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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• PSf-based ultrafiltration membranes 
were successfully modified using dopa
mine and polydopamine.

• PDA coating significantly improved hy
drophilicity, mechanical stability, and 
Mn(II) removal efficiency.

• Tris and dopamine incorporation 
increased water flux but caused a 
decline under fouling conditions.

• PVP increased membrane porosity and 
water retention, enhancing initial 
filtration performance.

• Membranes containing PSf/PVP/Tris/ 
Dopamine showed the highest pure and 
lake water flux values.
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A B S T R A C T

Dopamine, sourced from mussels, was utilised as a sustainable modifier to enhance the thermo-mechanical and 
filtration performance of polysulfone (PSf)-based ultrafiltration membranes for water treatment. Membranes, 
fabricated by phase inversion with dopamine/Tris doping (with or without polyvinylpyrrolidone, (PVP)) and 
polydopamine (PDA) surface coating, were characterised using Scanning Electron Microscopy (SEM), Fourier 
Transform Infra-red Spectroscopy (FTIR), X-ray Diffraction (XRD), Differential Scanning Calorimetry (DSC), and 
Dynamic Mechanical Analysis (DMA). Contact angle, water retention capacity (WRC), and porosity were also 
measured. Micromechanical modelling (Voigt, Reuss, Hill, Self-Consistent) was used to determine the stiffness of 
the polymers using membrane data. WRC reached 67.6 % for PSf/PVP, decreased to 39.2 % for PSf/Dopamine, 
and was 63–66.6 % for PDA-coated membranes. Porosity was 15.9–20.2 % for neat PSf and PSf/PVP, reduced to 
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7.3–8.1 % with dopamine/Tris doping, and increased by PDA coating (17.7–20.9 %). Contact angles of 54–67◦

indicated increased hydrophilicity with PDA. DSC revealed glass transition temperatures between 201–223 ◦C, 
with PVP reducing Tg in a PS-Dopamine system from ~215 ◦C to ~203 ◦C. DMA up to 100 ◦C showed stable 
storage modulus and rising loss modulus, with higher stiffness in solution-treated membranes than in coated 
ones. Modelling predicted elastic moduli of polymers in the 180–260 MPa range. Flux performance was highest 
for PSf/PVP/Tris/Dopamine (487.6 L⋅m⁻²⋅h⁻¹ pure water, 452.5 L⋅m⁻²⋅h⁻¹ lake water, 462.4 L⋅m⁻²⋅h⁻¹ fouled), 
while Mn(II) removal reached 62 % for PDA-coated PSf/Dopamine. This study presents the first systematic 
comparison of dopamine/Tris doping and PDA coating, integrating characterisation with modelling and estab
lishes a framework for sustainable membrane design.

1. Introduction

The safe and sustainable supply of drinking water remains one of the 
most significant global challenges facing humanity today. In response to 
this pressing issue, continuous advancements in water treatment tech
nologies have become essential. Among these advancements, membrane 
technology has emerged as a highly effective solution for drinking water 
treatment. Particularly, composite membranes—created from polymer 
blends and functional additives—have attracted considerable interest 
due to their superior performance in water purification and improved 
mechanical stability [1–3].

Recently, polydopamine (PDA), a biomimetic polymer inspired by 
the adhesive proteins found in marine mussels, has gained prominence 
as a versatile material for membrane modification. First introduced by 
Messersmith in 2007 [4]. PDA is characterised by its robust adhesion 
properties to diverse surfaces, including metals, ceramics and polymers, 
attributed to its abundant amino and hydroxyl functional groups [5,6]. 
Additionally, PDA is notable for its non-toxicity, biocompatibility, and 
chemical resistance, making it particularly suitable for water treatment 
applications.

The incorporation of PDA into membrane structures significantly 
enhances membrane hydrophilicity, antifouling characteristics, and 
permeability. Hydrophilicity improvements arise from PDA’s amine and 
hydroxyl groups, which strongly interact with water molecules, thereby 
minimising fouling by reducing contaminant adhesion [7,8]. PDA 
modifications also improve mechanical and thermal properties, which 
are necessary as they contribute to the membrane durability and 
long-term operational stability [9].

Two predominant methods for integrating PDA into membranes are 
dip-coating and in-situ polymerisation. Dip-coating involves immersing 
the membrane substrate in a PDA solution, allowing for controlled and 
uniform deposition of PDA layers on the surface [10]. This method 
effectively enhances antifouling capabilities by preventing the attach
ment of contaminants, such as bacteria, proteins, and organic sub
stances, thereby prolonging the membrane’s lifespan [11]. It easily and 
selectively modifies the surface properties. However, it is limited to the 
surface and may have limited long-term stability due to shallow PDA 
penetration into the membrane structure.

Alternatively, in-situ polymerisation entails polymerising dopamine 
directly onto or within the membrane structure during fabrication. This 
method enables deeper, more uniform incorporation of PDA throughout 
the membrane matrix, resulting in stronger interfacial adhesion, 
enhanced mechanical stability, and more durable functional perfor
mance. Control over parameters such as dopamine concentration, 
polymerisation time, and pH enables modulation of membrane pore 
size, permeability, and selectivity [12]. One promising application in
volves the integration of PDA with polysulfone (PSf) membranes, which 
are widely used in water purification due to their desirable mechanical 
properties. PDA deposition on PSf membranes enhances surface hydro
philicity and antifouling performance without significantly altering the 
membrane’s inherent pore structure, thus preserving filtration efficiency 
[13,14]. Studies have shown that PDA infiltration into PSf membrane 
pores slightly reduces pore size while maintaining effective permeation, 
which is essential for ultrafiltration and advanced osmosis applications 

[15,16]. However, it is critical to carefully control PDA deposition; 
excessive PDA loading may lead to pore blockage, thereby negatively 
impacting water flux and membrane performance [17].

In this study, polysulfone (PSf)-based ultrafiltration membranes 
were fabricated by phase inversion and modified with dopamine from 
mussels to enhance sustainability and functionality. Two complemen
tary modification strategies were employed: in-situ polymerisation, 
enabling bulk incorporation of dopamine into the membrane matrix, 
and dip-coating, producing surface-level polydopamine (PDA) layers. In 
addition, polyvinylpyrrolidone (PVP) was introduced as a pore-forming 
agent to regulate porosity, while tris(hydroxymethyl)aminomethane 
(Tris) was used to facilitate dopamine polymerisation and stabilise 
functional group distribution. This systematic framework allowed for 
the preparation of both neat and modified membranes under identical 
casting conditions, thereby enabling a controlled comparison between 
surface and bulk PDA integration routes. Membranes with and without 
PDA were evaluated in parallel to isolate the effects of dopamine-based 
modification. At the same time, advanced characterisation techniques 
were employed to assess morphology, chemistry, thermal stability, hy
drophilicity, and mechanical response. These included Scanning Elec
tron Microscopy (SEM), Fourier transform infra-red spectroscopy 
(FTIR), X-ray diffraction (XRD), contact angle measurements, differen
tial scanning calorimetry (DSC), and dynamic mechanical analysis 
(DMA). To further interpret the mechanical response, micromechanical 
homogenisation models (Voigt, Reuss, Hill, and Self-Consistent) were 
applied to extract the elastic moduli of the polymers from porous 
membrane data. Membrane performance was also evaluated through 
water retention capacity, flux, and heavy metal removal efficiency using 
a dead-end filtration setup.

The novelty of this study lies in presenting the first direct and sys
tematic comparison between PDA dip-coating and in-situ polymerisa
tion strategies within PSf membranes fabricated under identical 
conditions, while integrating a rigorous experimental programme with 
micromechanical modelling to assess thermo-mechanical and structural 
behaviour. This study hence reveals the influence of PDA location and 
distribution on membrane design and establishes a pathway for sus
tainable, high-performance water treatment technologies.

