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A B S T R A C T   

The current work presented an in-depth investigation of the design and fabrication of thin film membranes for 
desalination applications by forward osmosis (FO). This includes manipulating the substrate membrane structure 
aiming to optimize the final thin film composite membrane characteristics. In this context, the MAX phase 
(Ti3AlC2) as a 2D material has been harnessed to impart novel desirable traits on the prepared membrane. MAX 
phase has been impregnated in two disparate concentrations and three different scenarios including the substrate 
membrane and the polyamide layer in both the aqueous and organic phases during the interfacial polymeriza
tion. Membranes were comprehensively characterized by a series of experimental tools and methodologies 
including Atomic Force Microscopy, Scanning Electron Microscopy, Contact Angle, Fourier-transform infrared 
spectroscopy, pore size and porosity. Results disclosed that substrate membrane structure has a pivotal impact on 
final TFC/TFN membrane performance. Besides, the MAX phase (Ti3AlC2) could significantly enhance the 
morphological characteristics of the membrane and ultimately the performance in terms of water flux and 
reverse salt flux based on the content and the way impregnated. The permeation properties of the composite 
membranes were significantly superior to the pure PES membrane and the mean pore size also increased with the 
addition amount of MAX phase (Ti3AlC2) increased.   

1. Introduction 

The rapid growth of the world’s population, coupled with ongoing 
human contamination of water resources and climate change, poses an 
existential threat to the world’s water environment. Potable water is one 
of the most valuable resources for supporting human life on Earth. Even 
though water makes up about 75 % of the surface area of the planet, only 
1 % of the water is fresh; as the majority of the water is salty or frozen 
(Al-Musawy et al., 2023). In this context, over the past half-century, 
seawater desalination and water treatment technologies have made 
enormous strides. Diverse water treatment and desalination methods 
have proven to be highly qualified to bestow workable solutions to the 
aforementioned issues. The two major seawater desalination techniques 
being used to meet the enormous demand for freshwater are distillation 
and membrane separation (Alayan et al., 2021). However the thermal 

techniques’ overstrain costs increase the need for process identification, 
control, and optimization. It is requisite to harness cutting-edge strate
gies for controlling and optimizing the prevailing desalination systems 
since the nature of the desalination system is complicated in terms of 
factors that determine the cost of building a plant and performance 
instability (Huang et al., 2021). Meanwhile, membrane separation 
technique has emerged as a competitive candidate based on their high 
efficiency, low footprint, reasonable cost, and low chemical usage. 
However, the main obstacle facing membrane technology, on the other 
hand, is membrane fouling, which cuts down membrane flux and life 
span (Jhaveri and Murthy, 2016). 

Reverse osmosis (RO) is a liquid-based membrane technology that is 
primarily harnessed to desalinate seawater (Kalash et al., 2020). to 
produce purified water, the RO process utilizes hydraulic pressure to 
overcome the osmotic pressure of saline water (Kadhom et al., 2019). 
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The forward osmosis (FO) process, on the other contrary, harnesses 
natural osmotic pressure as the driving force to carry out the mass 
transfer. The fact that FO operates under virtually no pressure is the 
major potential benefit. Particularly, FO necessitates a highly concen
trated draw solution to generate the necessary osmotic pressure to drive 
pure water from the feed solution to the draw solution side of the 
membrane The FO process has additional benefits over other filtration 
process types, including high rejection for salty waters and other 
complicated water resources, low fouling, and the use of relatively 
simple equipment (Al-Furaiji et al., 2018). Furthermore, FO has been 
recognized as a potentially efficient and affordable substitute for 
wastewater treatment technology or as a relatively advanced pretreat
ment (Al-Musawy et al., 2023). Based on the outstanding potential of the 
FO process, it has easily split the path in wide-spectrum applications. 
The existence of an appropriate FO membrane has a significant impact 
on the expansion of FO activities. These appropriate membranes ought 
to have high water flux, low reverse salt flux, controlled concentration 
polarization, and low fouling (Alihemati et al., 2020; Aljumaily et al., 
2020). Although the FO process itself does not require energy, another 
step is required to separate the freshwater from the draw solution, which 
normally requires energy (Shaffer et al., 2015). 

Parallel to that, since the first thin film (TFC) was developed, a 
substantial amount of work has been directed at improving TFC mem
branes in an effort to accomplish a milestone in industrial membrane 
expansion for desalination applications. TFC membrane is constructed 
by interfacial polymerization (IP) of an organic phase-liquid phase sys
tem to form a thin (100–1000 nm) selective polyamide layer (PA) 
rendered on a microporous support substrate membrane. This standard 
polymeric membrane provides excellent solute rejection and high water 
permeability making it the topic of intensive research in recent years. 
The active and support layers and the support layer of TFC membranes 
can be produced separately using a wide selection of materials and 
techniques, which can enhance the TFC membrane’s performance. Only 
a few of the factors that could influence the formation of the support 
layer include the selection of an appropriate polymer material with 
varying concentrations, an appropriate solvent (for making the dope 
solution), the medium of precipitation, and the use of various additives 
(Alihemati et al., 2020; Kadhum et al., 2022; Song et al., 2021). TFC 
membranes are typically susceptible to fouling by numerous contami
nants due to their hydrophobic nature. 

