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The expansion of urbanization, industrialization, and population has led to
water pollution due to severe contamination by toxic pollutants, increasing the
demand for pure water. Arsenic poisoning of water is considered a highly
hazardous chemical poisoning due to its harmful effects on the environment
and human health. The present study combines nanotechnology and
membrane technology to overcome water scarcity issues and the removal of
arsenic from contaminated water. Polyethersulfone (PES) hollow fiber
membranes, with and without nanoparticles (NPs), were fabricated through
the dry-wet spinning process and studies.
Flux Physicochemical characterization confirmed the successful synthesis of bare
Rejection nanoparticles, and further, membranes were characterized and analyzed by
Nanoparticles . . L . .
Arsenic contamination various studies. The study demonstrated significant improvements in As (V)
Wastewater removal efficiency and water flux. The optimized membrane achieved a
removal rate of 79.23% and the highest flux of 26.7 L/m?*/h compared to the
pristine membrane, which had a 65% removal rate and a flux of 18 L/m?%/h,
emphasizing potential for water purification applications.
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1. Introduction

High levels of arsenic (V) in drinking water pose a
significant health threat to approximately ten
million people in low-income countries. This
contamination is widely regarded as the worst
chemical poisoning crisis worldwide at present.
Nonetheless, numerous chemical forms of arsenic
differ greatly in terms of solubility, toxicity, and

bioavailability. Inorganic arsenic compounds are
known carcinogens [1].

Epidemiological studies in humans have shown a
clear association between As (V) exposure and the
development of affecting the skin,
respiratory organs, and urinary bladder. Its specific
chemical form and solubility influence the harmful
effects of arsenic and its absorption capacity.

cancer

Additionally, its toxicity is significantly impacted by
the metabolic processes it undergoes, particularly
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the conversion to a trivalent state and the oxidative
methylation that leads to a pentavalent form [2,3].
The poisonous qualities of trivalent arsenicals,
particularly methylated ones, are stronger than
those of pentavalent arsenicals. The exact
mechanism by which arsenic acts remain unclear,
although several theories have been proposed.
Biochemically, pentavalent inorganic arsenic can
replace phosphate in various processes. In its
trivalent form, both organic (methylated) and
inorganic arsenic can react with essential protein
thiols to prevent them from functioning [4].
Potential pathways associated with cancer include
genotoxicity, changes in deoxyribonucleic acid
(DNA) methylation, oxidative stress, modifications
in  cellular synergistic  cancer
development, and the promotion of tumours.

Numerous methods for decontaminating arsenic
have been described by researchers worldwide.
These include membrane filtration using reverse
osmosis and nanofiltration, as well as coagulation,

expansion,

oxidation, flocculation, phytoremediation, and
adsorption. Many of these techniques have
drawbacks, such as precipitation, which can

produce a lot of hazardous sludge and seriously
harm the environment. To effectively retain
arsenic, an ion exchange mechanism is utilized.
However, the efficiency of this ion exchange
process is significantly limited due to its poor
selectivity for As(V), which is influenced by strong
competition from various
Consequently, the ultrafiltration
technique has emerged as a promising method for
separating different heavy metals, especially the
hazardous arsenic ions. To separate different types
of toxic metals, the ultrafiltration membrane
technique [5] is becoming more and more
significant. High retention permeability and cost-

co-existing anions.
membrane

effectiveness are two benefits of the ultrafiltration
process [6]. In this study, Polyethersulfone served
as the primary polymer for creating hollow fiber

membranes (HFMs) [7]. PES is a type of
engineering thermoplastic valued for its excellent
properties, such as high Tg and excellent

thermooxidative stability. Over the past decade,
there has been a growing focus on arsenic exposure
in the development of new organic-inorganic
composite membranes with tailored features.
These membranes have been effectively used in

techniques like gas separation, pervaporation, and
nano- and ultrafiltration, leading to significant
advancements [8].

Recently, NPs infused polymeric membranes have
been utilized in the membrane water filtration
process, including titanium oxide (TiOz), silicq,
zirconium dioxide (ZrO;), and daluminium oxide
(Al203) [7]. Other inorganic salts, such as lithium
salts, have been combined with polyvinylidene
fluoride  (PVDF), polyphenylsulfone (PPSU),
cellulose acetate (CA), polysulfone (PSF/PSU),
Polyetherimide (PEl), etc. Due to their excellent
decontamination efficiency and
manufacturing costs, iron and aluminium-based
nano adsorbents [8] have been widely used among
nanomaterials. Additionally, the United Nations
Environment Programme (UNEP) has
recommended that the most effective technology
for removing arsenic from water is alumina-based
adsorption [9].