The remainder of this paper is organised as follows. Section 2 details 
the materials, membrane fabrication procedures, and characterisation 
techniques. Section 3 presents the experimental findings on structural, 
chemical, thermal, and mechanical behaviour, together with mechani
cal modelling and performance evaluation. Section 4 concludes the 
paper with the most important findings and implications for future 
membrane design.

2. Materials and methods

2.1. Materials

For the fabrication of membranes, PSf (transparent pellets, molecular 
weight ~35,000 Da) acquired from Sigma-Aldrich was utilised as the 
primary polymeric material. N-methyl-2-pyrrolidone (NMP) of 99.5 % 
purity (Emplura®) was selected as the solvent for polymer dissolution. 
Polyvinylpyrrolidone (PVP, powder form), obtained from Sigma- 
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Aldrich, served as the pore-forming additive to regulate membrane 
porosity. Additionally, dopamine and tris(hydroxymethyl)amino
methane (Tris), also supplied by Sigma-Aldrich, were incorporated as 
functional additives to improve the mechanical, thermal, and surface 
characteristics of the resultant membranes. All materials were employed 
without any further purification steps.

2.2. Preparation of neat and composite membranes

2.2.1. Preparation of neat membranes (PSf – PSf/PVP)
PSf membranes were prepared by the phase-inversion method, a 

technique that relies on the exchange of solvent and non-solvent (water) 
to induce polymer precipitation. Before membrane preparation, PSf and 
PVP polymers were dried at 100◦C for 24 h in an oven to eliminate re
sidual moisture. The neat PSf membrane casting solution consisted of 
15 % PSf and 85 % NMP solvent by weight. For the composite PSf/PVP 
membrane, the composition was adjusted to 15 % PSf, 5 % PVP, and 
80 % NMP.

To prepare the neat PSf solution, 85 g NMP was first transferred to a 
250 mL capped bottle placed on a heated magnetic stirrer. The stirring 
was set at 500 rpm, and the temperature was maintained at 60◦C. Sub
sequently, 15 g of PSf pellets were gradually added to the solvent, and 
the mixture was stirred continuously for 24 h to ensure complete 
dissolution and a homogeneous casting solution. For the PSf/PVP 
composite membrane solution, the preparation method was similar. 
Initially, 80 g NMP was added to a capped bottle and stirred at 500 rpm 
and 60 ◦C. Subsequently, 5 g of PVP was slowly added to the solution. 
Afterwards, 15 g of PSf pellets were added, and the mixture was 
continuously stirred under identical conditions for 24 h. After homoge
neous solutions were achieved, both solutions were subjected to 

ultrasonic treatment at room temperature (25 ◦C) for 30 min to elimi
nate air bubbles. Membrane casting was performed on a glass plate using 
a casting knife set to a thickness of 200 µm. The prepared casting solu
tions were poured onto the glass plate and spread evenly using the 
casting knife. The glass plate with the polymer solution was immediately 
immersed in a distilled water bath, initiating the phase inversion pro
cess. During this stage, solvent (NMP) from the polymeric film 
exchanged with water from the bath, causing rapid solidification and 
formation of the membrane. After complete solidification, membranes 
detached spontaneously from the glass plate and floated to the surface of 
the water bath (Fig. 1). They were subsequently collected, extensively 
rinsed with distilled water to remove residual solvents and impurities 
and stored at + 4 ◦C until characterisation.

2.2.2. Preparation of polydopamine (PDA)-modified membranes (PSf/tris/ 
dopamine - PSf/Dopamine)

For the preparation of the PSf/Tris/Dopamine membrane casting 
solution, the material composition was set as 15 % PSf, 0.1 % Tris, 0.2 % 
Dopamine, and 84.7 % NMP solvent. Similarly, for the PSf/Dopamine 
membrane, the composition was adjusted to 15 % PSf, 0.2 % Dopamine, 
and 84.8 % NMP solvent. The preparation of PSf/Tris/Dopamine and 
PSf/Dopamine membrane casting solutions was carried out using the 
same steps described in Section 2.2.1. Table 1 presents the compositions 
of the prepared membrane casting solutions. The preparation steps of 
membranes are given and summarised in Fig. 1.

2.2.3. Membrane coating

2.2.3.1. Preparation of polydopamine solution. For the preparation of the 
PDA solution, 0.25 g of Tris was initially dissolved in 250 mL of distilled 

Fig. 1. Schematic illustration of the fabrication steps of PSf and PSf/PVP composite membranes using the phase inversion method.
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water to form a buffered solution. Since dopamine polymerisation 
typically occurs under alkaline conditions (approximately pH 8.5), the 
solution pH was adjusted accordingly before dopamine addition. Sub
sequently, 0.5 g of dopamine was introduced into the prepared Tris 
buffer solution. To facilitate dopamine self-polymerisation, the solution 
was ultrasonicated for 30 min at room temperature. During this poly
merisation process, the colour of the solution gradually changed from 
light yellow to dark brown, indicating the formation of PDA.

2.2.3.2. Coating of prepared membranes with PDA solution. A measured 
volume of prepared PDA solution was transferred into three separate 
containers. Subsequently, membranes composed of PSf, PSf/PVP, and 
PSf/Dopamine, each with a surface area of 96.25 cm², were individually 
immersed in these PDA baths. The coating process was allowed to pro
ceed for 24 h to ensure uniform PDA deposition onto the membrane 
surfaces. After completing the coating procedure, the membranes were 
carefully removed and stored in distilled water until further use.

2.3. Membrane surface and morphological characterisation

2.3.1. Scanning electron microscopy (SEM) analysis
SEM is an advanced imaging technique commonly utilised to inves

tigate membrane surface morphology and structure with high spatial 
resolution. Before SEM analysis, the membrane samples were carefully 
removed from distilled water and rinsed thoroughly using ethanol-water 
mixtures to eliminate residual impurities. Subsequently, the washed 
samples were dried at room temperature. To enhance electrical con
ductivity and imaging quality, the dried membranes were uniformly 
coated with a thin gold (Au) layer via sputter coating under controlled 
voltage and duration parameters. Following the conductive coating 
process, an SEM analysis was conducted, and high-resolution images of 
the membrane surfaces were acquired.

2.3.2. Fourier transform infra-red spectroscopy (FTIR)
FTIR is a widely used analytical technique for membrane charac

terisation. FTIR analysis provides essential information about the 
chemical composition, functional groups, and molecular structure of 
membranes. This technique is particularly advantageous as it requires 
no sample pre-treatment and delivers rapid analytical results. In this 
study, membrane samples were analysed in the wavelength range of 
4000–650 cm⁻¹ using a JASCO FT-IR 4700 spectrometer.

2.3.3. XRD analysis
XRD analysis was conducted to determine the crystallographic 

properties of the membranes using a GNR EXPLORER High Performance 
Diffractometer (Cu-Ka (1.541874 Å) and 2θ between 2◦–90◦).

2.3.4. Contact angle
Contact angle measurement is an essential technique for evaluating 

membrane surface characteristics, particularly their interaction with 
water. This method reveals the hydrophobic (water-repellent) or 

hydrophilic (water-attractive) nature of membrane surfaces. Specif
ically, the contact angle represents the angle formed at the interface 
where a liquid droplet, typically water, meets a solid surface. A higher 
contact angle (greater than 90◦) indicates hydrophobic behaviour, 
where the water droplet maintains a more spherical shape due to min
imal surface interaction. Conversely, a lower contact angle (typically 
ranging from 30◦ to 50◦) signifies hydrophilic characteristics, as the 
water droplet readily spreads across the surface, reflecting stronger in
teractions. In this study, the hydrophilic or hydrophobic properties of 
the fabricated membranes were determined using a KSV Instruments 
CAM 101 contact angle measurement device.