Innovative materials and surface modification techniques were har
nessed to design what is thought to be the next generation of TFC 
membranes. One of the most recent pragmatic approaches in this 
research field is to revise the performance characteristics of TFC by 
integrating the desirable features of nanomaterials (NMs) into the thin 
PA layer. The term “Thin Film Nanocomposite (TFN)” refers to the 
incorporation of nanostructured materials within or on the top surface of 
a PA layer and was first coined in 2007 (Darabi et al., 2017). Since then, 
a variety of NMs have been documented in the literature, all of which 
demonstrate an advancement in TFN membrane features. The 
enhancement was not only aimed at improving the antifouling charac
teristics of membranes but also demonstrated an exceptional capacity to 
cope with the trade-off relationship between selectivity and perme
ability (Al-Ani et al., 2020). These materials could be dispersed within 
the aqueous or organic phases during the PA layer fabrication reaction, 
or attached to the TFC surface through chemical bonding agents. 
However, gathering between a stable PA layer and defect-free is vital for 
the continued reliability and selectivity of any 2D materials membrane. 

Concerning the nanomaterials used in membrane research, the 
exceptional electrical, optical, and mechanical properties of 2D mate
rials have attracted attention. Due to their advantages in processing 
efficiency, adjustable aperture, and physicochemical stability, 2D ma
terials have a significant impact on the semiconductor, electrochemistry, 
environmental, and energy industries (Yang et al., 2020). Due to its 
appealing properties, Ti3C2Tx in particular has been used frequently to 
modify polymeric membranes for wastewater treatment, desalination, 

and gas separation (Wang et al., 2018; Rasool et al., 2019; Shen et al., 
2019). High hydrophilicity, metallic conductivity, adsorption capa
bility, chemical resistance, high strength, and rigidity are some of these 
attractive features (Alfahel et al.., 2020; Salim et al., 2019; Sadidi et al., 
2023). 

In this investigation, Max Phase (Ti3AlC2) was individually 
dispersed in the support polymeric membrane matrix as well as in each 
of the aqueous and the organic phases of the IP process, to integrate 
them in the constructed PA layer. 

In this work, PES membranes was fabricated at various polymer 
concentrations using the phase inversion method. The manufactured 
PES served as a support for the preparation of TFC-FO in the desalination 
of water where a polyamide selective layer was synthesized on the 
fabricated PES using the IP reaction. The performance of the TFC 
membranes was examined in the FO process in a lab-scale setup. Also, 
the impact of adding MAX phase (Ti3AlC2) to the substrates, MPD so
lution, and TMC was studied. The substrate and the composite mem
branes were characterized using atomic force microscopy (AFM), 
Fourier transform infrared (FTIR), and scanning electron microscopy 
(SEM) techniques. To the best of our knowledge, this is the first attempt 
to study the effect of adding MAX phase (Ti3AlC2) particles on the FO 
membranes. Max Phase (Ti3AlC2) was individually dispersed in the 
support polymeric membrane matrix as well as in each of the aqueous 
and the organic phases of the IP process, to integrate them in the con
structed PA layer. 

2. Materials and methods 

2.1. Materials 

Polyether sulfone (PES) (MW = 58000 g/mol) was obtained from 
Solvay Advanced Polymer, (Belgium). Hexane (n-Hexane, 95 %) was 
obtained from Gain land Chemical Co. Ltd (UK). N,N-Di methyl acet 
amide (DMAc) (MW = 87.12 g/mol), MAX phase (Ti3AlC2) (Particle 
size 0.7 µm), Sodium Chloride, M-phenylene diamine monomer (MPD, 
>98 %), trimesoyl chloride monomer (TMC, >99.85 %) were all pur
chased from Sigma-Aldrich (Shanghai, China). All chemicals were 
analytical grades and no further purification was required. 

2.1.1. Fabrication of PES support layer 
Three concentrations of polyether sulfone (PES) membranes were 

synthesised by the classical non induced phase separation method 
(NIPS). PES polymer (16, 17, and 18) wt% were individually dissolved in 
di methyl acetamide (DMAC) solvent in 25 ◦C and vigorously mixed 
overnight by a magnetic stirrer (Heidolph, Germany) with 60 kHz to 
achieve a complete dissociation. The polymeric casting solution was 
degassed under a vacuum and cast on a clean glass substrate using an 
automatic thin film applicator. The casting was conducted with a 
clearance gap of 200 µm and at room temperature. The thin film was 
then directly placed in a water bath for coagulation. After about one 
minute, the membrane detached from the glass substrate refereeing to 
phase separation completion. The membranes were then thoroughly 
rinsed with DI water, inspected under light for defects and stored in DI 
water containers ready for characterization. 

