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The discharge of synthetic dyes into industrial effluents represents a major environmental challenge 
due to their high stability and persistence in aquatic systems. Among available treatment strategies, 
membrane-based separation processes have emerged as promising alternatives for removing organic 
contaminants from water. However, improving membrane selectivity and efficiency toward different 
classes of dyes remains an important challenge. In this study, commercial PVDF membranes were modified 
with polydopamine (PDA) and a graphene oxide/polydopamine (GO/PDA) composite to evaluate their 
performance in removing methylene blue (MB, a cationic dye) and Congo red (CR, an anionic dye). 
The modified membranes were prepared through surface deposition of active layers and characterized 
using UV–Vis spectroscopy, FTIR spectroscopy, scanning electron microscopy (SEM), atomic force 
microscopy (AFM), and water contact angle (WCA) measurements. Filtration experiments were carried 
out to assess dye removal efficiency and selectivity. The results showed that PDA-modified membranes 
achieved the highest retention efficiency for MB and the mixture, indicating a significant improvement 
over the unmodified PVDF membrane. However, the pristine membrane exhibited a higher retention 
of the anionic dye. The incorporation of GO contributed to a more homogeneous surface and enhanced 
selective filtration behavior. In mixed dye solutions (1:1 MB: CR), the GO/PDA membrane demonstrated 
a greater ability to preferentially remove CR, with a selectivity factor of 3.50. Overall, the deposition of 
PDA-based layers proved a promising strategy for enhancing nanofiltration membrane performance in 
the treatment of dye-containing effluents, while GO/PDA modification improved membrane selectivity.

Keywords: Membrane filtration, membrane modification, dye retention, graphene oxide composite, 
selective filtration.

1. Introduction
The growth of industrialization worldwide has created 

several societal challenges, particularly environmental issues. 
Industries such as textiles are known to be among the main 
contributors to environmental problems1. Projections show 
that the global textile market was estimated at USD 1.11 
trillion in 2024 and is projected to reach USD 1.61 trillion 
by 20332. To reduce its impact on environmental pollution, 
particularly water contamination, this industry has sought 
to adopt cleaner production processes3,4.

However, conventional systems operated by most textile 
industries have led to the uncontrolled release of synthetic 
dyes into aquatic environments, emerging as a critical 
environmental challenge due to their chemical stability, 
resistance to degradation, and long-term persistence in 
water bodies5,6. These characteristics not only compromise 
water quality but also pose risks to aquatic ecosystems and 
human health, underscoring the urgent need for efficient and 
selective wastewater treatment technologies5,7. In this context, 

membrane-based processes have attracted considerable 
attention owing to their operational simplicity, scalability, 
and high separation efficiency8,9.

Membrane technologies encompass a wide range of 
separation processes that differ mainly in their pore size 
and operating pressure, including microfiltration (MF), 
ultrafiltration (UF), nanofiltration (NF), and reverse osmosis 
(RO). Among these, NF has attracted particular interest for 
the treatment of dye-contaminated wastewater due to its 
ability to retain multivalent ions and organic molecules 
while operating at relatively moderate pressures10. NF 
membranes typically possess pore sizes in the nanometer 
range and exhibit separation mechanisms driven by a 
combination of steric hindrance, electrostatic interactions, 
and adsorption11,12. As a result, these membranes can 
effectively remove a wide variety of organic dyes, salts, 
and other emerging contaminants from aqueous solutions. 
Nevertheless, conventional polymeric membranes may 
still face limitations such as limited selectivity toward 
molecules of similar size, restricted surface functionality, and 
membrane fouling, which can compromise their long-term 
performance in complex effluents11,13,14.
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To overcome these limitations, several strategies 
have been explored to modify membrane surfaces and 
improve their properties. Surface modification can enhance 
hydrophilicity, control surface charge, increase permeability, 
and introduce selective interactions between the membrane 
and target pollutants15,16. Among the different approaches 
reported in the literature, coating or functionalization 
with bioinspired polymers17,18, nanomaterials19,20, or 
hybrid composites21,22 have shown particularly promising 
results. Polydopamine (PDA), inspired by the adhesive 
proteins of mussels, has gained significant attention due 
to its strong adhesion to a wide variety of substrates and 
its ability to introduce reactive functional groups onto 
membrane surfaces18,23,24. In addition, the incorporation 
of nanomaterials such as graphene oxide (GO) can further 
improve membrane performance by increasing surface 
area, tuning surface charge, and promoting selective 
transport pathways19,25.