According to previous literature studies, the
performance of NPs in water purification was
significantly ~ improved they
incorporated into polymeric membranes.
Nanocomposite ultrafiltration and nanofiltration
membranes have also been reported to integrate
adsorption, hydrophilicity, antifouling ability, and
photocatalytic properties. However, most of these
studies have focused on flat-sheet or electrospun
membranes [10]. On the other hand, Talukder et al.
developed ZrO, NPs incorporated PPSU/CA
polymeric membranes for water arsenic removal
studies. These membranes exhibited an arsenic
removal efficacy of about 87.24% and a
permeability of 89.94 L m™ bar™ [11]. Kumar et al.
developed ZnO-MgO NPs incepted PPSU/CA
membranes, which exhibited 81.31 and 78.48% of
arsenic rejection, along with 69.58 and 198.47 L m~
2h7 bar”, respectively, at 0.6 wt% loading [12]. Zr-
based NPs incorporated into PSU HFM achieved
improved flux due to hydrophilicity and porosity. He
et al. observed a high removal efficacy with an
excellent arsenate adsorption capacity of 131.7
mg/g [13]. ZnO NPs embedded CA membranes
demonstrated the favorable flux and rejection
balance, achieving 58.77% arsenic removal
efficacy at 1000 mg/L feed load [14]. The studies
mentioned above examined flat sheet, hollow fiber,
and blend membranes that incorporated various

inexpensive

when were
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single or binary oxide nanoparticles for arsenic
removal from wastewater. Most of the existing
literature emphasizes achieving high permeability
with moderate rejection rates of 58 to 87% using
PPSU and PSU membranes. However, there is a
noticeable lack of systematic research specifically
on PES hollow fiber membranes embedded with
Al>Os for As(V) removal. Although many membrane
technologies are increasingly used for water
treatment, traditional membranes often face
issues related to hydrophilicity, flux, and arsenic
removal Different
strategies have been explored, but these often
membrane stability, leading to
inconsistent distribution of nanoparticles.

There is a clear need to develop membranes that
can simultaneously enhance water flux and
selective  arsenic adding
fabrication complexity or cost, especially through
ultrafiltration. This leverages the natural affinity of
Al;O3 nanoparticles for arsenic (As(V)), improving
arsenic removal from water. To address this, Al,O3
NPs-embedded PES HFMs  have
improvements in As(V) removal, water uptake,
contact angle, morphology, topography, and
porosity, with moderate flux performance. This
research provides a comprehensive understanding
of the impact of nanoparticle integration on
membrane performance and offers a promising
pathway for next-generation membrane-based

efficiency. modification

compromise

removal without

shown

water treatment solutions.

2. Materials and methods
2.1. Materials

Polyethersulphone (PES) was obtained from the
Solvay Company, Belgium. Glycerol was sourced
from Pallav’s Chemical Pvt Ltd.

(PVP  K17),

Polyvinylpyrrolidone N-methyl-2-

2.2. Methods
2.2.1. Fabrication of HFMs

The dry-wet process and phase inversion technique
were used to fabricate PES HFMs with or without
NPs [15] via the nonsolvent-induced phase
inversion (NIPS) process. Before fabrication, the
polymer was dried for 24 hours at 60°C to remove
the moisture content in PES. Initially, with and
without NPs incorporated, the PVP containing NMP
solution was sonicated for 30 minutes separately
based on the compositions listed in Table 1. To the
above solution, a specified amount of PES was
added, and the mixture was then stirred with an
overhead stirrer for 24 hours at 60 °C to produce a
homogenous dope matrix [16,17]. The dope solution
that had been earlier prepared was utilized while
spinning. Initially, the dope solution was passed
into the annular region of the spinneret using a
gear pump in an inert nitrogen atmosphere.
Subsequently, the bore liquid was Milli-Q water
sent through the spinneret's inner lumen. To
maintain the proper phase inversion, the spinneret
was placed at a specific distance from the water
(non-solvent) bath to create the membrane using
the dry-wet approach [18]. Finally, all membranes
were immersed in water for 24h to remove residual
solvent and soaked in a 20% glycerol solution to
reduce pore collapse during filtration. After post-
treatment, all membranes were dried at room
temperature (RT) and further utilized for various
performance studies [19]. The parameters that
followed during the fabrication process were
maintained based on Table 2. The schematic
representation of the HFMs reflecting production
was shown in Figure 1.