A series of performance characterization was conducted and based 
on results, and the 16 wt% PES membrane (M1) was chosen for the 
subsequent TFC membrane fabrication (Table S1). Herein, four different 
concentrations (0.025, 0.05, 0.075, and 0.1) wt% of the MAX phase 
(Ti3AlC2) were impregnated within the PES membrane matrix as fol
lows; 16 wt% PES was initially dissolved in DMAc and vigorously mixed 
overnight with 60 kHz and the MAX phase (Ti3AlC2) was then added to 
the casting solution and further mixed with 60 kHz for another hour. The 
casting solution was ultrasonicated for an hour, then degassed, casted, 
coagulated and stored in DI water containers, exactly as illustrated 
earlier for control PES membrane fabrication. The composition of all 
membranes prepared (M7, M8, M9 and M10) were given in Table S1. 
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2.1.2. Synthesis of TFC and addition of MAX phase to the membranes 
TFC membranes (M4–M6) and (M11–M22) were synthesized by 

rendering a polyamide (PA) layer on the top surface of the 16 wt% PES 
membrane (M1). The PA was constructed by the interfacial polymeri
sation (IP) of two monomers; m-phenylene diamine (MPD) and tri
mesoyl chloride (TMC). The substrate membranes were initially soaked 
for 2 min in a 2 wt% MPD aqueous solution. Then, the membrane was 
taken out and the top surface was wiped with a clean filter paper to 
remove the excessive aqueous solution drops. Following that, the 
membrane was taped on a glass substrate and soaked in a container 
having 0.15 wt% of TMC-hexane solution for 30 s. At this stage, the IP 
process has occurred between the two monomer solutions and forms the 
TFC membrane (Table S2). The TFC membrane was then rinsed with n- 
hexane to eliminate any unreacted monomers. TFC Flat sheet mem
branes were then dried for 5 min at room temperature and stored in DI 
water. 

Meanwhile, three types of TFC membranes were prepared in the 
current work. In the first type, as shown in Table S3 the MAX phase was 
added to the substrate as described earlier, and PA without any MAX 
phase was constructed on the surface. In the second and third types, the 
MAX phase was individually added to the aqueous phase and organic 
phases during the formation of the PA layer. Briefly, an appropriate 
amount (0.025, 0.05, 0.075, and 0.1 g) of MAX phase was dispersed in 
the MPD aqueous solution for 2 min. The membrane is then soaked, 
dried and reacted with TMC organic phase as described in the TFC 
membrane preparation, as shown in Table S4. Similarly, for the third 
type, the same procedure was adopted to prepare the TFC membranes 
but here, the MAX phase was dispersed in the organic phase instead of 
the aqueous phase as shown in Table S5. 

2.2. Membrane characterization 

The morphological changes on the surface and cross-section of all 
membranes have been visualized by scanning electron microscopy 
(SEM) (Mira-3 FEG SEM, Tescan Orsay Italy, ITM CNR). Initially, the 
specimens were fractured in liquid nitrogen and sputter coated with a 
thin layer of gold. 

An atomic force microscope (AFM, Bruker multimode 8 with Nano
scope V controller, Model TAP150, Burker) was harnessed to scan the 
surface topography of the samples. 

The composition and functional groups of the membrane samples 
were identified by Fourier-transform infrared spectroscopy (FTIR) 
(PerkinElmer, universal ATR sampling). Wide range (4000–400 cm− 1) 

spectra were recorded. 
The hydrophilicity of the membranes was conducted using the sessile 

drop method. 3 µl of DI water drops were placed on a flat membrane 
surface and the contact angle between the membrane surface and the 
drop was captured. For each sample, at least 10 drops at different lo
cations were measured and the average value was recorded. 

The gravimetric technique was utilized to determine the membrane’s 
porosity. 2 cm * 2 cm samples of the membranes were cut and their dry 
weight was measured. The membranes were then soaked in DI water for 
1 hr and excessive water drops were removed by a tissue and their 
weights were recorded. The porosity (ε) is the volume of the pores 
divided by the sum of the membrane’s volumes. The porosity of the 
sheets was calculated using the following Eq. (1) (Ursino et al., 2020; Al- 
Ani et al., 2020): 

ε =

Wwet − Wdry
ρwater

V
(1)  

where Wwet is the weight of the wet sample, Wdry is the weight of the dry 
sample, ρw: is the (water) density (1 g/cm3), ρP: is the polymer density 
(1.35 g/cm3), V the total volume of the sample. 

The mean pore radius (rp, nm) of membrane substrates was calcu
lated using the Guerout-Elford-Ferry Equation (Kadhim et al., 2020). 

rp =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(2.9 − 1.79ε)*8ηtQ

√

ε Am P
(2)  

where η (Pa. s), Am (m2), ΔP (bar), t (m), Q (m/s), ε(%) represented the 
water viscosity (i.e., η = 8.90 × 10–4 Pa.s at 25 ◦C (Pardeshi et al., 2017), 
the effective area of the membrane, the hydraulic pressure, the mem
brane thickness, the volume of the permeate water per unit time, and the 
membrane porosity, respectively. 

