhibited aqueous phase
diffusion into the organic phase, but they also promoted aqueous phase-organic phase reac-
tion.Therefore, it facilitated the formation of a “ridge” structure, and the surface roughness
increased suddenly. When MXene nano-sheets were added continuously (0.007–0.01%)
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at this time, the content of MXene nano-sheets dispersed in the aqueous phase increased,
which hindered the diffusion from the aqueous phase to the organic phase, limiting the
degree of interfacial polymerization and forming a smoother membrane surface, the rough-
ness then decreased [32]. In addition, the excessive MXene nano-sheet content (0.03%) did
not alleviate the agglomeration phenomenon induced inhibition of aqueous phase diffu-
sion, but slightly increased membrane surface roughness due to large MXene nano-sheet
aggregation and destruction of the membrane surface structure.
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Table 1. The surface roughness of the FO membranes with different amounts of MXene nano-sheet.

FO Membrane Ra
(nm)

Rms
(nm)

T-1 23.9 34.6
T-2 33.2 42.5
T-3 30.1 39.5
T-4 26.6 35.1
T-5 31.4 39.6

3.3. The Fourier Transform Infrared Spectroscopy Characterization of the MXene Nano-Sheets
Modified FO Membrane

Figure 6 shows the test results of the Fourier infrared spectra of T-1 to T-5 membranes.
It can be seen from the figure that there were a series of characteristic peaks, such as the
symmetrical O=S=O peak (1148 cm−1), the symmetrical C-O-C peak (1240 cm−1), the
asymmetric O=S=O peak (1295 cm−1), and the CH3-C-CH3 (1500 cm−1) peak of the PSf
porous support membrane, indicating the smooth synthesis of a porous support layer.
The obvious characteristic peaks were also observed at about 1600 cm−1, 1650 cm−1 and
1545 cm−1, which were attributed to the aromatic ring, amide I band (C=O), and amide II
band (C-H) in the active selective layer, respectively. This confirmed again that the surface-
active selective layer was successfully prepared on the surface of the porous support layer.
In addition, in the range of 2000–4000 cm−1, it can be seen that the characteristic peak
intensity of about 3300 cm−1 was significantly enhanced, which was due to the O-H bond
vibration, indicating that the addition of MXene nano-sheets helped the FO surface form a
more hydrophilic active selective layer [33].
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Figure 6. The ATR-FTIR spectra of the FO membrane with different amounts of MXene nano-sheet.

3.4. The X-ray Photoelectron Spectroscopy Characterization of The MXene Nano-Sheets Modified
FO Membrane

Figure 7 shows the XPS test results of the prepared MXene nano-sheets modified FO
membrane. It can be seen that the elements C, N, and O appear in T-1 to T-5 membranes.
Furthermore, the elements Ti appear in diagrams T-2 to T-5, indicating that MXene nano-
sheets were successfully added to the polyamide active selective layer. According to
Table 2, we can know the percentage content of C, O, and N and calculate the cross-linking
degree of the FO membrane surface by calculating the O/N ratio. We can analyze the
O/N element ratio in the active selective layer of the FO membrane surface to know the
cross-linking degree of the membrane surface. The influence trend of MXene nano-sheets
on the crosslinking reaction of the polyamide active selective layer can be inferred from
the relationship between the O/N ratio and crosslinking degree. The reason was that
the lower the O/N value, the higher the cross-linking degree of the membrane surface,
the more favorable the salt interception of the active selective layer on the membrane
surface. The higher the O/N value, the lower the cross-linking degree of the membrane
surface, which was not conducive to the interception of salt by the membrane surface active
selective layer [34]. The XPS results showed that the addition of MXene nano-sheets can
affect the oxygen-nitrogen ratio and change the crosslinking degree. It can be seen from
the table that the O/N value of the membrane surface active selective layer decreased,
then increased and finally decreased with the addition of MXene nano-sheets. The change
results demonstrated that the method of adding MXene nano-sheets to the aqueous phase
can significantly accelerate or inhibit the formation of the surface-active selective layer.
It indicated that the MXene nano-sheets affected the diffusion rate between the aqueous
phase and organic phase and directly influenced the cross-linking reaction between the
aqueous phase and organic phase. When a small amount of MXene nano-sheets was
added, it had a positive effect on the interfacial polymerization reaction, promoting the full
reaction between the aqueous and organic phases and improving the crosslinking degree.
However, when MXene nano-sheets were continuously added (0.007–0.01%), the oxygen-
nitrogen ratio increased and the crosslinking degree decreased, which may be because the
MXene nano-sheets hindered the diffusion from the aqueous phase to the organic phase
and inhibited the crosslinking reaction [35]. Continuing to increase the content of MXene
nano-sheets (0.03%), at this time, the oxygen-nitrogen ratio decreased slightly and the
crosslinking degree increased slightly because the excessive addition of MXene nano-sheets
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led to agglomeration, reducing the inhibition of diffusion from aqueous phase to organic
phase, and the interfacial polymerization reaction was relatively slightly strengthened [36].
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Figure 7. The XPS spectra of the surface of the FO membranes with different amounts of MXene
nano-sheet: (a) T-1, (b) T-2, (c) T-3, (d) T-4, and (e) T-5, respectively.