2.3.5. Water retention capacity
Water retention capacity is a critical parameter that quantifies the 

amount of water retained by membranes. Different approaches may be 
employed to evaluate this property, depending on membrane type, 
structure, and application. In this study, membrane samples were pre
pared by cutting specimens from each membrane type to assess their 
water retention capacity. Initially, the samples were dried in an oven at 
45◦C for 48 h, after which their dry weights (Wd) were accurately 
measured using a precision balance. Following this, dried membrane 
samples were immersed in distilled water for a predetermined period. 
Upon completion of this immersion step, the samples were carefully 
removed from the water bath, gently blotted with absorbent paper to 
remove excess surface water, and subsequently weighed again to 
determine the wet weight (Ww). The water retention capacity, expressed 
as a percentage (%), was calculated using the difference between the wet 
and dry weights according to Eq. 1: 

Water Retention Capacity =
Ww − Wd

Ww
x 100 (1) 

2.3.6. Porosity
The porosity of membranes was measured using the wet-dry weight 

method and calculated using Eq. 2: 

Porosity =
(mw − md)

A tρ (2) 

Here, mw represents the wet weight of the membrane (g), md is the 
dry weight of the membrane (g), A denotes the membrane area (cm²), t 
indicates the membrane thickness (cm), and ρ corresponds to the density 
of water (0.998 g/cm³).

2.4. Mechanical characterisation of membranes

2.4.1. Dynamic mechanical analysis (DMA)
DMA was conducted to investigate the mechanical properties of the 

manufactured membranes under ambient conditions. For this analysis, 
membrane samples previously immersed in distilled water were first 
dried by storing them at ambient conditions (1 atm, 25 ◦C) for three 
days.

DMA measurements can be performed using an analyser equipped 
with various fixture options. Considering related methodologies re
ported in the literature [18], the film tension clamp fixture was selected 
for testing membrane samples. According to the fixture-specific testing 
guidelines, membrane samples were prepared with dimensions not 
exceeding 30 mm in length, 7 mm in width, and 5 mm in thickness. In 
this setup, the upper clamp of the fixture remained fixed while the lower 
clamp was movable. During the test, mechanical loads were applied via 
the movable clamp to measure the storage modulus, loss modulus, and 
tan(δ). The following experimental method, named the Oscillation 
Temperature Ramp Test (OTRT), involves a controlled, incremental in
crease in temperature, enabling the continuous monitoring of mechan
ical property changes. Tests are conducted using a TA Instruments DMA 
850.

Before testing, the precise dimensions (width and thickness) of the 

Table 1 
Membrane solution contents.

Membrane Code PSf 
(% 
wt.)

PVP 
(% 
wt.)

Tris 
(% 
wt.)

Dopamine 
(% wt.)

NMP

PSf 15 - - - 85
PSf -PVP 15 5 - - 80
PSf/Tris/Dopamine 15 - 0.1 0.2 84.7
PSf/Dopamine 15 - - 0.2 84.8
PSf/PVP/Tris/Dopamine 15 5 0.1 0.2 79.7
PSf/PVP/Dopamine 15 5 - 0.2 79.8
PSf /PVP (PDA coating) 15 5 - - 80
PSf/Dopamine (PDA 

coating)
15 - - 0.2 84.8
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membrane samples were measured, and the samples were securely 
mounted onto the fixture clamps. Following sample mounting, the 
analyser automatically determined the free length based on the clamp 
separation distance. Additionally, a preload force of 0.1 N was applied 
due to the tension clamp configuration. Throughout the DMA tests, a 
constant strain amplitude of 20 μm was maintained, and the tempera
ture ramp rate was set at 3 ◦C/min. All measurements were conducted 
following ASTM D7028–07 standards [19].

2.4.2. Calculation of elasticity moduli of polymers
To complement the dynamic mechanical analysis (DMA) measure

ments, a micromechanical modelling approach was employed to esti
mate the intrinsic elastic modulus of the polymer from porous 
membranes. The membranes were considered as two-phase composites 
consisting of an isotropic polymer phase and randomly distributed 
spherical voids representing porosity. The effective modulus measured 
by DMA corresponds to the porous system, whereas the modelling 
schemes allow estimation of the intrinsic polymer modulus by ac
counting for porosity.

Several homogenisation models were used for this purpose, 
including the Law of Mixtures, the Voigt and Reuss bounds, the Hill 
average, and the Self-Consistent (SC) scheme. Together, these models 
provide limiting and intermediate estimates of the effective elastic 
modulus and, when inverted, enable recovery of the polymer modulus 
from experimental data.

2.4.2.1. Voigt model (upper bound). The Voigt model assumes uniform 
strain across all phases, giving an upper bound for the effective modulus 
as given in Eq. 3: 

EV = (1 − φ)E0 +φEv (3) 

Here, EV denotes the effective elasticity modulus predicted by the 
Voigt model, E0 is the elasticity modulus of the dense polymer matrix (i. 
e., without pores), Ev is the modulus of the void phase (assumed ≈ 0), 
and φ is the porosity volume fraction. This model assumes uniform strain 
across all phases and provides an upper bound.

For porous systems (Ev ≈ 0) this simplifies to Eq. 4: 

EV = (1 − φ)E0 (4) 

2.4.2.2. Reuss model (lower bound). The Reuss model assumes uniform 
stress, providing a lower bound and the mathematical expression is 
given in Eq. 5: 

1
ER

=
(1 − φ)

E0
+

φ
Ev

(5) 

Here, ER represents the effective elasticity modulus predicted by the 
Reuss model. This formulation assumes uniform stress across all phases 
and therefore provides a lower bound. As Ev approaches zero for voids, 
the prediction of the Reuss model for porous systems converges to zero.

For porous systems, since Ev→ 0 then ER becomes Eq. 6: 

ER ≈ 0 (6) 

2.4.2.3. Hill average. The Hill estimate is defined as the arithmetic 
mean of the Voigt and Reuss bounds and given in Eq. 7: 

EH =
(EV + ER)

2
(7) 

This midpoint provides a simple approximation that is often closer to 
experimental behaviour when the material response lies between the 
uniform stress and uniform strain assumptions.

2.4.2.4. Self-consistent (SC) model. The SC scheme incorporates the 
interaction between pores and the surrounding polymer through effec
tive medium theory. It considers spherical voids embedded within an 

effective elastic continuum. The effective bulk modulus K∗ of the 
porous system is obtained as in Eq. 8: 

K∗ = Km +
[ φ(Kv − K ∗ ) ]

⎡

⎢
⎢
⎣ 1 +

(Kv − K∗)(

K∗ +4
3 G∗

)

⎤

⎥
⎥
⎦

(8) 

Here, Km is the bulk modulus of the dense polymer matrix, Kv is the 
bulk modulus of the void phase (taken as zero for pores), G∗ is the 
effective shear modulus, which can be calculated as in Eq. 9. 

G∗ = Gm +
[ φ(Gv − G∗ ) ]

[

1 +
(Gv − G∗)

(G∗ +β(K∗ , G∗) )

] (9) 

Here, Gm is the shear modulus of the dense matrix, and Gv is the shear 
modulus of the void phase (taken as zero). The correction function β 
accounts for the influence of spherical inclusions, and the revised ex
pressions given are Eqs. 10 and 11. 

β(K∗, G∗) =
[ G∗ (9K∗ + 8G∗) ]

[ 6(K∗ + 2G∗ ) ]
(10) 

E∗ =
9K∗G∗

(3K∗ + G∗)
(11) 

This model provides a more realistic prediction than the simple Voigt 
or Reuss bounds, as it captures pore–matrix interactions and their in
fluence on the overall stiffness.

Through these models, the intrinsic polymer modulus can be related 
to the apparent properties measured in DMA experiments. The Voigt and 
Reuss formulations provide bounding cases, the Hill average yields a 
simple intermediate estimate, and the self-consistent scheme leads to a 
physics-based empirical prediction of the elastic moduli of the polymers 
that are used to make the porous membranes within the scope of this 
study.