2.2.1. FO testing rig 
A lab-scale filtration setup was used to test the intrinsic permeability 

parameters of the membranes, which identify how water and salt move 
across this layer. These parameters are water permeability, salt perme
ability, and salt rejection. The water flux refers to the water molecules 
that pass through a membrane from the feed side to the draw side. A 
larger water flux denotes a membrane’s better permeability. Similarly, 
the reverse salt flux (RSF) is the amount of draw solute that will pass 
through a membrane backwards from the draw side to the feed side 
during a FO operation. A low RSF implies a high membrane interception 
capability. The schematic diagram of the FO system is illustrated in 

Fig. 1. Schematic diagram of the FO test unit.  
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Fig. 1. The system comprises a FO membrane cell with external di
mensions of 110 × 55 × 100 mm, internal dimensions of 46 × 92 mm, 
and 2.3 mm for the slot depth. The feed and draw solutions are separated 
by the cell’s internal membrane. Two 1 L stainless steel tanks were used 
for the feed solution (FS) and draw solutions (DS). The feed and draw 
solutions were circulated throughout the system using two gear pumps 
(DP-75). The flow rates of the FS and DS were determined using two flow 
meters while the water flux in the FO system was measured using a 
digital balance. The same tanks were used to recycle the permeate from 
the FO cell. Each experiment lasted for about 120 min. Flowmeters were 
used to regulate the feed and draw solution flow rates. When the feed 
solution’s volume changes (v) are divided by the module’s effective 
membrane area (A) and a certain experimentation time (t), the result is 
the water flux Jw, which is determined by the following equation (Wang, 
2022): 

JW=ΔV
A.t

(4)  

where Jw is water flux (LMH), ΔV is volume change of FS (litre), A is the 
membrane area (m2), and t is the time of testing (h). 

Reverse salt flux (Js) was estimated according to the following 
equation: 

JS=ΔCV
A.t

(5)  

where Js is reverse salt flux (gMH), ΔC is the change in feed solution 
concentration (g/l), V is feed solution volume at time t (litre), A is the 

effective area of membrane (m2), and t is the experiment time (hr). The 
change in salt concentration at the feed side was monitored using the 
calibrated conductivity meter. 

3. Results and discussion 

3.1. Scanning electron microscope (SEM) of the substrate membrane 

The morphological changes in the surface and cross-section of the 
substrate, TFC membranes have been observed by SEM and depicted in 
Figs. 2 and 3. Fig. 2A and B displayed the cross-sectional and surface 
images of the control substrate membrane (M1), respectively. As could 
be seen, a typical structure of the PES membrane was observed in the 
cross-section image where a thin active layer and small thin micropores 
are supported on huge interconnected macrovoids. Meanwhile, a 
smooth top surface with some small pores could be detected. Adding the 
MAX phase to the PES polymeric matrix has induced several morpho
logical changes in the cross-section. The number of micropores has 
significantly increased while smaller macrovoids were formed at the 
bottom surrounded by a spongey structure (Fig. 2D). Likewise, the 
number of pores has significantly increased as could be seen in Figs. 2E 
and S4 explain the surface section of B, E and H. This could be induced 
by the enhanced hydrophilicity associated with MAX phase incorpora
tion in the PES polymeric matrix. Triplicating the content of the MAX 
phase (0.075 g) in the PES membrane substrate produced a denser 
membrane structure where much thinner micropores and sponge-like 

Fig. 2. SEM surface and cross-sectional images of (A) M1 cross-section, (B) M1 surface, (C) M4 surface, (D) M7 cross-section, (E) M7 surface, (F) M11 surface, (G) M9 
cross-section, (h) (M9) surface, (I) M13 surface. 
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structures were formed (Fig. 2F). This agreed with the preceding liter
ature and attributed that to the enhanced casting solution viscosity due 
to the presence of 2D MAX phase (Salehi et al., 2020). Increasing the 
casting solution induces a delayed mixing-demixing process during the 
NIPS and produces a dense membrane structure with a more sponge-like 
structure at the bottom of the membrane (Amini et al., 2019). Mean
while, constructing the polyamide layer on the surface of the mem
branes was confirmed by the typical leaf-like structure as observed in 
Fig. 2C, F and I. The PA was uniform and homogenously rendered on the 
PES substrate with a defect-free structure for all samples. Fig. S3 explain 
the cross section of C, F and I. 