Building upon these advances, the present study evaluates 
PVDF membranes coated with PDA and GO/PDA, with 
particular emphasis on their ability to achieve selective 
nanofiltration of cationic and anionic dyes. The influence 
of surface modification on membrane properties, adsorption 
behavior, and separation performance was investigated, 
highlighting the potential of the GO/PDA layer as a rational 
strategy for tuning membrane selectivity in the treatment of 
dye-contaminated wastewater. The synergistic combination 
of PDA and GO has therefore emerged as an attractive 
strategy for fabricating membranes with improved stability, 
enhanced antifouling behavior, and greater selectivity 
toward specific contaminants.

2. Experimental

2.1. Materials
Commercial polyvinylidene fluoride (PVDF) membranes 

with 0.22 µm pore size (Millipore, USA) were used as 
substrates for deposition of the active layer. The reagents 
used for PDA polymerization and membrane modification 
were dopamine hydrochloride (Sigma-Aldrich, purity ≥ 
98%), tris(hydroxymethyl)aminomethane (TRIS, Sigma-
Aldrich, ACS reagent, purity 99.8%), sodium hydroxide 
(NaOH, F. Maia Indústria e Comércio Ltda, purity ≥ 
97%), and graphene oxide (GO, Sigma-Aldrich, aqueous 
dispersion of 2 mg mL−1). The dyes employed were 
methylene blue (MB, Synth®, cationic dye, purity ≥ 82%) 
and Congo red (CR, Synth®, anionic dye). All solutions 
were prepared using ultrapure water from the Milli-Q 
system (18.2 MΩ·cm).

2.2. Synthesis and polymerization of dopamine
For dopamine polymerization, 0.05 g of dopamine was 

added to a 10 mL aqueous TRIS solution at 5 mg mL-1, and 
the pH was adjusted to 8.5 using NaOH solutions (0.5 and 
0.1 mol L-1). The reaction mixture was stirred continuously 
at 80 °C for 24 h to promote the formation of dark brown 
polydopamine (PDA). After polymerization, the solution was 
diluted and sonicated to achieve complete homogenization, 
then deposited onto the membrane surface.

2.3. Preparation of the GO/PDA suspension
First, 4 mL of the GO aqueous dispersion (1 mL of 

commercial 2 mg mL−1 dispersion + 3 mL of ultrapure 
water kept under sonication for 30 min) were diluted once 
more with ultrapure water to a final volume of 25 mL and 
sonicated for an additional 30 min to complete exfoliation 
and dispersion. Subsequently, 0.05 g of dopamine was 
added, followed by 60 min of sonication. Then, 10 mL of 
TRIS aqueous solution (5 mg mL-1) was added, and the 
pH was adjusted to 8.5 using NaOH solutions (0.5 and 
0.1 mol L-1). The solution was stirred continuously at 80 °C 
for 24 h, enabling in situ polymerization of dopamine 
onto GO sheets to form the GO/PDA composite. After 
polymerization, 4 mL of the reaction mixture was diluted 
to 100 mL of ultrapure water and sonicated for 15 min 
before membrane deposition.

2.4. Deposition of PDA and GO/PDA active layers 
onto membranes

The active layer was deposited onto commercial 
membranes using an Amicon 8050 dead-end filtration system 
(Millipore). Initially, different concentrations of GO/PDA 
dispersion (5, 10, and 15% v/v in water) were evaluated 
(Figure  1). Based on visual inspection and stability, the 
5% dispersion was selected for subsequent experiments. 
A total volume of 20 mL of the coating solution was filtered 
through the membrane under constant pressure using N2 
feed (< 1 psi).

2.5. Preparation of dye solutions and calibration 
curve

Calibration curves were prepared by serial dilutions 
of aqueous 10 mg L−1 stock solutions of MB and CR. Ten 
concentrations were prepared for each dye (1.0 - 10.0 mg L−1). 
All solutions were homogenized and stored until analysis. 
UV–Vis absorbance measurements were performed using a 
Cary 60 spectrophotometer (Agilent) with a quartz cuvette. 
For the calibration plot, absorbance values were measured 
at the maximum absorbance wavelengths for each dye, i.e., 
497 nm for CR and 665 nm for MB.