2.5. Thermal characterisation of membranes

As part of the characterisation studies, the thermal behaviour of the 
membranes was analysed using a SHIMADZU DSC-60 device. Differen
tial Scanning Calorimetry (DSC) analysis was performed within a tem
perature range of 25–400 ◦C at a heating rate of 10 ◦C/min.

2.6. Flux performance of membranes

The flux test determines how quickly and effectively a membrane 
allows water to permeate. A dead-end filtration system was used to 
perform the flux tests of the membranes. The pure water and lake water 
fluxes of clean membranes, and only the pure water fluxes of fouled 
membranes, were measured using the dead-end filtration system.

Membrane samples were cut into circular pieces with a diameter of 
5 cm and placed at the bottom part of the filtration system. Then, the 
filtration cell was filled with either pure water or lake water, and both 
the upper and lower parts were tightly sealed. One end of a hose was 
connected to a nitrogen gas (N₂) cylinder, and the other end was 
attached to the top of the filtration cell. Nitrogen gas was used to 
generate the driving force for water filtration through the membranes.

The permeated water under a pressure of 1.5 bar was collected in a 
250 mL beaker placed on a precision balance. The precision balance was 
connected to a computer via a cable, and the weight values were 
recorded on the computer over a 10-minute period using the WinCT- 
RSWeight software in a time–weight format.

As a result, the flux of the membranes was calculated using Eq. 12: 

J = A*Δt                                                                                     (12)

G. Türkoğlu Demirkol et al.                                                                                                                                                                                                                   Colloids and Surfaces A: Physicochemical and Engineering Aspects 733 (2026) 139353 

5 



In Eq. 12, J represents the flux (L/m².s), V is the volume of the 
permeate collected (L), A denotes the effective membrane area (m²), and 
Δt corresponds to the filtration time (s).

3. Results

3.1. Membrane surface and morphological characterisation

3.1.1. SEM analysis results
SEM surface images of PSf membranes prepared by phase inversion 

are shown in Fig. 2. When comparing PSf and PSf/PVP membranes, it is 
observed that the pore structure of the PVP-containing membrane is 
more pronounced.

The SEM images of PSf and PSf/PVP membranes coated in Tris so
lution show that, after coating, their pore structures are more distinct 
compared to uncoated PSf and PSf/PVP membranes. When comparing 
PSf/Tris/Dopamine and PSf/Dopamine membranes, the pores of the 

PSf/Dopamine membrane appear more pronounced. Similarly, when 
comparing PSf/PVP/Tris/Dopamine and PSf/PVP/Dopamine mem
branes, the pores of the PSf/PVP/Dopamine membrane are more 
distinct.

This suggests that the Tris additive further reduces pore size, a 
conclusion supported by porosity experiments. It is considered that the 
produced membranes fall within the MF-UF membrane size range.

3.1.2. FT-IR results
FT-IR analyses were conducted to examine the structures of the 

membranes prepared within the scope of the thesis study. The obtained 
FT-IR spectra are presented in Fig. 3.

The FT-IR spectrum of the membranes prepared in this study exhibits 
a broad band in the range of 3000–3600 cm⁻¹ , which is attributed to 
O–H stretching vibrations. This observation is consistent with previous 
reports indicating the presence of catechol and hydroxyl groups in 
dopamine-containing membranes [17,20–22].

Fig. 2. SEM analysis results (a) PSf, b) PSf/PVP, c) PSf/PVP (PDA coating), d) PSf/Dopamine (PDA coating), e) PSf/Tris/Dopamine, f) PSf/Dopamine, g) PSf/PVP/ 
Tris/Dopamine, h) PSf/PVP/Dopamine).
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In the FT-IR spectra of the membranes prepared within the scope of 
this study, the C–H stretching vibration appears in the range of 
2965–2970 cm⁻¹ , in agreement with the literature [23–25]. The 
stretching vibrations of the O––S=O group are typically observed at 
1293–1294 cm⁻¹ and 1148–1149 cm⁻¹ , while the band attributed to the 
C––C stretching of the aromatic ring is located at approximately 
1583–1584 cm⁻¹ . These findings are consistent with the characteristic 
vibrational modes of polysulfone-based membranes as reported in 
earlier studies [23,26,27].

The peaks observed at 1486 and 1504 cm⁻¹ in the FT-IR spectra of 
membranes containing both PSf and dopamine may also be attributed to 
the aromatic structures of both components. The peak in the 
1293–1294 cm⁻¹ can be assigned to C–N stretching, which is also 
consistent with the presence of dopamine and PVP.

The carbonyl (C––O) stretching vibrations of PVP are observed at 
1646 and 1651 cm⁻¹ , aligning well with previously reported values for 
PVP-containing membranes [27–29].

When comparing the FT-IR spectra of PSf-Dopamine and PSf-PVP- 
Dopamine membranes, the intensity of the peak around 1651 cm⁻¹ is 
found to increase in the presence of PVP, further supporting its suc
cessful integration. However, the addition of dopamine to PSf-PVP 
membranes does not result in a significant spectral shift, which may 
be attributed to overlapping vibrational bands in the FT-IR region and to 
the predominance of weak physical interactions, such as hydrogen 
bonding, rather than the formation of new covalent bonds. Dopamine 
contains hydroxyl and amine groups that can form hydrogen bonds with 
both PSf and PVP, but these interactions typically do not cause distinct 
spectral shifts unless strong chemical bonding occurs. A comparison of 
the spectra of membranes PSf-PVP and PSf-PVP-Dopamine showed that 
they were almost similar. Dopamine includes an aromatic ring, a C-N 
bond and an O-H group in its structure. PSf also has an aromatic ring, 
and PVP contains a C-N bond. Both the similarity of the bonds and the 
relatively low amount of dopamine (0.2 %) in the membrane composi
tion, compared to PS (15 %) and PVP (5 %), may lead to overlap. 
Therefore, the interactions are likely spectroscopically masked in this 
region for some samples.

Upon addition of Tris base to membranes containing PSf, PVP, and 
dopamine, an increase in the intensity of the broad band around 
3365 cm⁻¹ corresponding to O–H and N–H stretching vibrations is 

observed. This enhancement indicates the presence of additional hy
droxyl and amine groups, likely resulting from the dopamine polymer
isation facilitated by Tris.

Moreover, in Tris-dopamine-coated membranes containing PSf-PVP, 
a slight increase is observed in the intensity of the C–H stretching peak at 
2967 cm⁻¹ , indicating possible interactions between dopamine and 
polysulfone. Additionally, the intensity of the aromatic C––C stretching 
peak at 1583–1584 cm⁻¹ increases upon the addition of dopamine, 
suggesting enhanced aromatic character in the membrane matrix.

Furthermore, in membranes prepared with PSf, PVP, dopamine, and 
Tris base, the peak intensity in the 1635–1651 cm⁻¹ range is lower for 
the coated membranes than for those prepared by other methods. This 
may be attributed to differences in the extent of dopamine polymerisa
tion or in the interaction between the functional groups during coating, 
which could affect the vibrational response in this spectral region.

3.1.3. XRD of membranes
The X-ray diffraction (XRD) method is applied for characterisation 

(spectral) [30] and to clarify the crystalline property of membranes 
[31]. Muntha et al. (2018) observed that PSf membranes have 2θ values 
between the range of 18◦ and 25◦regarding the amorphicity [32]. 
Andrade et al. (2015) fabricated polysulfone-based membranes con
taining Ag nanoparticles, and the peak 2θ values of 17⁰ and 30⁰ range 
also show the amorphism of the membrane [33]. XRD patterns of the 
membranes are given in Fig. 4. In the current study, a broad peak in the 
XRD pattern of the PSf membrane is seen at 2θ value of 18.90⁰, indi
cating the amorphous structure of PSf. However, the strong effect of PVP 
is clear, and the peak intensity considerably decreases in the XRD 
pattern of the PSf-PVP membrane, contributing to the increase in 
amorphous structure compared to the pure PSf membrane. XRD results 
showed that the presence of PVP contributed to the amorphous structure 
of the membranes.