In the meantime, incorporating of MAX phase within the PA layer 
during the IP process manifested a distinguished variation in their 
appearance depending on whether the material were added to the 
aqueous or organic phase. Fig. 3A and B depicted the SEM surface im
ages after adding the MAX phase to the aqueous phase at 0.025 and 
0.075 g, respectively. As could be seen, the structure of PA was still 
displaying the leaf-like structure but slightly was denser and more 
compacted at higher MAX phase content. However, adding the MAX 
phase into the organic phase manifested an apparent discrepancy in the 
PA structure (Fig. 3). The PA structure had a sponge-like appearance 
with a non-uniform porous structure at a low (0.025 g) MAX phase 
(Fig. 3C). This observed structure turned to a more dense spongy 
structure upon increasing the content to 0.075 g in the aqueous phase 
(Fig. 3D). The reason for this is attributed to the interaction that took 
place during the IP process. The addition of the MAX phase to the 
aqueous phase (MPD) stimulated the reaction between MPD and TMC, 
and ultimately, increased the strength and thickness of the PA layer. In 
contrast, when they were added to the organic phase, it could be 
concluded that these interactions were inhibited by the addition of the 

MAX phase. The quantity of fillers in the aqueous phase and membranes 
with a high loading % of the MAX phase, which had a thinner PA layer, 
both influenced how quickly MPD monomers diffused into the organic 
phase (Bagherzadeh et al., 2020). 

3.2. Chemical functional groups of membranes (Fourier-transform 
infrared (FT-IR) spectroscopy) 

Fourier-transform infrared (FT-IR) spectroscopy has been devoted to 
examining membrane composition following the 2D MAX phase incor
poration. The amount of infrared light radiation (IR) that will be 
absorbed by a sample of materials is calculated using this technique. The 
materials’ wavelengths and the chemical bonds and functional groups of 
their molecular components have all been recognized as each functional 
group is represented by a wavelength. Herein, the FTIR was used to 
compare the chemical characteristics of the PES membrane before and 
after MAX phase were added, and before and after IP reaction occurred. 
The FT-IR spectra of the neat PES, polyamide layer (TFC) and PES/MAX 
phase membranes, have been detected within the spectrum 4000–650 
cm− 1 (Fig. S1). For the 16 % PES flat sheet membranes, it is noticeable 
that the PES polymer characteristics produced peaks which starts with 
the peak at 701.751 cm− 1 attributed to phenyl groups and ends with the 
peak (3365.97 cm− 1) that represents the root (O–H) stretching alcohol 
intermolecular bonded (Sadidi et al., 2023). Additionally, it contains 
many roots between them such as (1578.69 cm− 1) which represents 
(C––O) stretching peak. The peak (1407.94 cm− 1) was attributed to 
C––C aromatic ring stretching (Abbas et al., 2022). The peaks at1322.81 
cm− 1,1298.78 cm− 1, 1241.54 cm− 1, 1150.43 cm− 1 were ascribed to 
O–H bending phenol, nitro compound, C–O stretching alkyl aryl ether 
and S––O stretching sulfone, respectively (Abbas et al., 2022). The peaks 

Fig. 3. SEM surface images showing the impact of MAX phase addition in the aqueous and organic phase during the PA formation: (a) M15, (b) M17, (c) M19 and 
(d) M21. 
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Fig. 4. AFM analysis in 3D was used to investigate the surface properties of the support layer and polyamide layer (PES-TFC), for (a) M1, (b) M4, (c) M7, (d) M9, (e) 
M11, (f) M13, (g) M15, (h) M17, (i) M19, (j) M21. 
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(1105.57 cm− 1) and (1072.84 cm− 1) are characterized by the symmetric 
and asymmetric stretching vibrations unique to the sulfone group 
(Sadidi et al., 2023). Also, the spectra at (872.77 cm− 1) are C–H 
bending 1,2 disubstituted, while (836.80 cm− 1), (797.93 cm− 1) and 
(718.08 cm− 1) are C––C bending alkene trisubstituted. In comparison 
between the PES substrate spectrum and the TFC membrane spectrum, 
two roots absorption peaks at 1611.85 cm− 1 and 1543.83 cm− 1 associ
ated with the polyamide skin layer are observed in the spectra of all TFC 
membranes as shown in Fig. S1(b), which can correspond to the amide I 
band (C––O stretching), aromatic ring breathing, and the amide II band 
(C–H stretching), respectively (Darabi et al., 2017). So, this establishes 
the NH2 amide layer’s existence. Also, it can be noted when adding the 
MAX phase to the polymer, in the case of concentration (0.025), the 
radical appears (3430.96 cm− 1) instead of the peak (3365.97 cm− 1) that 
represents the apparent presence of –OH with solid hydrogen bonding 
on the surface of (Ti3AlC2) membrane (Sadidi et al., 2023). And when 
the concentration of the MAX phase is increased, the peak (3430.96 
cm− 1) disappears, as the range is limited between (1578.87–701.72) 
cm− 1. In the case of adding MAX phase (Ti3AlC2) (0.025) to the MPD 
concentration, the peak (1611.86 cm− 1) appears and it is representing 
the amide I band (C––O stretching) (Darabi et al., 2017). Finally, the 
peak (627 cm− 1) appears and it representing the bond (Ti–C) (Abood 
et al., 2023). 