Table 2. The elements composition and O/N ratios of the FO membrane with different amounts of
MXene nano-sheet.

FO Membrane C Content
(%)

O Content
(%)

N Content
(%)

O/N
Value

T-1 74.04 14.69 11.27 1.30
T-2 73.72 14.42 11.55 1.24
T-3 73.68 14.19 11.16 1.27
T-4 73.92 14.29 11.08 1.29
T-5 73.11 15.01 11.69 1.28

3.5. The Characterization of Hydrophilicity of the MXene Nano-Sheets Modified FO Membrane

Figure 8 shows the effects of different MXene nano-sheets’ additions on the water
contact angle of the FO membrane. It can be seen from the figure that the water contact
angles of T-1 to T-5 membrane surfaces were 61.7◦, 53.02◦, 48.92◦, 51.49◦, and 58.43◦,
respectively. Due to the hydrophilic characteristics of MXene nano-sheets, they had an
obvious positive effect on the improvement of membrane surface hydrophilicity. With the
addition of MXene nano-sheets, the water contact angle of the surface-active selective layer
of the FO membrane decreased first and then increased, and its water contact angle was
lower than that of the unmodified FO membrane, which showed that the FO membrane
generated a more hydrophilic surface due to the addition of MXene nano-sheets. On the
one hand, the MXene nano-sheets contained a large number of O-H bonds of hydrophilic
groups. Through the method of introducing them into the aqueous phase, the MXene
nano-sheets can directly participate in the crosslinking reaction between the aqueous phase
and the organic phase, thus affecting the polyamide structure of the active selective layer
to the greatest extent, generating a more hydrophilic surface-active selective layer and
improving the hydrophilicity of the prepared FO membrane. On the other hand, a large
number of hydrophilic functional groups (C=O and N-H) rich in MXene nano-sheets were
directly attached to the surface of the active selective layer, making the surface of the FO
membrane highly hydrophilic [37]. However, with the continuous increase of MXene
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nanosheets, the contact angle increased and the hydrophilicity decreased in the figure,
which may be due to the agglomeration of excessive MXene nano-sheets, resulting in the
reduction of hydrophilic groups and the destruction of the surface structure of the active
selective layer.
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Figure 8. The water contact angles of the FO membranes with different amounts of MXene nano-sheet.

3.6. The Permeability Test of the MXene Nano-Sheets Modified FO Membrane

It can be seen from the above that the FO membrane constructed by inserting MX-
ene nano-sheets into the aqueous phase had apparent distinctive changes in physical
structure, chemical content, and surface shape. To further examine the impact of these
alterations on the permeation separation performance of the FO membrane, we tested
the osmotic separation performance of the FO membranes modified with varied MXene
nano-sheet content.