3.1.4. Membrane contact angle results
The results of the contact angle measurements revealed that the 

membranes exhibited contact angles ranging between 54◦ and 67◦, 
indicating that all membranes possess hydrophilic surfaces. For each 
membrane type, contact angle measurements were performed three 
times, and the average values were reported to ensure accuracy and 

Fig. 3. FTIR analysis results of membrane surfaces.
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reproducibility. PDA-coated membranes showed lower contact angle 
values compared to both neat and dopamine-doped membranes, sug
gesting a higher degree of hydrophilicity. Given the inherently hydro
philic nature of PDA-coated surfaces, these membranes are also expected 
to have an increased water retention capacity. The contact angle values 
for all membrane types are illustrated in Fig. 5. Compared with the neat 
PSf membrane, the PDA-coated membrane shows a lower contact angle 
and greater surface hydrophilicity. Similarly, a slight decrease in contact 
angle was observed for dopamine- and Tris/dopamine-doped PSf/PVP 
membranes compared to the neat PSf/PVP membrane, although the 
reduction was more pronounced in PDA-coated membranes. These 
findings suggest that both PDA coating and dopamine/Tris doping 
improve the hydrophilicity of the membranes, likely by introducing 

hydroxyl (–OH) functional groups. The observed increase in water 
retention capacity in membranes modified with dopamine and Tris 
further supports this enhancement in hydrophilicity.

3.1.5. Water retention capacity results
According to the analysis results, it was observed that the water 

retention capacity of dopamine-doped membranes decreased. Among all 
the membranes tested, the PSf/Dopamine membrane exhibited the 
lowest water retention capacity, measured at 39.2 %. In contrast, the 
highest water retention capacity was recorded for the PSf/PVP mem
brane, reaching 67.6 %. Depending on the membrane composition, the 
water retention capacity for membranes coated with PDA solution 
ranged between 63 % and 66.6 %. These variations are illustrated in 

Fig. 4. XRD of the membranes.

Fig. 5. Contact angle results.
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Fig. 6.
Following the PDA coating process, a decrease in the water retention 

capacity of the PSf/PVP membrane was observed, whereas the water 
retention of the dopamine-doped membrane increased. This suggests 
that as the dopamine content in PDA-coated membranes increases, 
water retention capacity also tends to improve. This effect is likely due 
to the hydrophilic nature of the polydopamine coating, which enhances 
water affinity on the membrane surface. Furthermore, the presence of 
Tris during the coating process may help maintain an optimal pH, 
contributing to a more effective hydrophilic modification. Both dopa
mine and Tris may increase hydrogen bonding interactions, thereby 
enhancing the membrane’s ability to retain water.

It was also found that dopamine and Tris-dopamine incorporation 
into neat PSf membranes led to a reduction in water retention capacity. 
Similarly, doping the PSf/PVP membrane with dopamine and Tris- 
dopamine resulted in a decrease in water retention. However, it is 
important to note that PVP, while enhancing pore formation, may also 
compromise the internal structural integrity of the membrane. As a 
result, dopamine-doped membranes without PVP exhibited higher water 
retention compared to their PVP-containing counterparts. These find
ings are depicted in Fig. 6.

3.1.6. Membrane porosity results
Fig. 7 presents the porosity results of the manufactured membranes. 

The porosity of the neat membranes (PSf and PSf/PVP) ranged from 
15.86 % to 20.21 %. In contrast, the porosity of the dopamine-doped 
membranes was lower, at 7.33 % and 8.08 % for PSf/Dopamine and 
PSf/Tris/Dopamine, respectively. For membranes containing both PVP 
and dopamine, the porosity was measured as 17.46 % for PSf-PVP/ 
Dopamine and 12.78 % for PSf-PVP/Tris/Dopamine.

When comparing neat membranes to those modified with dopamine, 
Tris, and PVP, a noticeable reduction in porosity was observed following 
the addition of these components. In particular, dopamine and Tris 
appear to contribute to a denser membrane structure, reducing overall 
porosity. This effect was especially evident in membranes that originally 
contained PVP, a typical porosity-enhancing additive. This significant 
decline in porosity may be attributed to a pore-narrowing mechanism 
resulting from dopamine-induced changes in membrane morphology. 
One possible explanation is the interaction between dopamine and the 
polymer matrix, which may lead to partial pore blockage or wall 
thickening due to π–π stacking and hydrogen bonding. Additionally, 
dopamine can undergo oxidative polymerisation, potentially forming 
crosslinked PDA structures within the membrane, thereby reducing free 
pore volume. Furthermore, in dopamine/Tris/PVP-containing mem
branes, the presence of dopamine may interfere with the pore-forming 
role of PVP during phase inversion. Specifically, dopamine and Tris 
may hinder the leaching of PVP into the coagulation bath, limiting its 
ability to create pore channels, and thus suppressing the typical 

Fig. 6. Water retention capacity results.

Fig. 7. Membrane porosity results.

G. Türkoğlu Demirkol et al.                                                                                                                                                                                                                   Colloids and Surfaces A: Physicochemical and Engineering Aspects 733 (2026) 139353 

9 



porosity-enhancing effect of PVP.
The porosity of PDA-coated membranes was determined to be 

20.93 % for PSf/PVP and 17.73 % for PSf/Dopamine. These results 
indicate that, unlike dopamine and Tris additions, PDA coating did not 
substantially reduce membrane porosity relative to neat membranes. 
Therefore, while dopamine and Tris tend to decrease porosity by 
altering the internal membrane structure, PDA surface coating alone 
appears to have a minimal impact on overall porosity. The minimal 
change in overall porosity after PDA surface coating is consistent with 
previous reports: PDA forms an ultrathin, conformal (and often partially 
porous/island-like) surface layer that does not fully fill bulk pores unless 
deposition is extensive, so total porosity remains largely unchanged 
under the applied coating conditions [34]. However, prolonged depo
sition or higher dopamine concentrations can increase PDA film thick
ness and partially block surface pores, reducing permeability and 
MWCO - a dependence on coating conditions reported in the literature 
[17,35].

3.2. Mechanical characterisation of membranes

3.2.1. DMA results
The glass transition temperature is the temperature at which a poly

mer transitions from a glassy, brittle state to a rubbery state [36,37]. It is 
crucial for determining the thermal and mechanical properties of poly
mers, influencing their applications and performance [38]. Tg signifi
cantly influences the mechanical properties of polymer matrix composite 
membranes, as it marks the temperature at which the phase change occurs 
from solid to soft, impacting the viscoelastic properties of the composites 
[39]. Polyarylene ether ketone (PAEK-COOH) membranes demonstrated 
a Tg of 220 ◦C, indicating excellent thermal stability, which is beneficial 
for high-temperature applications [40]. Reinforcement types also affect 
the Tg values of composite membranes. Gold nanoparticle reinforcement 
to poly(styrene-co-chloromethylstyrene) (PSCMS) membranes increased 
the Tg from 132 ◦C to 159 ◦C, showing that nanofillers can significantly 
enhance the thermal properties of composite membranes [41].

The temperature-dependent mechanical properties test on the 
membrane samples has been completed, and the storage modulus, loss 
modulus, and tanδ values have been obtained from the tests. Tests start 
at ambient conditions, and the temperature is raised by 3 ℃ per minute 
until it reaches 100 ℃, the boiling point of water. No sharp transition 

region was observed in the samples with respect to temperature. This 
indicates that the samples are well below their glass transition temper
ature and maintain their mechanical stability. As the temperature in
creases, even though the polymer chains have not yet fully developed 
their mobility and transitioned to a rubbery phase, the thermal energy 
imparted to the system increases molecular-level kinetic activity [42]. 
As temperature increases, local vibrations and rotations of the groups 
attached to the polymer chain accelerate, increasing intermolecular 
friction and damping the mechanical energy as heat [43]. Although the 
material still maintains its macroscopically glassy structure, its loss 
modulus, characteristic of viscous damping, exhibits a steady increase 
due to increased thermal activation and molecular friction [44]. The 
obtained values are presented graphically in Figs. 8–10.