3.3. Atomic force microscopy AFM 

Surface roughness parameters have a critical impact on the entire 
performance of any membrane. The rougher surface is expected to 
endow a higher fouling tendency on the membrane surface and vice 
versa. The vertical distance between valleys and nodules is what referred 
to as roughness. The rough surface can stop some impurities from get
ting through the membrane, but it can also cause more fouling (Li et al., 
2017; Alsalhy et al., 2013). The surface topography parameters of the 
PES support layer, and polyamide layer (PES-TFC), were determined by 
AFM. The 0.5 µm × 0.5 µm 3D images were captured by the AFM where 
the dark region referred to the lowest points (valleys) and light regions 
referred to the highest points (peaks) (Fig. 4). As shown in the figure and 
Table 1, the PES-TF membrane manifested the lowest average roughness 
(Ra = 6 nm) amongst all other samples whereas Ra was around 9 nm for 
pristine PES membrane and at other higher MAX phase content. 
Apparently, the surface was not regular as there were high roughness 
peaks, related to surface defects and dirt. The tip of the microscope risks 
sticking to the sample. There are filaments which, from a qualitative 
analysis, do not appear to be made of a material of a different nature. 
TFC membranes revealed slightly higher roughness parameters, 9.6 nm 
for M7 while recorded 14.6 nm upon increasing the MAX phase content 
in the PES polymeric matrix (M9). Incorporating the MAX phase within 
the PA layer to prepare TFC membranes disclosed much higher rough
ness parameters compared to the aforementioned membranes. Upon 
adding only a few content of MAX phase (0.025 g) within the aqueous 
phase, the Ra value reached up to 60 nm for M11, while this value 

noticeably dropped to 42 nm at higher content of MAX phase (M13). In 
the meantime, incorporating 0.025 g MAX phase in the organic phase 
resulted in the highest average roughness value (71.4 nm) compared to 
41 nm when adding higher MAX phase content which showed only 41 
nm average roughness. The results then revealed that the membranes 
modified with 0.025 wt% MAX phase introduced to the organic solution 
(TMC) were rougher than those added to the aqueous solution (MPD). 
The improvement in roughness occurred as a result of the deposition of 
the material on the surface of the membrane and because the MAX phase 
is hydrophilic material so the contact angle decreases (Abood et al., 
2023). 

3.4. Membranes hydrophilicity 

Membrane hydrophilicity is a critical characteristic that gives a deep 
insight into membrane ageing and performance. Contact angle mea
surements can be used to examine the membrane’s hydrophilicity and 
link the results to how well the membrane performs. Lower contact 
angles denote higher hydrophilicity and vice versa. Fig. S2 illustrates the 
analysis of the water contact angle of all membranes, including various 
ratios of pristine PES, and TFC membranes. As shown, the pristine PES 
membranes manifested higher CA values compared to other samples. 
The average contact angle of M1 was 64.914◦ and this value increased 
slightly upon increasing the PES wt.%. This could be interpreted due to 
the denser membrane formed at 17 and 18 wt% where CA relies on many 
other characteristics of the membrane such as roughness, pore size and 
porosity and not only on the membrane’s material nature. On the other 
hand, TFC exhibited lower CA values (48.2◦) as shown for the M4 
membrane whereas the CA was 58.4◦ for the M9 membrane. Besides 
that, the CA measurements of the M13 membrane manifested 44.8◦

which confirmed the potential of the MAX phase to enhance the surface 
hydrophilicity by decreasing the water CA at high loading content 
(0.075 g). Particularly, incorporating a hydrophilic group is a well- 
established technique to impart that hydrophilicity to the designated 
membrane (Sadidi et al., 2023). The addition of the TFC and MAX phase 
as an embedded material had a favorable effect on the hydrophilic na
ture of the PES/ MAX/ TFC membrane surface, as confirmed by the 
witnessed decline in the value of the CA of almost 20◦. 

3.5. Effect of MAX phase wt.% content on the porosity, pore size and 
thickness 

The permeation flux of the membrane is known to be influenced by 
the interplay of many variables, including the pore size and porosity of 
the membrane’s surface, roughness, the active layer thickness and hy
drophilicity. Therefore, the impregnation of the MAX phase is expected 
to bestow desirable traits on the permeation characteristics of the 
membranes. Table 2 listed the values of the porosity, pore size and active 
layer thickness of the produced membranes. Unsurprisingly, as the PES 
wt.% increased from 16 to 17 and then 18 %, the porosity of the 
membranes decreased from 79.9 to 71 and 65.7 for M1, M2 and M3, 
respectively. Similarly, the mean pore radius revealed a gradual decline 

Table 1 
Roughness comparison of M1 membrane with the summary of the TFC 
membranes.  

Membrane Average roughness (nm) (Ra) Rq (nm) R max (nm) 

M1  9.63  12.67  406.41 
M4  6.09  8.09  122.79 
M7  9.60  12.49  535.77 
M9  14.66  15.87  541.53 
M11  60.31  74.79  902.27 
M13  42.96  53.50  755.65 
M15  59.64  74.13  751.20 
M17  56.92  70.21  627.06 
M19  71.46  87.04  990.94 
M21  40.16  49.52  722.03  

Table 2 
Effect of MAX wt.% content on the porosity, pore size, thickness and roughness 
of the membranes.  