2.6. Membrane characterization
FTIR spectra were obtained using a Bruker Tensor II 

spectrophotometer equipped with a diamond ATR module, 
operating from 400 to 2000 cm-1, with a resolution of 4 cm-1 and 
128 scans. Scanning electron microscopy (SEM) images were 
acquired using a Carl Zeiss EVO LS15 microscope, using a 
secondary electron detector to assess surface morphology. 
Atomic force microscopy (AFM) analyses were conducted 
using a Nanosurf EasyScan 2 system using tapping mode 
(probe TAP = 190-6) over an area of 25 µm × 25 µm, with a 
scan rate of 0.9 s per line and 512 points to obtain roughness 
and topographic parameters. Image processing was performed 
using Gwyddion software. Optical images were recorded using 
a Leica Optical Microscope coupled to a Renishaw InVia 
Micro-Raman Spectrometer. Water contact angle (WCA) 
measurements were performed using a homemade setup 
equipped with a USB digital microscope (Hiview), using 
a 5 µL droplet to evaluate membrane surface wettability.
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2.7. Filtration experiments
Filtration tests were conducted using an Amicon Stirred 

Cell dead-end filtration system (model 8050, Millipore from 
Merck). The membrane was placed in the cell, and 25 mL of 
dye solution was filtered under constant low pressure using 
N2 flow (< 1 psi). After filtration, 2 mL of permeate was 
collected and analyzed by UV–Vis spectroscopy to determine 
dye retention by the membrane. All measurements were 
carried out in triplicate. UV–Vis absorbance measurements 
were carried out in an Agilent Cary 60 spectrophotometer 
in the range from 200 to 800 nm using a quartz cuvette and 
10 mg L−1 dye solutions.

3. Results and discussion

3.1. Membrane characterization
For the initial tests, different concentrations of GO/

PDA were deposited onto commercial PVDF membranes 
(Figure 1) to determine the condition that provides the most 
suitable coating for the subsequent filtration experiments. 
The modification process relies on the formation of an active 
layer on the membrane surface, in which PDA serves as an 
adhesive matrix, anchoring to the PVDF substrate while 
simultaneously promoting the incorporation of GO sheets. 
This results in the development of a thin functional coating 
capable of altering surface chemistry and morphology26,27. 
By varying the GO/PDA concentration, it is possible to 
control the thickness, uniformity, and coverage of this layer, 
which are key factors influencing permeability, selectivity, 
and overall membrane performance.

As shown in Figure 1, the membranes exhibited noticeable 
changes in color and surface uniformity as the concentration 
of the GO/PDA solution used for deposition increased. Prior 
to drying, samples prepared at higher concentrations (10% 
and 15%) displayed a darker color, indicating greater material 
deposition on the membrane surface. However, after complete 
drying in a desiccator, these membranes demonstrated 
poor stability, with the GO/PDA active layer rupturing and 
delaminating. This behavior is likely related to the rigidity 
of GO sheets, which tend to form more fragile films upon 
drying28. In contrast, the membrane prepared with 5% GO/
PDA exhibited a homogeneous, continuous coating with 
no apparent defects and strong adhesion to the membrane. 
Therefore, the 5% GO/PDA membrane was used for further 
characterization and filtration tests.

Morphological characterizations were carried out to 
observe the influence of the PDA and GO/PDA layers on 
the membrane surface. Figure 2 reveals gradual changes 
in the color and surface texture of the membranes. The 
optical micrograph of the pristine membrane (Figure 2a) 
exhibits a smooth and homogeneous surface with no 
visible heterogeneities, which is characteristic of an 
unmodified PVDF membrane. In the PDA modified 
membrane (Figure  2b), the optical micrograph reveals 
lighter regions associated with the deposition of PDA on 
the PVDF surface. In contrast, the optical micrograph of 
the GO/PDA membrane (Figure 2c) shows a more opaque 
and slightly speckled surface, suggesting the formation of 
a continuous GO/PDA composite layer over the polymeric 
support. These visual observations confirm the successful 
formation of coating layers on the modified membranes.

Figure 1. Photographs comparing the membranes modified with different concentrations of GO/PDA (0%, 5%, 10%, and 15%) before 
and after complete drying at room temperature in a desiccator.
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SEM images (Figure  2d-i) were obtained to further 
support the optical microscopy findings. The pristine 
membrane exhibits a more porous surface with well-defined, 
homogeneous porosity, typical of PVDF, whereas the PDA 
membrane shows a partially covered morphology, indicating 
the presence of a deposited layer. Meanwhile, for the GO/PDA 
membrane, a broader, smoother surface is observed, with a 
more compact structure and fewer visible pores, reinforcing 
the formation of a more continuous film. The formation of a 
GO layer, which reduces the porosity of filtration membranes, 
has been reported in the literature, mainly due to its sheet-
forming ability, arising from its original two-dimensional 
atomic structure and the oxidation process that preserves 
this planar configuration19,26.