In Fig. 8, the temperature-dependent mechanical behaviour of the 
PSf membrane is given. When examining the temperature-dependent 
changes in the mechanical properties of the PSf membrane, it can be 
interpreted that the storage modulus values of this membrane do not 
change with temperature. Additionally, the membrane’s loss modulus 
increases with increasing temperature. This suggests that the mem
brane’s behaviour shifts towards a more viscous region as the temper
ature increases. However, the absence of a sharp decrease also indicates 
that the material is far from its glass transition temperature.

From Fig. 8, the temperature-dependent mechanical behaviour of the 
PSf-PVP membrane can be observed. When examining the temperature- 
dependent mechanical properties of the PVP-doped membrane, the 
storage modulus follows a nearly linear curve with a slope of nearly zero. 
In the storage modulus, it is observed that viscous properties become 
more visible with increasing temperature. The rise in viscous properties 
indicates an increase in the energy spent on internal friction, as seen in 
cases such as the loading-unloading of the membrane. Additionally, 
when the results for PVP-doped membranes are compared with those for 
PSf membranes, a decrease in the storage modulus is observed. This can 
be attributed to the pore-forming effect of the PVP, which increases 
porosity and creates discontinuities in the membrane. For the loss 
modulus, the results for PSf and PVP-doped membranes are similar at 
room temperature. However, as the temperature rises, the loss modulus 
of the PSf membrane increases more rapidly.

Fig. 9 shows the temperature-dependent mechanical behaviour of 
the PSf-PVP-Tris-Dopamine Coating membrane. PVP-doped membranes 
were coated with Tris and Dopamine, and the effect of this coating was 

Fig. 8. DMA analysis of PSf and PSf-PVP membranes showing storage modulus, loss modulus, and tan(δ) vs. temperature.
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also investigated. In this context, when compared with uncoated PVP- 
doped membranes, an increase in storage modulus values was 
observed. Additionally, by comparing the slopes of the curves, it was 
found that the coating improved the thermal stability of the material’s 
storage modulus. Furthermore, an increase in the loss modulus values 
was also observed. This indicates that the coating material enhances the 
energy absorption capability and loss modulus properties of the mem
brane structure.

The PSf membranes with Tris and Dopamine coating were also 
studied, and the results are given in Fig. 9. The results obtained from this 
study indicate that the storage modulus values measured were higher 
compared to those of other PVP-doped membranes. This is an expected 
outcome due to the lower porosity of the PSf membrane rather than the 
PVP-doped membranes. Additionally, compared to the uncoated PSf 

membrane, the increase in storage modulus values suggests that coating 
application enhances the membrane’s ability to resist applied loads. In 
the loss modulus results, the values are higher than those of the PSf 
membrane, and they increase with increasing temperature. However, 
above 65 ◦C, the temperature-dependent loss modulus values approach 
those of the other samples. This indicates that the resistance of the 
membrane becomes viscous with increasing temperature.

In this study, Tris and Dopamine were applied to the membrane not 
only as a coating but also as a solution, and manufacturing was carried 
out accordingly. The temperature-dependent mechanical properties of 
the solution membranes were determined and presented in this section.

Firstly, the PSf-Tris-Dopamine solution is evaluated, and the results 
are given in Fig. 10. Examining the obtained graph, a decreasing trend in 
the storage modulus and an increasing trend in the loss modulus were 

Fig. 9. DMA analysis of PSf-PVP-Tris-Dopamine and PSf-Tris-Dopamine coating membranes showing storage modulus, loss modulus, and tan(δ) vs. temperature.

Fig. 10. DMA analysis of dopamine doped solution membranes showing storage modulus, loss modulus, and tan(δ) vs. temperature.
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observed with increasing temperature. Compared with the PSf mem
brane, solution treatment was found to increase the storage modulus. 
Additionally, when compared to the coating application, the solution- 
treated membrane exhibited a higher storage modulus. Regarding the 
loss modulus values, the solution-treated sample showed higher loss 
modulus values.

The case in which only the dopamine solution was applied to the PSf 
membrane is studied, and the results are given in Fig. 10. A similar trend 
was observed as with the Tris-containing solution: a decrease in the 
storage modulus and an increase in the loss modulus with increasing 
temperature. The obtained storage modulus values were lower at all 
temperatures compared to the Tris-doped solution. When compared to 
the PSf membrane, the PSf-Dopamine-solution membrane shows a 
decreasing storage modulus with temperature, whereas the PSf mem
brane’s storage modulus increases. As a result, the PSf membrane ex
hibits higher storage modulus values above 87 ◦C. When examining the 
loss modulus values, a higher loss modulus is observed compared to the 
PSf membrane; however, it remains lower than that of the Tris- 
Dopamine solution and follows a similar downward trend with 
increasing temperature.

The dopamine and Tris solution were applied to the PSf-PVP mem
brane, and the mechanical behaviour is given in Fig. 10. An increase in 
the temperature-dependent loss modulus values was observed, while the 
slope of the storage modulus curve was close to zero. When comparing 
mechanical properties with those of the PVP membrane, both the stor
age and loss modulus values increased with solution treatment. Addi
tionally, a comparison was made with the coated membranes. As a result 
of this comparison, it was observed that the storage and loss modulus 
values measured for the coated samples were lower than those of the 
solution-treated membranes.

The final sample examined was the PSf-PVP-Dopamine solution- 
treated sample, and the results are given in Fig. 10. Similarly, the storage 
modulus curve of this sample does not change significantly with tem
perature, whereas the loss modulus curve shows a slight increase with 
rising temperature. The storage modulus and loss modulus values 
measured in the dopamine solution were higher than those in the 
dopamine and Tris combined solutions after the 80 ◦C.

3.2.2. Modelling results
Fig. 11 presents the bulk (solid) elastic moduli (E0) of the membranes 

recovered from porous DMA measurements using three homogenisation 
schemes: the Voigt inverse, the Hill inverse, and the self-consistent (SC) 
inverse model. Across all membrane systems, the recovered bulk values 

are consistently higher than the directly measured porous counterparts, 
demonstrating the removal of porosity effects and the estimation of 
intrinsic polymer stiffness.

The Voigt-inverse estimates yield the lowest values among the three 
approaches, as the Voigt bound assumes uniform strain and provides an 
upper bound for composite systems, but, when inverted for porosity 
correction, results in comparatively lower bulk stiffness. In contrast, the 
Hill-inverse method, which represents the arithmetic mean of the Voigt 
and Reuss limits, produces the highest bulk values. This behaviour is 
expected, as Hill averaging effectively balances uniform stress and strain 
assumptions, leading to stiffer predictions when porosity is removed. 
The SC-inverse estimates lie between these extremes, incorporating 
pore–matrix interactions through a more physically motivated descrip
tion of spherical voids within an elastic continuum.

The trends across different membrane formulations are broadly 
consistent: porosity-corrected values converge towards a similar range 
of intrinsic polymer stiffness, indicating that the bulk polymer matrix 
dominates the elastic response once porosity is accounted for. Subtle 
differences between neat, dopamine-doped, and PDA-coated mem
branes may be linked to changes in polymer-dopant interactions or 
coating-induced densification; however, the dominant trend highlights 
that apparent differences in experimental DMA measurements arise 
primarily from porosity rather than intrinsic material differences.