Membrane Porosity (%) rp (nm) Thickness 
(µm) 

R max (nm) 

16 %  79.975  10.328 79.71 406.41 
17 %  71.232  9.236 104.6 – 
18 %  65.754  8.749 125 –  

MAX content (wt%) 

0.025  79.725  11.62 86.82 535.77 
0.075  78.92  17.685 123.1 541.53  
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in size as the dope casting solution increased and showcased 10.3, 9.2 
and 8.7 nm for M1, M2 and M3, respectively. The membrane thickness 
has shown a significant increase upon increasing the PES wt.% and was 
two-fifths (125 µm) higher for M3 compared to M1. This could be 
attributed to the higher casting solution viscosity induced by high 
polymer wt.%. Higher casting solution viscosity diminishes the ex
change rate between solvent and non-solvent during the NIPS process. 
Ultimately, produces lower porosity, smaller pore size and higher 
thickness (Abood et al., 2023). On the other hand, increasing the MAX 
content from 0.025 to 0.075 wt% has only imparted a trivial influence 
on the porosity values as could be seen in the table. However, the pore 
size displayed a significant increase in both mean pore size and thickness 
as the MAX phase increased and reached 17.6 nm and 123.1 µm, 
respectively. The porosity effect on the membrane hydrophilicity, when 
the concentration of polymer PES increased, the porosity decreased and 
the hydrophilicity decreased because the contact angle increased 
(Ibraheem et al., 2023). 

The pore size effects the flow, water flux and reverse salt flux 
increased when the pore size increase according to the attached results. 

3.6. FO performance of TFC membranes 

3.6.1. Effect of substrate PES membrane concentration on the TFC 
membrane 

The concentration of PES and PA has a substantial impact on the 
water flux (Jw) and the reverse salt flux (Js) of the FO system. Perfor
mance tests of the FO process were carried out at a flow rate of 300 mL/ 
min with DI water and 1 M NaCl as the feed and draw solutions, 
respectively. As shown in Fig. 5, both water flux and reverse salt flux 
diminish as the concentration of the TFC membrane substrate increases 
from 16 to 18 wt%. With a water flux of 6.03 L/m2h and a reverse salt 
flux of 2.85 g/m2h, the M4 membrane seems to disclose the best- 
performing membrane Fig. 5a. Compared to the M4 membrane (6.03 
L/m2h), M5 and M6 membranes revealed water flux magnitudes of 5.74 
L/m2h and 4.71 L/m2h. 

In Fig. 5(b), the reverse salt flux (RSF) decreased when the PES 
concentration increased from 16 % to 18 %. This could be due to two 
factors: (i) Water flux normally declines when RSF declines because RSF 
was moving in the opposite direction to water flux, and (ii) an increase 
in the salt rejection value of the TFC membranes caused RSF to decline. 
Therefore, a lower PES concentration result was found to display a better 
permeability in the structure of the TFC membrane, which led to a 
favorable performance in the FO process. This also agrees with other 
studies (Saeedi-Jurkuyeh and Jafari, 2019; Al-Musawy et al., 2021; 

Fig. 5. (a) water flux and (b) reverse salt flux of TFC membranes prepared with different PES concentrations (1 M NaCl as DS, DI water as FS, 300 mL/min).  

Fig. 6. (a) water flux and (b) reverse salt flux of TFC membranes prepared with different MAX phase concentrations (1 M NaCl as DS, DI water as FS, 300 mL/min).  
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Tiraferri et al., 2011)). They believed that FO performance would be 
enhanced by the substrate membrane having a low polymer concen
tration (porous structure). 

3.6.2. Effect of MAX phase concentration on water flux and reverse salt 
flux of membrane 

Fig. 6 displayed the impact of MAX phase content in the membrane 
on the water flux and the reverse salt flux. As shown in Fig. 6a, the M14 
membrane, which comprises a 0.1 wt% MAX phase, manifested the 
highest water flux compared to the M11 membrane (0.025 wt% MAX 
phase). The water flux duplicated from 7.57 to 14.17 L/m2h when the 
concentration of the MAX phase increased from 0.025 to 0.1 wt%. In the 
meantime, the M14 membrane revealed the highest reverse salt flux 
compared to the M11 membrane. The reverse salt flux showcased an 
increase from 0.88 to 3.60 g/m2h, as shown in Fig. 6b. This resulted 
from the fact that at the higher concentration of MAX phase, more salt 
ions and water molecules were rejected at once due to an increase in 
cross-linking and layer thickness of polyamide on the top side of the M7 
(16 wt% PES + 0.025 wt% MAX phase) membrane, which is consistent 
with the findings of preceding studies (Rastgar et al., 2019). Yet, M11 
has the best performance as a FO membrane due to the best- 
compromised value between water permeability and reverse salt rejec
tion, resulting in the highest performance of the FO membrane. 