3.6.1. The Effects of MXene Nano-Sheets on Water Flux of the FO Membrane

It can be seen from Figure 9 that the water flux of FO increased first and then decreased
with the increase of MXene nano-sheet content; when MXene nano-sheets were not added,
the water flux of the prepared FO membrane was 7.58 L·m−2·h−1 (AL-DS mode) and
5.56 L·m−2·h−1 (AL-FS mode). When the addition amount was 0.005%, the water flux
of the prepared FO membrane was 9.17 L·m−2·h−1 (AL-DS mode) and 7.83 L·m−2·h−1

(AL-FS mode). When the addition amount was 0.007%, the water flux of the prepared FO
membrane was 12.05 L·m−2·h−1 (AL-DS mode) and 10.49 L·m−2·h−1 (AL-FS mode). At
this time, the addition of MXene nano-sheets showed a positive correlation with the water
flux, and then the water flux began to decline. When the MXene nano-sheets were added at
0.01%, the water flux of the prepared FO membrane decreased to 10.84 L·m−2·h−1 (AL-DS
mode) and 9.19 L·m−2·h−1 (AL-FS mode). When MXene nano-sheets were added at 0.03%,
the water flux of the prepared FO membrane continued to decrease to 8.81 L·m−2·h−1

(AL-DS mode) and 7.23 L·m−2·h−1 (AL-FS mode). It can be seen that the water flux of
FO membrane modified by MXene nano-sheets was higher than that of unmodified FO
membrane, and when the addition amount of MXene nano-sheets was 0.007%, the highest
water flux reached 12.05 L·m−2·h−1 (AL-DS mode) and 10.49 L·m−2·h−1 (AL-FS mode).
According to the above physical and chemical characterization, when the addition amount
of MXene nano-sheets was within a certain range (0.005–0.007%), the MXene nano-sheets
were evenly dispersed in the active selective layer. Although they inhibited the cross-
linking reaction and reduced the roughness, the MXene nano-sheets were rich in a large
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number of hydrophilic groups, and this greatly enhanced the hydrophilicity of the active
selective layer. In addition, because the MXene nano-sheets were directly distributed
in the active selective layer, they had special transmission channels and could directly
transport a large number of water molecules, which eventually led to an increase in water
flux [38]. However, when the amount of MXene nano-sheets was too high (0.01–0.03%), the
aggregation phenomenon occurred in the membrane due to the high concentration. When
introducing nanoparticles, this phenomenon was very common, and some researchers
developed catalysts to alleviate nanoparticle agglomeration [39,40], which can be used as a
strategy to further optimize the modified membrane of MXene nano-sheets. At the same
time, according to the contact angle test above, the hydrophilicity also decreased to a certain
extent, and the water channel was blocked or reduced, which also destroyed the surface
structure of the active selective layer so that the water flux finally decreased synchronously.
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Figure 9. The effects of different amounts of MXene nano-sheet on water flux of the FO membrane.

3.6.2. The Effects of MXene Nano-Sheets on the Reverse Solute Flux of FO Membrane

Figure 10 shows that as the amount of MXene nano-sheet added increased, the reverse
solute flux of the modified FO membrane increased and then decreased slightly. When
no MXene nano-sheets were added, the reverse solute flux of the prepared FO membrane
was 5.85 g·m−2·h−1 (AL-DS mode) and 4.33 g·m−2·h−1 (AL-FS mode), and when the
addition amount was 0.005%, the reverse solute flux of the prepared FO membrane was
6.81 g·m−2·h−1 (AL-DS mode) and 5.87 g·m−2·h−1 (AL-FS mode). At this moment, it
shows an upward trend. When the addition amount was 0.007%, the reverse solute flux
of the prepared FO membrane was 8.43 g·m−2·h−1 (AL-DS mode) and 7.34 g·m−2·h−1