2.3. Characterizations of the NPs and the HF
membranes

The physicochemical characteristics of NPs were

pyrrolidone (NMP), aluminium oxide nanoparticles  assessed using various analytical techniques.
(Al20s NPs), and a standard arsenic V solution  Thermogravimetric analysis (TGA) provided
(1000 mg/ml) were acquired from Sigma Aldrich insights into their thermal stability.
India.
Table 1. Composition of the membrane dope.

Type of Membrane PES (g) NMP (qg) PVP (g) NPs

M-0 22 73 5 0

M-1 22 73 5 0.25

M-2 22 73 5 0.50

M-3 22 73 5 0.75
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Table 2. Spinning parameters.

Parameters Condition
Spinneret OD/ID (mm) 1.1/0.55

Dope solution PES/Al;03/PVP/NMP
Bore fluid, coagulation, and rinsing bath H,O

Bore fluid flow rate (mL/min) 5

Air gap (cm) 5

Coagulation and rinsing bath (°C) 27

" | Polymeric dope

—

|

Spinneret

- 1
i UBore fluid E_

Inner and outer
Lumen of Spinneret
]\

Coagulation
bath

Winder
wheel
Rinsing Winder
Bath tank

Fig. 1. Schematic representation of the HFM fabrication system [20].

The zeta potential and particle size analysis were
employed to determine surface charge and the
average particle size distribution (Litesizer model
TM500 from Anton Paar, Austria). The morphology
of both the nanoparticles and membranes was
examined using scanning electron microscopy
(SEM) with a Jeol JSM-6380LA model. The NPs'
chemical composition and mapping were carried
out using energy dispersive X-ray spectroscopy
(EDAX). Before SEM analysis, the membrane
samples were freeze-fractured with liquid nitrogen
and coated with gold. Additionally, Fourier-
transform infrared spectroscopy (FTIR) was used to
identify characteristic peaks associated with the
functional groups in AlOs, and membrane
roughness parameters were carried out using
atomic force microscopy (Flex-Axiom AFM, M/s
Nanosurf, Switzerland).

2.4. Membrane performance studies

2.4.1. Flux studies of HFMs

The pure water Flux (PWF, indicated with J’) was
examined using the ultrafiltration cross-flow
model [21]. Five suitable membrane samples, each
measuring 15 cm in length, were taken from the
group of membranes [22].

Once the potting process (with an epoxy-to-
of 2:1)
compaction pressure of 2.5 bar was applied for 30

hardener ratio was completed, a
minutes to facilitate the flow of Milli-Q water
through the membranes.

Transmembrane pressure (TMP) was subsequently
reduced to one bar, and the volume of water and
flux were calculated every ten minutes using
Equation 1.

Q
] = m

nmLAPDi

where ‘n’ is the number of HFMs, ‘D/ is the
Spinneret inner diameter, AP’ is - TMP, ‘Q’ is-
Volume flow rate (mL/h), and ‘L’ is- HFM length.

2.4.2. Hydrophilicity and Wettability

The wettability of the HFMs was assessed via water
uptake (WU) based on the dry and wet weight of
the membranes and calculated using Equation 2;
the hydrophilicity of the membranes was
understood by water contact angle (WCA) [the FTA
200 contact angle analyzer through the sessile drop

method] examinations, with additional
confirmation offered by PWF.
% Water Uptake = W x 100 (2)
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where ‘W,,” and ‘W4’ are the wet and dry weights of
the HFMs, respectively.

2.4.3. Removal of arsenic by HFMs

An analysis of As (V) retention was conducted on
drinking water contaminated with arsenic, utilizing
both pristine membranes and those infused with
nano-Al;Os. The concentration of As (V) in the
contaminated water was measured using atomic
absorption spectroscopy (AAS) with a Perkin-Elmer
device. A laboratory-produced solution containing
1 mg/L of arsenic, with a pH of 6.9 + 0.2, served as
the feed ‘(C¢)’ for arsenic filtration. The solution
was then subjected to the UF cross-flow method
while maintaining a TMP of 2 bar. The permeate
‘(Cp)’ of each membrane was recorded, and the
percentage of arsenic rejection was calculated
through the varied concentration of ‘C¢’, and ‘C,’
based on Equation 3.