3.3. Thermal characterisation of membranes

The thermograms obtained from the DSC analyses of the membranes 
prepared within the scope of this study are presented in Fig. 12. The 
glass transition temperature (Tg) is commonly used to elucidate the 
structural characteristics of membranes consisting of a polymer having 
an amorphous nature (such as polysulfone) [45]. Tg is also a key 
parameter for evaluating the miscibility of membrane components [46].

PVP is widely known in the literature as an amorphous polymer [47]. 
It was reported that the Tg of PVP fibres was between 176–183 ◦C. 
Moreover, it has been highlighted that above the Tg, the mobility of 
polymer chains increases significantly [48].

Tg is defined as the midpoint of the specific heat capacity change 
during the thermal transition [46]. The presence of a single Tg in a DSC 
thermogram indicates good miscibility of polymers [30] and the absence 
of another phase transitions [25], while multiple Tg values point out the 
presence of immiscible phases [46]. Additionally, Tg values can provide 
insight into membrane morphology. Reduced Tg values generally 
correspond to a higher fractional free volume, which is associated with a 

Fig. 11. Bulk (fully dense) elastic moduli, E0, estimated by inverse homogenisation (Voigt, Hill, and self-consistent) from porous DMA data.
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more loosely packed polymer structure [45]. In general, membranes 
prepared in our research have a single Tg value, which was attributed to 
effective miscibility.

As emphasised in previous studies, the addition of PVP to polysulfone 
[45] and polyethersulfone [48] based membranes reduces Tg values. 
This was attributed to the variation of flexibility in the chain [46].

In the current study, the Tg values obtained from the DSC thermo
grams generally fall within the range of 202–223 ◦C. As mentioned 
above, the addition of PVP to polysulfone-based membranes has a 
decreasing effect on Tg values. For example, Tg value decreased from 
~215 ⁰C to ~203 ⁰C with the addition of PVP to the membrane 

composition, which was composed of PSf/Dopamine (PSf/PVP/DOP). 
Considering the Tg values of PSf/Dopamine and PSf/PVP membranes, it 
was observed that the use of PVP with PSf reduced the Tg value from 215 
◦C to 203 ◦C. Similar results were also obtained for PDA coated mem
branes. While the Tg value of the PSf/Dopamine (PDA Coating) mem
brane was determined as 223 ◦C, the Tg values of the PSf/PVP (PDA 
Coating) membrane were determined as 202 ◦C.

On the other hand, it can be stated that the use of Tris in membrane 
preparation has no significant effect on glass transition temperatures. Tg 
values of both PSf/Dopamine and PSf/Tris/Dopamine membranes were 
determined as 215 ◦C. In PSf/PVP/Dopamine and PSf/PVP/Tris/Dopa
mine membranes, Tg values decrease with the addition of PVP and are 
evaluated as 203 ◦C and 202 ◦C, respectively, while the effect of Tris on 
Tg values is negligible.

3.4. Membrane flux performance results

Fig. 13 shows a comparison of the pure water flux, lake water flux, 
and pure water flux of fouled membranes. The average pure water flux 
values of the fabricated membranes were calculated. For neat mem
branes, the average pure water fluxes for PSf and PSf/PVP were 138.9 L/ 
m²⋅h and 147.95 L/m²⋅h, respectively. For dopamine-doped membranes 
(PSf/Dopamine, PSf/Tris/Dopamine, PSf/PVP/Dopamine, PSf/PVP/ 
Tris/Dopamine), the average pure water flux values were determined to 
be 231 L/m²⋅h, 266.46 L/m²⋅h, 324 L/m²⋅h, and 487.61 L/m²⋅h, 
respectively.

For membranes coated with PDA, the average pure water fluxes were 
371 L/m²⋅h for PSf/Dopamine and 395.24 L/m²⋅h for PSf/PVP. Among 
all, the PSf/PVP/Tris/Dopamine membrane showed the highest pure 
water flux value of 487.61 L/m²⋅h, indicating the best performance. The 
order of membranes with the highest pure water flux was determined as 
follows: PSf/PVP/Tris/Dopamine > PSf/PVP Coating > PSf/Dopamine 
Coating > PSf/PVP/Dopamine > PSf/Tris/Dopamine > PSf/Dopamine 

Fig. 12. DSC analysis results.

Fig. 13. Pure water flux, lake water flux and pure water flux of fouled membranes.
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> PSf/PVP > PSf. From these results, it can be observed in the graphs 
that the addition of Tris and dopamine increases the membrane flux.

The average lake water flux values of the prepared membranes were 
also calculated. For neat membranes, the average lake water flux values 
of PSf and PSf/PVP were 128.19 L/m²⋅h and 137.5 L/m²⋅h, respectively. 
For dopamine-doped membranes (PSf/Dopamine, PSf/Tris/Dopamine, 
PSf/PVP/Dopamine, PSf/PVP/Tris/Dopamine), the average lake water 
flux values were 210.42 L/m²⋅h, 130.81 L/m²⋅h, 248.98 L/m²⋅h, and 
452.46 L/m²⋅h, respectively.

For PDA-coated membranes, the average lake water flux values were 
144.66 L/m²⋅h for PSf/Dopamine and 320.26 L/m²⋅h for PSf/PVP. 
Again, PSf/PVP/Tris/Dopamine had the highest lake water flux value at 
452.46 L/m²⋅h, making it the best performer in terms of lake water 
filtration. The ranking of membranes with the highest lake water flux 
was: PSf/PVP/Tris/Dopamine > PSf/PVP Coating > PSf/PVP/Dopa
mine > PSf/Dopamine > PSf/Dopamine Coating > PSf/Tris/Dopamine 
> PSf/PVP > PSf. Again, based on the graphs, it can be concluded that 
PVP enhances pore formation and that incorporating Tris and dopamine 
into the membrane structure improves flux performance.

Finally, the average pure water flux values for fouled membranes 
were calculated. For fouled neat membranes, the average pure water 
flux values of PSf and PSf/PVP were 134.92 L/m²⋅h and 142,4 L/m²⋅h, 
respectively. For fouled dopamine-doped membranes (PSf/Dopamine, 
PSf/Tris/Dopamine, PSf/PVP/Dopamine, PSf/PVP/Tris/Dopamine), 
the average pure water flux values were 222.1 L/m²⋅h, 207.6 L/m²⋅h, 
237.1 L/m²⋅h, and 462.44 L/m²⋅h, respectively.

For fouled PDA-coated membranes, the average pure water flux 
values were 349.84 L/m²⋅h for PSf/Dopamine and 360.32 L/m²⋅h for 
PSf/PVP. Among these, the fouled PSf/PVP/Tris/Dopamine membrane 
showed the highest flux value of 462.44 L/m²⋅h, indicating the best 
performance. The ranking of fouled membranes in terms of pure water 
flux was as follows: PSf/PVP/Tris/Dopamine > PSf/PVP Coating > PSf/ 
Dopamine Coating > PSf/PVP/Tris/Dopamine > PSf/Dopamine > PSf/ 
Tris/Dopamine > PSf/PVP > PSf. The flux-enhancing effects of Tris and 
dopamine, which were prominent in pure and lake water tests, were also 
retained even after the membranes were fouled, indicating good 
performance.

The increase in pure water flux observed for the PSf/PVP/Tris/ 

Dopamine membrane can be attributed to the synergistic effects of 
dopamine-induced hydrophilization and PVP-assisted pore formation. 
Dopamine/PDA introduces hydrophilic catechol and amine groups, 
improving water–membrane interactions and permeability [17,49]. Tris 
buffer enhances dopamine polymerisation efficiency, leading to more 
effective surface modification [17]. Additionally, PVP contributes to a 
more open and interconnected substructure, increasing baseline 
porosity and flux. These well-known mechanisms are consistent with our 
flux order, while excessive PDA growth may reduce flux through partial 
pore blockage [35,50].