(AL-FS mode), and it reached the maximum of these groups of experiments. When the
addition amount continued to increase to 0.01%, the reverse solute flux of the prepared
FO membrane was 7.81 g·m−2·h−1 (AL-DS mode) and 6.71 g·m−2·h−1 (AL-FS mode). At
this time, the reverse solute flux showed a slight downward trend. When the addition
amount reached 0.03%, the reverse solute flux of the prepared FO membrane decreased
to 6.88 g·m−2·h−1 (AL-DS mode) and 5.49 g·m−2·h−1 (AL-FS mode) finally. It can be seen
that the reverse solute flux of the FO membrane modified by MXene nano-sheets was
higher than that of the unmodified FO membrane. The highest reverse solute flux reached
8.43 g·m−2·h−1 (AL-DS mode) and 7.34 g·m−2·h−1 (AL-FS mode) when the addition of
MXene nano-sheets was 0.007%. The addition of MXene nano-sheets also changed the
membrane structure of the active selective layer. The MXene nano-sheets added to the
aqueous phase can increase the reverse solute flux, and the reverse solute flux of the
modified FO membrane was slightly higher than that of the unmodified FO membrane.
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According to the permeability of the FO membrane and the above physical and chemical
characterization, this was mainly due to the swelling effect produced by the MXene nano-
sheets themselves [41,42]. When the Na+ ions in the draw solution pass through the channel
formed by the MXene nano-sheets, the Na+ ions were quickly intercalated into the MXene
nano-sheets layer. At the same time, with the electrostatic interaction between Na+ ions
and negatively charged MXene nano-sheets, the layer spacing of MXene nano-sheets was
expanded and the formed nanochannel was widened. As a result, Na+ ions can pass
through quickly without obstruction. Moreover, Na+ ions can directly enter the active
selective layer and make contact with MXene nano-sheets, and the swelling effect was
more obvious because the MXene nano-sheets were distributed in the active selective
layer, so the increase in reverse solute flux was greater. When the MXene nano-sheets
continued to be added (0.01−0.03%), at that time, due to the agglomeration of some MXene
nano-sheets and the reduction of nano-channels, the swelling effect tended to be gentle,
and the membrane pores in the active selective layer were blocked, so the reverse solute
flux showed a downward trend.
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Figure 10. The effects of different amounts of MXene nano-sheet on the reverse solute flux of the
FO membrane.

3.6.3. The Specific Reverse Solute Flux

Figure 11 shows the ratio of water flux and reverse solute flux under two different
modes (AL-DS and AL-FS). That was the specific reverse solute flux, which can truly reflect
the brine separation performance of an FO membrane. As shown in the figure, the trend
of specific reverse solute flux in AL-DS mode and AL-FS mode was consistent. With the
gradual increase of MXene nano-sheets addition, the specific reverse solute flux of the
FO membrane first decreased and then increased: in AL-DS mode, it was 0.74 when the
addition was 0.005%, 0.69 when the addition was 0.007%, and 0.72 when the addition
was 0.01%. When the addition amount was 0.03%, it was 0.78. In AL-FS mode, it was
0.75 when the addition amount was 0.005%, 0.70 when the addition amount was 0.007%,
0.73 when the addition amount was 0.01%, and 0.76 when the addition amount was 0.03%.
According to the comparison of the above results, when the addition amount was 0.007%,
the membrane separation performance of the FO membrane was the best among those
resultant membranes.
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the FO membrane.

4. Conclusions

In this paper, we investigated a modified FO membrane using MXene nano-sheets in
the interfacial polymerization process. The following conclusions were drawn from com-
paring the surface morphology, roughness, chemical structure, hydrophilicity, and osmotic
separation performance of the modified FO membrane with different addition amounts of
MXene nano-sheet: The active selective layer of the FO membrane lost synaptic structure
and surface morphology as the concentration of MXene nano-sheets in the aqueous phase
increased. Adding MXene nano-sheets reduced the O/N ratio, improved the crosslinking
degree of the active selective layer, and increased the hydrophilicity of the produced FO
membrane. The water flux and reverse solute flux of the FO membrane modified by MXene
nano-sheets increased first, then reduced in the AL-DS and AL-FS modes. The water flux
increased greatly, but the reverse solute flux increased only slightly, and the membrane
separation performance measuring parameter specific reverse solute flux was optimized.
This shows that MXene nano-sheets might improve the performance of FO membranes and
have potential applications in membrane separation.