%R=<1—g—i)x1oo (3)

3. Results and discussion
3.1. Functional groups identification

Al,O3 NPs were analyzed using FTIR, and it revealed
a broad characteristic peak at 3465 cm™ that was
attributed to the -OH stretching vibrations
associated with the water molecule in the lattice;
this could suggest that there was moisture present
in the KBr powder. There was also a weak peak
observed at 1636 cm™', which was linked to the
stretching vibrations of the AI-OH bond.
Additionally, a peak at 756 cm™ corresponded to
the symmetric stretching vibration of the Al-O-Al
bond [23], as illustrated in Figure 2.

3.2. Thermogravimetric analysis

In Figure 2, the Al;Os NPs thermogram from
thermogravimetric analysis reveals two main areas
of mass loss. The first gradual mass loss occurred
up to about 136°C and was produced by the
evaporation of physiosorbed water. The second
mass loss was observed around 280°C due to
Dihydroxylation, brought on by the breakage of Al-
OH bonds [24].

3.3. Particle size and zeta potential of aluminium
oxide nanoparticles

Zeta or a-potential is a parameter that measures
the potential difference between the dispersion
medium and the stationary layer on the dispersed
particle and the surface charge of the material
[25]. By examining the zeta potential value, one
can forecast the particle's stability in a solution,
either in the short or long term. Because the
repulsion between the particles keeps them apart
and prevents them from sticking together and
precipitating out, a particle with a high positive or
negative zeta-potential value will be able to remain
stable as a dispersion. Zeta potential analysis
revealed the surface charge of aluminium oxide
nanoparticles, +14.4 mV at neutral pH. The
nanoparticle showed an average particle size of 314
nm, whereas the hydrodynamic diameter was
observed to be 405 nm, signifying the hydrophilicity
of nano-alumina [26], as shown in Figure 2.

3.4. Surface morphology of Al203 nanoparticle

The analysis of the surface structure and elemental
makeup of Al;Os nanoparticles was performed
using SEM and EDS. The results showed a clustered
and irregular topography, suggesting a rough
surface texture [27]. This roughness improved
hydrophilicity, contact angle, water absorption,
and permeability. The morphology of the NPs
significantly affected water flux, increased surface
area, and enhanced porosity, all of which
contributed to the reduced resistance to water
flow. Optimizing their incorporation into the
boosted their rejection
effectiveness, while the EDS spectrum verified the

membrane  matrix
presence of aluminium and oxygen, highlighted by
distinct peaks at their respective electron volt [28].
The clear identification of the aluminium peak
corroborates the structural improvement in both
the membrane matrix and the NPs, as shown in
Figure 3.

3.5. Morphology of the membranes

Figure 4 shows the cross-sectional images of the
fabricated HFMs with and without the
incorporation of Al;Os NPs. The membrane
displays an asymmetric structure, with a dense top
or skin layer, which is responsible for rejection
(selectivity) and permeability.
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Beneath the skin layer is the sublayer with a spongy
macro void structure with finger-like projections,
which act as support to the above skin layer,

the M-2 membrane displays a very distinct skin
layer compared to other membranes, which is
responsible for the higher rejection of arsenic

providing it with mechanical strength. In Figure 4.,  ions[29].
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Fig. 3. SEM and EDS of Al>O3 NPs.
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Fig. 4. SEM of HFMs: (a) M-0, b) M-1, ¢) M-2, and d) M-3.
3.6. Atomic force microscopy (AFM)

The surface roughness of the HFMs, with or without
an additive, was examined using AFM studies, as
described in Figure 5. It reveals that the M-2
membrane exhibits a relatively smoother surface
compared to the NPs incorporated membranes.
The
membranes are illustrated in Table 3. The reduction

roughness parameters of the respective
in roughness after incorporating NPs is beneficial
for significantly improving membrane
performance[30]. A smoother membrane surface
with  better This
morphological refinement enhances long-term
operational stability, particularly in the removal of

specific pollutants from water. It demonstrates

correlated water  flux.

excellent arsenic removal efficiency due to
The

influences

increased hydrophilicity. interaction of
nanoparticles  (NPs) only
topographical roughness but also interacts with
sites  through chemicadl reactions  with
pollutants[31,32]. Consequently, AFM indicates

that the incorporation of NPs modulates surface

not

roughness and optimizes surface chemistry to
achieve a balance between flux and efficiency.