3.6.3. Effect of MAX phase concentration change on MPD and TMC 
performance 

Fig. 7 illustrates how the MAX phase concentration affects the water 
flux and the reverse salt flux through FO membranes. According to the 
experimental findings, the water flux substantially enhanced from 6.83 

to 12.55 L/m2h when the MAX phase content increased from 0.025 to 
0.1 wt%, as shown in Fig. 7a, while the reverse salt flux increased from 
2.49 to 5.77 g/m2h, as shown in Fig. 7b. This resulted from the fact that a 
higher amount of MAX phase causes the M18 (16 wt% PES) membrane 
top side to reject more salt ions and water molecules at the same time 
due to an increase in cross-linking and layer thickness of polyamide, 
which is in keeping with the results of other (Rastgar et al., 2019). 

Relevantly, compared to the M15 membrane, which has 0.025 wt% 
MAX phase, and the M16 membrane, which has 0.05 wt% MAX phase, 
the M18 membrane, which has 0.1 wt% MAX phase, has a high water 
flux and a high back-salt flow, respectively. Because M15 has the 
appropriate balance of polyamide film thickness, it provides an optimal 
balance of reverse salt rejection and water permeability, which ulti
mately leads to the high performance of the FO membrane when 
compared to M16, M17, and M18. 

The water flux and the reverse salt flux as measured by the TFC 
membrane are shown in Fig. 7. By varying the amount of MAX phase 
added to the organic phase TMC during the IP process, the PA layer was 
produced on the surface of the M1 (16 wt% PES) substrate. The MAX 
phase was raised from 0.025 wt% to 0.1 wt%, which resulted in an in
crease in the water flux and reverse salt flux of TFC membranes from 
6.63 L/m2h and 1.41 g/m2h to 10.09 L/m2h and 5.97 g/m2h, respec
tively. These findings demonstrate that the functionality of the FO 
membrane is more significantly influenced by the thickness of the PA 
layer. Additionally, with the MAX phase, cross-linking intensity also 
increases (Kadhom and Denga, 2019; Zhou et al., 2014). The substrate 
M19, in particular, produced the best outcomes in terms of water 
penetration and reduced draw solution losses. The TMC molecules must 
therefore be evenly distributed and absorbed over the support layer in 

Fig. 7. The water flux and reverse salt flux when adding the MAX phase to aqueous solution MPD and to the organic phase (TMC).  
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order to achieve the best cross-linking when interacting with the MPD. 
The FO membrane with the best performance will ultimately result from 
this. 

3.6.4. Comparison study 
The performance of the (M4 and M11) membranes constructed in the 

current work is compared to several flat sheet TFC-FO membranes dis
closed in the literature (Table 3). The comparison is based on their 
osmotic-driven (FO) experiment, which includes water flux (Jw) and 
reverse salt flux (Js) under different feed/draw solution conditions. A 
hydrophilic polymer was used to create high-performance FO mem
branes among other techniques (Bin et al., 2019), the MAX phase being 
incorporated into the substrate (Wang et al., 2022; Tharayil and Manaf, 
2022; Darabi et al., 2017; Zhang et al., 2019) or active layer (Wang et al., 
2022; Emadzadeh et al., 2014). A different drawing solution is being 
used (Tharayil and Manaf, 2022). These comparison findings suggest 
that when measured against other FO membranes, the (M4 and M11) 
membrane exhibits acceptable FO performance. 

4. Conclusions 

This work presented a methodical effort to build a high-performance 
TFC-FO membrane for desalination applications. By improving both the 
design and fabrication parameters, the environmental and economic 
costs could be dramatically reduced. Herein, substrate membranes 
having different polymer concentration was created using phase inver
sion to probe the impact of the substrate membrane structure on the 
final TFC performance. Also, the MAX phase was added to the substrate 
once and during both the organic and aqueous phases to form the thin 
PA layer. The membrane was systematically tested in terms of water flux 
and reverse salt flux. According to the SEM investigation, the M1 (16 wt 
%) substrate had a thinner skin layer, larger channels with a thinner 
wall, and less finger-like structure compared to M2 and M3 which 
showed a more dense structure. The substrate membranes’ porosity, 
hydrophilicity, and water permeation all seemed to be higher for M1 
(16 wt% PES), with values of 79.972 %, 64.914, and 6.03 LMH/bar, 
respectively. Additionally, we discovered that M1′s water contact angle 
was reduced following the formation of the PA layer, reaching 42.206◦

for M4. The FTIR spectra confirmed that the PA layer successfully 
formed on the top surface of the PES substrate and the functional groups 
have been identified for all membrane samples. The performance of FO 
increased as substrate membrane concentration was decreased, and the 
M11 membrane (16 wt% PES + 0.025 wt% MAX phase) showed the 
maximum efficiency in terms of water flux (7.57 LMH) and reverse salt 

flux (0.88 gMH). The addition of the MAX phase to the neat PES 
decreased the contact angle from 64.914 to 58.409. The roughness pa
rameters increased following the addition of the MAX phase. Besides, 
pore size and porosity decreased upon increasing the PES concentration 
and MAX phase content in the casting solution. However, there was no 
significant change in the porosity when varying the MAX content. While 
a dramatic change was witnessed in the pore size when increasing the 
MAX phase content from 0.025 to 0.075 wt%. 
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