Author Contributions: Conceptualization, Y.N., C.X. and Y.W.; methodology, Y.N.; software, Y.W.;
validation, Y.N., C.X. and Y.W.; formal analysis, Y.N.; investigation, Y.N.; resources, Y.W.; data
curation, Y.N.; writing—original draft preparation, Y.N.; writing—review and editing, Y.W.; visual-
ization, C.X.; supervision, Y.W.; project administration, Y.W. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by Major scientific and technological projects in Chongqing,
grant number cstc2012gg-sfgc00002.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Gray, N. Water Technology; CRC Press: London, UK, 2017; ISBN 9781315276106.
2. Duong, H.C.; Ansari, A.J.; Hailemariam, R.H.; Woo, Y.C.; Pham, T.M.; Ngo, L.T.; Dao, D.T.; Nghiem, L.D. Membrane Distillation

for Strategic Water Treatment Applications: Opportunities, Challenges, and Current Status. Curr. Pollut. Rep. 2020, 6, 173–187.
[CrossRef]

http://doi.org/10.1007/s40726-020-00150-8


Membranes 2022, 12, 146 14 of 15

3. Shahmansouri, A.; Bellona, C. Nanofiltration technology in water treatment and reuse: Applications and costs. Water Sci. Technol.
2015, 71, 309–319. [CrossRef]

4. Li, L.; Visvanathan, C. Membrane technology for surface water treatment: Advancement from microfiltration to membrane
bioreactor. Rev. Environ. Sci. Bio/Technol. 2017, 16, 737–760. [CrossRef]

5. Wang, Y.; Li, D.; Li, J.; Li, J.; Fan, M.; Han, M.; Liu, Z.; Li, Z.; Kong, F. Metal organic framework UiO-66 incorporated ultrafiltration
membranes for simultaneous natural organic matter and heavy metal ions removal. Environ. Res. 2022, 208, 112651. [CrossRef]

6. Khanzada, N.K.; Khan, S.J.; Davies, P. Performance evaluation of reverse osmosis (RO) pre-treatment technologies for in-land
brackish water treatment. Desalination 2017, 406, 44–50. [CrossRef]

7. Jafarinejad, S. Forward osmosis membrane technology for nutrient removal/recovery from wastewater: Recent advances,
proposed designs, and future directions. Chemosphere 2021, 263, 128116. [CrossRef]

8. Heikkinen, J.; Kyllönen, H.; Järvelä, E.; Grönroos, A.; Tang, C.Y. Ultrasound-assisted forward osmosis for mitigating internal
concentration polarization. J. Membr. Sci. 2017, 528, 147–154. [CrossRef]

9. Alihemati, Z.; Hashemifard, S.; Matsuura, T.; Ismail, A.; Hilal, N. Current status and challenges of fabricating thin film composite
forward osmosis membrane: A comprehensive roadmap. Desalination 2020, 491, 114557. [CrossRef]

10. Emadzadeh, D.; Lau, W.; Matsuura, T.; Rahbari-Sisakht, M.; Ismail, A. A novel thin film composite forward osmosis membrane
prepared from PSf–TiO2 nanocomposite substrate for water desalination. Chem. Eng. J. 2014, 237, 70–80. [CrossRef]

11. Liu, H.; Liu, X.; Zhao, F.; Liu, Y.; Liu, L.; Wang, L.; Geng, C.; Huang, P. Preparation of a hydrophilic and antibacterial dual function
ultrafiltration membrane with quaternized graphene oxide as a modifier. J. Colloid Interface Sci. 2020, 562, 182–192. [CrossRef]

12. Mao, H.; Qiu, M.; Chen, X.; Verweij, H.; Fan, Y. Fabrication and in-situ fouling mitigation of a supported carbon nanotube/γ-
alumina ultrafiltration membrane. J. Membr. Sci. 2018, 550, 26–35. [CrossRef]

13. Zhu, J.; Hou, J.; Uliana, A.; Zhang, Y.; Tian, M.; Van der Bruggen, B. The rapid emergence of two-dimensional nanomaterials for
high-performance separation membranes. J. Mater. Chem. A 2018, 6, 3773–3792. [CrossRef]

14. Hao, L.; Zhang, H.; Wu, X.; Zhang, J.; Wang, J.; Li, Y. Novel thin-film nanocomposite membranes filled with multi-functional Ti 3
C 2 T x nanosheets for task-specific solvent transport. Compos. Part A Appl. Sci. Manuf. 2017, 100, 139–149. [CrossRef]