3.7. Pure water flux

The quantity of water flowing through the
membrane per unit area per time is termed flux
through the membrane, which was measured using
a tight ultrafiltration cross-flow method.

A pure water flux of 18.12 LMH was observed for the
M-0 the
incorporation in the polymeric dope was raised, the
PWF increased. The optimized membrane M-2
showed a pure water flux of 26.79 LMH. The
in flux may be attributed to the
hydrophilic nature of the incorporated Al;O3
nanoparticle [33,34]. When the loading increases
above 50 mg, alumina nanoparticles are found to
agglomerate, leading to reduced flux values, as
shown in Figure 6. In this case, after incorporating

membrane. As nano-alumina

increase

AlbOs NPs, the flux increased significantly
compared to the pristine membranes. However,
the absolute flux is lower than in typicadl

ultrafiltration studies, owing to tight ultrafiltration
at 2 bar transmembrane pressure. This study,
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therefore, prioritizes contaminant removal  Figure 7 demonstrates the hydrophilicity of the
performance and highlights the balance achieved = HFMs’  surface  through  contact  angle

between the membranes'
permeability.

selectivity and  measurements, which reveal improved wettability.

This characteristic significantly influences water

flux.
3.8. Contact angle ux
Table 3. Surface roughness of HFMs.
Membranes RMS roughness (Sq) nm Mean roughness (S.) nm
M-2 73.39 56.12
M-N 111.6 87.6

N s, Optimized

30 -
28 -
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=)
> 24 4
2
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20 -
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10 20 30 40 50 60 70 8 90
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Fig. 6. Pure water flux studies of the neat and modified membranes.
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Fig. 7. Water contact angle (WCA) and Water uptake (WU) of all membranes.

The NPs infused membranes showed a reduced
WCA compared with M-0 membranes, indicating a
higher degree of hydrophilicity. Whereas M-0, M-1,
and M-2 were 88° 86° and 83° respectively.
However, for the M-3 (87°) membrane, there was a
slight increase in contact angle differences, likely
due to the clustering of nanoparticles (NPs) and
their visibility on the membrane's surface. Properly
optimizing the incorporation of NPs enhanced both
the functional performance and the wettability of
the membrane surface [35].

3.9. Water uptake

First, each membrane was cut into 2 cm lengths
and immersed in water for 24 hr., and then weighed
and kept for drying at 60 °C using a hot air oven,
and the dried membranes are weighed [36].
Finally, water uptake was calculated using
Equation 2. The WU capability of the HFMs is a
critical parameter of their hydrophilicity, which
directly influences flux and fouling
resistance. As depicted in Figure 7, the pristine
membrane exhibited a water uptake of 72.6%,
while the membrane incorporated with Al,Os NPs
demonstrated improved water uptake percentages
of 80.6% (M-1), 82.4% (M-2), and 76.4% (M-3),
respectively. The M-2 reached the highest water
uptake, suggesting that the optimal concentration
of NPs leads to the highest hydrophilic nature of
the PES matrix. This results in better water flux and
excellent In contrast, M-3
showed a reduction in the water uptake, which led
to agglomeration at higher loadings, potentially

water

rejection efficacy.

leading to pore blockages and uneven dispersion
within the membranes.

3.10. Arsenic decontamination studies

1 mg/L concentration of sodium arsenate was
tested with  different
compositions of alumina nanoparticles.

using membranes
Al;O3 is positively charged at neutral pH, as
revealed by the zeta potential analysis. Therefore,
when arsenic solution passes through membranes
containing aluminag, it is electrostatically attracted
to the positively charged nanoparticles.

In this study, the UF membranes had nanoparticles

embedded within the PES matrix, providing
additional adsorption sites beyond the size
exclusion of the membranes. Arsenate ions adsorb

onto the modified membrane surfaces, thus
increasing rejection efficiency.

This dual mechanism sieving via tight ultrafiltration
and chemical adsorption by aluminum oxide
nanoparticles demonstrated improved rejection
performance compared to unmodified membranes
[37,38].