3.4.1. Comparison of membrane resistance, fouling resistance, and total 
resistance

Fig. 14 illustrates the resistance values (membrane resistance Rm, 
fouling resistance Rf, and total resistance Rt) for various membrane 
types categorised as neat, dopamine-doped, and PDA-coated. For neat 
membranes (PSf and PSf/PVP), membrane resistance significantly con
tributes to total resistance with minimal fouling resistance, indicating 
that intrinsic membrane characteristics dominate rather than fouling 
phenomena. It is known that PVP is a widely utilised additive in mem
brane fabrication, and as reported by Wu et al. increasing the PVP 
content typically enhances the antifouling performance, improves water 
flux, and forms a hydrophilic layer on the membrane surface, thus of
fering long-term stability and durability [51].

With dopamine introduction (dopamine-doped membranes), a 
notable decrease in membrane resistance occurs, but fouling resistance 
slightly increases, particularly evident in PSf/Tris/Dopamine mem
branes. Furthermore, PDA-coated membranes, especially PSf/Dopa
mine, exhibit significantly elevated fouling resistance, indicating that 
the PDA coating increases membrane affinity to fouling substances, 
increasing the overall resistance. Therefore, although dopamine gener
ally reduces intrinsic membrane resistance, it also increases suscepti
bility to fouling, highlighting a trade-off between improved intrinsic 
resistance and antifouling performance.

3.4.2. Membrane treatment performance results
Fig. 15 presents the manganese removal efficiencies of various 

membranes when tested with lake water containing an initial 

Fig. 14. Comparison of membrane resistance, fouling resistance, and total resistance.
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manganese concentration of 68 µg/L. The removal performances vary 
significantly depending on the membrane composition and surface 
modification.

Among all membranes, the highest manganese removal efficiency 
was observed for the PSf/Dopamine-coated membrane at 62 %, fol
lowed closely by the PSf/PVP-coated membrane at 60.3 %. These results 
highlight the effectiveness of PDA surface coating, which introduces 
catechol and amine functional groups capable of chelating metal ions 
such as manganese.

Dopamine- and Tris/dopamine-doped membranes also showed 
improved manganese removal compared to unmodified membranes. 
Specifically, PSf/PVP/Tris/Dopamine (58.1 %), PSf/PVP/Dopamine 
(56.7 %), PSf/Tris/Dopamine (54.3 %), and PSf/Dopamine (53 %) 
exhibited moderate removal efficiencies. The enhancement in these 
membranes can be attributed to the presence of dopamine, which con
tributes to metal-binding capacity through its functional groups.

In contrast, the neat membranes, PSf and PSf/PVP, exhibited the 
lowest manganese removal efficiencies at 45.8 % and 48.2 %, respec
tively. These values suggest that membranes without functional modi
fication have limited interaction with manganese ions and are thus less 
effective at removing them from lake water.

The superior manganese removal observed with PDA-coated mem
branes, such as PSf/Dopamine-coated membranes, can be attributed to 
the surface-bound catechol and amine groups provided by the PDA 
coating, which offer highly accessible and abundant metal-binding sites 
directly on the membrane surface. In contrast, dopamine doping likely 
disperses these functional groups more diffusely within the membrane 
matrix, resulting in fewer accessible sites for manganese binding at the 
membrane-water interface. This spatial distribution difference signifi
cantly impacts the efficiency of metal ion chelation, explaining why PDA 
coatings outperform dopamine doping.

Moreover, while increased hydrophilicity of the membrane surface 
improves water permeation and general fouling resistance, it is impor
tant to clarify that hydrophilicity alone does not ensure affinity toward 
manganese ions. The specific interactions between catechol and amine 
functional groups, as opposed to general hydrophilic groups such as 
hydroxyl (–OH) groups, are essential for forming strong coordination 
complexes with Mn²⁺ ions. Therefore, the observed enhancements in 
manganese removal performance are primarily due to these specialised 
ligand interactions, which are more effectively presented through 
surface-bound PDA coatings.

Overall, the data indicate that PDA coating provides the highest 
manganese removal, while dopamine and Tris/dopamine doping also 
significantly enhance performance. These improvements are likely due 
to increased surface hydrophilicity and the availability of functional 
groups that increase metal ion binding. Therefore, surface modification 
strategies, particularly PDA coating, are effective approaches for 
improving the metal ion removal performance of polymeric membranes.

4. Conclusions

In this study, polysulfone (PSf)-based ultrafiltration membranes 
were fabricated and systematically modified using dopamine sourced 
from mussels via functionalisation and polydopamine (PDA) coating, 
with additional contributions from polyvinylpyrrolidone (PVP) and tris 
(hydroxymethyl)aminomethane (Tris). These components were delib
erately selected to enhance porosity, promote dopamine polymerisation, 
and improve both mechanical and filtration properties. The fabrication 
strategy yielded a diverse set of membranes, enabling the combined 
effects of PVP-induced porosity and dopamine-related modifications on 
structure, mechanics, and performance to be comprehensively assessed.

Structural and physicochemical characterisation demonstrated that 
the modifications induced clear and complementary changes in the 
membrane architecture. SEM confirmed the enhancement of pore size 
and distribution with PVP, while FTIR validated the presence of dopa
mine and PDA functional groups on the membrane surface. Contact 
angle analysis indicated a marked reduction in hydrophobicity due to 
dopamine functionalisation. XRD analysis showed that the crystalline 
features of PSf were preserved after modification, but also suggested 
subtle structural interactions between the polymer matrix and the 
introduced additives. These results collectively verified that the fabri
cation strategy successfully combined increased porosity with improved 
surface chemistry.

The thermo-mechanical behaviour of the membranes was investi
gated using DSC and DMA. DSC confirmed the thermal stability of the 
polymeric membranes, with minor shifts indicating the influence of 
additives on the glass transition behaviour. DMA provided detailed 
storage modulus values, which were then integrated with micro
mechanical modelling to separate the apparent stiffness of porous 
membranes from the intrinsic stiffness of the dense polymer. While the 
Voigt and Reuss models provided upper and lower bounds, the Hill 
average offered an intermediate reference. The self-consistent scheme, 
however, was most effective at capturing the reduction in stiffness 
caused by porosity, yielding the closest agreement with experimental 
values. Through this approach, the effective moduli of the polymer 
matrix were recovered, providing a more accurate representation of the 
material’s mechanical properties.

Filtration performance testing established a clear link between 
structural and thermo-mechanical modifications and water treatment 
efficiency. The PSf/PVP/Tris/Dopamine-doped membrane achieved the 
highest pure water flux, and maintained a high flux with lake water. 
PDA-coated membranes, while exhibiting slightly lower flux than the 
PVP/Tris/Dopamine-doped variants, demonstrated superior mechanical 
robustness, confirming the reinforcing effect of surface PDA layers. 
Dopamine-modified membranes achieved the highest Mn(II) removal 
efficiency, but also displayed greater susceptibility to fouling-induced 
flux decline. These findings highlight the trade-off between max
imising hydrophilicity and maintaining fouling resistance, emphasising 

Fig. 15. Manganese removal efficiencies of membranes for lake water.
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the importance of balancing surface chemistry with mechanical stability 
in practical applications.

Taken together, this study demonstrates that dopamine, a naturally 
derived compound from mussel adhesion proteins, can serve as a sus
tainable, multifunctional modifier for polymeric membranes. By 
combining dopamine functionalisation with porosity-enhancing addi
tives such as PVP and Tris, it is possible to simultaneously improve 
structural, thermo-mechanical, and filtration properties. The integration 
of micromechanical modelling with experimental characterisation 
further strengthens the analysis, allowing the intrinsic polymer stiffness 
to be distinguished from porosity effects. This comprehensive frame
work not only establishes the benefits of dopamine- and PDA- 
functionalised membranes for enhanced water purification but also 
underscores their role as environmentally conscious alternatives in the 
development of next-generation filtration technologies.
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