15. Meng, B.; Liu, G.; Mao, Y.; Liang, F.; Liu, G.; Jin, W. Fabrication of surface-charged MXene membrane and its application for water
desalination. J. Membr. Sci. 2021, 623, 119076. [CrossRef]

16. Wang, J.; Chen, P.; Shi, B.; Guo, W.; Jaroniec, M.; Qiao, S.-Z. Titelbild: A Regularly Channeled Lamellar Membrane for Unparalleled
Water and Organics Permeation (Angew. Chem. 23/2018). Angew. Chem. 2018, 130, 6819. [CrossRef]

17. Pandey, R.P.; Rasheed, P.A.; Gomeza, T.; Azamab, R.S.; Mahmoud, K.A. A fouling-resistant mixed-matrix nanofiltration membrane
based on covalently cross-linked Ti3C2TX (MXene)/cellulose acetate. J. Membr. Sci. 2020, 607, 118139. [CrossRef]

18. Alfahel, R.; Azzam, R.S.; Hafiz, M.; Hawari, A.H.; Pandey, R.P.; Mahmoud, K.A.; Hassan, M.K.; Elzatahry, A.A. Fabrication of
fouling resistant Ti3C2Tx (MXene)/cellulose acetate nanocomposite membrane for forward osmosis application. J. Water Process
Eng. 2020, 38, 101551. [CrossRef]

19. Wu, X.; Ding, M.; Xu, H.; Yang, W.; Zhang, K.; Tian, H.; Wang, H.; Xie, Z. Scalable Ti3C2Tx MXene Interlayered Forward Osmosis
Membranes for Enhanced Water Purification and Organic Solvent Recovery. ACS Nano 2020, 14, 9125–9135. [CrossRef]

20. Zhang, S.; Wang, K.Y.; Chung, N.T.-S.; Chen, H.; Jean, Y.; Amy, G. Well-constructed cellulose acetate membranes for forward
osmosis: Minimized internal concentration polarization with an ultra-thin selective layer. J. Membr. Sci. 2010, 360, 522–535.
[CrossRef]

21. Ahmad, A.L.; Ooi, B.S. Properties–performance of thin film composites membrane: Study on trimesoyl chloride content and
polymerization time. J. Membr. Sci. 2005, 255, 67–77. [CrossRef]

22. Jegal, J.; Min, S.G.; Lee, K.-H. Factors affecting the interfacial polymerization of polyamide active layers for the formation of
polyamide composite membranes. J. Appl. Polym. Sci. 2002, 86, 2781–2787. [CrossRef]

23. Misdan, N.; Lau, W.; Ismail, A. Seawater Reverse Osmosis (SWRO) desalination by thin-film composite membrane—Current
development, challenges and future prospects. Desalination 2012, 287, 228–237. [CrossRef]

24. Suwaileh, W.; Pathak, N.; Shon, H.; Hilal, N. Forward osmosis membranes and processes: A comprehensive review of research
trends and future outlook. Desalination 2020, 485, 114455. [CrossRef]

25. Zhao, J.; Su, Y.; He, X.; Zhao, X.; Li, Y.; Zhang, R.; Jiang, Z. Dopamine composite nanofiltration membranes prepared by
self-polymerization and interfacial polymerization. J. Membr. Sci. 2014, 465, 41–48. [CrossRef]

26. Wang, Y.; Li, X.; Zhao, S.; Fang, Z.; Ng, D.; Xie, C.; Wang, H.; Xie, Z. Thin-Film Composite Membrane with Interlayer Decorated
Metal–Organic Framework UiO-66 toward Enhanced Forward Osmosis Performance. Ind. Eng. Chem. Res. 2019, 58, 195–206.
[CrossRef]

27. Zhao, S.; Zou, L.; Tang, C.Y.; Mulcahy, D. Recent developments in forward osmosis: Opportunities and challenges. J. Membr. Sci.
2012, 396, 1–21. [CrossRef]

28. Song, X.; Zhang, Y.; Abdel-Ghafar, H.M.; Abdel-Aal, E.-S.A.; Huang, M.; Gul, S.; Jiang, H. Polyamide membrane with an ultrathin
GO interlayer on macroporous substrate for minimizing internal concentration polarization in forward osmosis. Chem. Eng. J.
2021, 412, 128607. [CrossRef]