However, alumina’s intrinsic property is such that
its zeta potential can become negative in basic pH,
which can further enhance rejection due to
electrostatic repulsion caused by the alumina
nanoparticles on arsenate ions [39].

A membrane without nanoparticles showed a
65.2% rejection of arsenate ions, possibly due to
electrostatic repulsion from the -SO; groups in the
PES backbone.

As the nanoparticle content in the membrane

increased, higher rejection rates were observed,
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reaching a maximum of 79.23% with the M-2
membrane, as shown in Figure 8 and compared
with previous literature studies mentioned in Table
4.

Nonetheless, higher nanoparticle loadings may
lead to agglomeration, reducing arsenic removal
efficiency. Additionally, arsenic (V) adsorbs onto
Al;Os via coordination between its oxygen atoms.
This reaction depends on ambient conditions, such
as basic, acidic, dissociative, or non-dissociative
environments.

3.11. Stability of the Nano hybrid and membrane
reusability

Throughout these experiments, the Al;Os Nano
hybrid material demonstrated notable stability,

9
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with no significant leaching detected over
extended periods of up to 48 hours. The adsorption
capacity and rejection efficiency exhibited only

slight variations, confirming the robustness of the

Nano hybrid within the polymer matrix. For
reusability assessments, the membranes
underwent three cycles of adsorption and

desorption using an alkaline NaOH solution at pH
10. The arsenic rejection efficiency remained above
75% after these cycles, indicating excellent
reusability and mechanical integrity of the mixed
matrix membrane (MMM) hollow fiber membrane
(HFM).

80 1
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= 50+
(=}

g 40.6

2 40
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& 301
20 -
10 4
04

M-N M-1

79.23

M-2 M-3

Membranes

Fig. 8. Arsenic rejection studies through the pristine and modified membranes.

Table 4. Comparison with previous literature studies.

Material or Membranes type  Rejection efficacy (%) Flux (Lm2h™) References
CA/ZnO 58.77 5-25% increment by increasing pressure [14]
PSU/ZnO 71 13 [10]
PES/Kaolin 30 - [40]
Al,O3/TiO, 99.9% - [38]
ZnO-MgO@PPSU/CA 81.31 198 [12]
PES/Al,O3s HFM 79.23 26.7 This work

4. Conclusion

This work highlighted the critical issues associated
with health risks posed by arsenic, mainly focusing
on their effects on human health and ecosystems.
The investigation demonstrated the effective use of
PES HFMs infused with Al;03 NPs to improve arsenic
removal capabilities. The significant increase in
both the arsenic rejection rate to 79.23% and PWF
t026.79 L m 2 h™"underscores the potential of these
membranes for water purification applications.

This advancement addresses the pressing concerns
of arsenic contamination. Looking ahead, there is
considerable potential for further research and
development in this area. Future studies could
explore the scalability of the membrane fabrication
process, aiming to produce large quantities while
maintaining performance efficiency. Additionally,
investigating the incorporation of other inorganic
additives alongside nano-alumina could lead to

even more effective membrane properties,
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enhancing the removal capabilities for a wider
range of contaminants. Moreover, as we better
understand the interactions between membrane
materials and various heavy metals, it could be
beneficial to conduct long-term field studies to
assess the real-world applicability and durability of
these membranes. Expanding research to evaluate
the economic viability of using these advanced
membranes in various industrial and municipal
water treatment facilities could also prove
advantageous. Ultimately, the goal is to create
sustainable solutions that not only improve water
quality but also protect public health and the
integrity of ecosystems affected by heavy metal
pollution.

Abbreviations

AFM Atomic force microscopy

CA Cellulose acetate

EDS Energy dispersive X-ray spectroscopy
FTIR Fourier transform infrared spectroscopy
HFMs  Hollow fiber membranes

MIM 2-methylimidazole

NIPs Non-solvent-induced phase separation
NMP N-methyl-2-pyrrolidone

NPs Nanoparticles

PEI Polyetherimide

PES Polyethersulfone

PPSU  Polyphenylsulfone

PS Particle size

PVP Polyvinylpyrrolidone

PWF Pure water flux

RT Room temperature

SEM Scanning electron microscope
TGA Thermogravimetric analysis
T™MP Transmembrane pressure

UF Ultrafiltration

WCA  Water contact angle

wu Water uptake
ZP Zeta potential
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