29. Emadzadeh, D.; Lau, W.; Rahbari-Sisakht, M.; Ilbeygi, H.; Rana, D.; Matsuura, T.; Ismail, A. Synthesis, modification and
optimization of titanate nanotubes-polyamide thin film nanocomposite (TFN) membrane for forward osmosis (FO) application.
Chem. Eng. J. 2015, 281, 243–251. [CrossRef]

http://doi.org/10.2166/wst.2015.015
http://doi.org/10.1007/s11157-017-9442-1
http://doi.org/10.1016/j.envres.2021.112651
http://doi.org/10.1016/j.desal.2016.06.030
http://doi.org/10.1016/j.chemosphere.2020.128116
http://doi.org/10.1016/j.memsci.2017.01.035
http://doi.org/10.1016/j.desal.2020.114557
http://doi.org/10.1016/j.cej.2013.09.081
http://doi.org/10.1016/j.jcis.2019.12.017
http://doi.org/10.1016/j.memsci.2017.12.050
http://doi.org/10.1039/C7TA10814A
http://doi.org/10.1016/j.compositesa.2017.05.003
http://doi.org/10.1016/j.memsci.2021.119076
http://doi.org/10.1002/ange.201803953
http://doi.org/10.1016/j.memsci.2020.118139
http://doi.org/10.1016/j.jwpe.2020.101551
http://doi.org/10.1021/acsnano.0c04471
http://doi.org/10.1016/j.memsci.2010.05.056
http://doi.org/10.1016/j.memsci.2005.01.021
http://doi.org/10.1002/app.11257
http://doi.org/10.1016/j.desal.2011.11.001
http://doi.org/10.1016/j.desal.2020.114455
http://doi.org/10.1016/j.memsci.2014.04.018
http://doi.org/10.1021/acs.iecr.8b04968
http://doi.org/10.1016/j.memsci.2011.12.023
http://doi.org/10.1016/j.cej.2021.128607
http://doi.org/10.1016/j.cej.2015.06.035


Membranes 2022, 12, 146 15 of 15

30. Park, M.J.; Phuntsho, S.; He, T.; Nisola, G.M.; Tijing, L.; Li, X.-M.; Chen, G.; Chung, W.-J.; Shon, H.K. Graphene oxide incorporated
polysulfone substrate for the fabrication of flat-sheet thin-film composite forward osmosis membranes. J. Membr. Sci. 2015, 493,
496–507. [CrossRef]

31. Liu, Q.; Xu, G.-R. Graphene oxide (GO) as functional material in tailoring polyamide thin film composite (PA-TFC) reverse
osmosis (RO) membranes. Desalination 2016, 394, 162–175. [CrossRef]

32. Shen, L.; Xiong, S.; Wang, Y. Graphene oxide incorporated thin-film composite membranes for forward osmosis applications.
Chem. Eng. Sci. 2016, 143, 194–205. [CrossRef]

33. Shen, Z.; Chen, W.; Xu, H.; Yang, W.; Kong, Q.; Wang, A.; Ding, M.; Shang, J. Fabrication of a Novel Antifouling Polysulfone
Membrane with in Situ Embedment of Mxene Nanosheets. Int. J. Environ. Res. Public Heal. 2019, 16, 4659. [CrossRef]

34. Tian, M.; Qiu, C.; Liao, Y.; Chou, S.; Wang, R. Preparation of polyamide thin film composite forward osmosis membranes using
electrospun polyvinylidene fluoride (PVDF) nanofibers as substrates. Sep. Purif. Technol. 2013, 118, 727–736. [CrossRef]

35. Misdan, N.; Lau, W.; Ismail, A.; Matsuura, T.; Rana, D. Study on the thin film composite poly(piperazine-amide) nanofiltration
membrane: Impacts of physicochemical properties of substrate on interfacial polymerization formation. Desalination 2014, 344,
198–205. [CrossRef]

36. Karahan, H.E.; Goh, K.; Zhang, C.; Yang, E.; Yıldırım, C.; Chuah, C.Y.; Ahunbay, M.G.; Lee, J.; Tantekin-Ersolmaz, Ş.B.; Chen, Y.;
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