The PDA coating tends to reduce surface roughness and 
alter the porous structure through surface polymerization 
and the formation of material aggregates29,30. Meanwhile, 
the presence of GO contributes to the formation of a thicker 
and more stable film, as its two-dimensional sheets act as 
barriers and promote better interconnection between coated 
regions19,26.

In this sense, AFM analyses (Figure 3a-f) were performed 
to evaluate the surface topography, while the corresponding 
roughness parameters are presented in Table 1, for the pristine 
membrane and those modified with PDA and GO/PDA.

The PDA-modified membrane showed a significant 
increase in roughness compared to the pristine membrane, 
indicating the formation of a heterogeneous, irregular 
layer on the PVDF support. The increase in Rq and Ra 

values indicates that PDA deposition induces pronounced 
morphological changes, driven by surface polymerization 
and material accumulation. In addition, the higher values 
of maximum height (Rh) and valley depth (Rv) suggest 
that the increase in surface roughness parameters reflects 
a greater amplitude of surface irregularities, resulting 
in more pronounced peaks and valleys, which can be 
associated with aggregate formation, as observed in SEM 
images. This morphology can enhance coating adhesion 
by increasing the effective contact area and promoting 
mechanical interlocking between the coating and the 
substrate31. In contrast, the GO/PDA membrane showed 
a marked reduction in roughness compared to the other 
membranes, exhibiting a more homogeneous, less irregular 
surface, as corroborated by the SEM images. This behavior 
can be attributed to the GO layer, whose planar sheets tend 
to fill the irregularities created by the PDA, resulting in a 
smoother, more uniform surface. Although the GO/PDA 
membrane exhibited lower average roughness parameters 
(Ra and Rq), the Rp, Rv, and Rh values indicate the 
presence of localized topographical features. This suggests 
that GO sheets act as a surface-leveling agent over most 
of the membrane area while still generating isolated peaks 
and valleys associated with sheet stacking or aggregation.

Figure 3g-i presents the water contact angle measurements 
for the pristine, PDA, and GO/PDA membranes. The 
water droplet on the pristine membrane exhibits a more 
spherical shape and a higher contact angle (67.1°), 
reflecting the hydrophobic nature of the PVDF membrane. 

Figure 2. Optical microscopy images obtained using a Leica microscope with a 50× objective: (a) pristine membrane; (b) membrane 
modified with PDA; (c) membrane modified with GO/PDA. SEM images of the pristine, and PDA and GO/PDA modified membranes, 
acquired at magnifications of 1,000× (d–f) and 20,000× (g–i).



5Graphene Oxide/Polydopamine (GO/PDA) Coated Membranes for Selective Filtration of Cationic and Anionic Dyes

This behavior is associated with the presence of fluorinated 
groups, which have low polarity and reduce surface energy, 
thereby limiting water–surface interactions32. After PDA 
deposition, a slight increase in the contact angle (73.6°) is 
observed, which can be attributed to an increase in surface 
roughness of the membrane, described by the Wenzel 
model33. In contrast, the GO/PDA-modified membranes 
exhibited a reduced contact angle of 59.2°, decreasing the 
hydrophobic character of the membrane due to the presence 
of oxygen-functional groups on its basal plane and edges 
of the nanosheets34. GO coatings have been investigated 
to improve the hydrophilicity of various surfaces, such as 
polymers35 and ceramics36.

The pristine membrane exhibited the main IR bands of 
PVDF (Figure 4). The bands at 483 and 510 are associated with 
the CF2 wagging and CF2 bending vibrations, respectively37. 
The bands at 764 and 614 cm−1 are attributed to the rocking 

vibrations (mixed mode of CF2 bending and CCC skeletal 
vibration)38. 840 cm−1 band is assigned to the mixed mode 
of CH2 rocking and CF2 asymmetric stretching37,38. The band 
at 874 cm−1 was attributed to C–C skeletal vibration39,40 as 
well as CF2 symmetric stretching41. The band at 1402 cm−1 is 
assigned to combined CH2 wagging and to C–C asymmetric 
stretching vibrations37. The band at 1174 cm−1 corresponds 
to the combination of CF2 asymmetric stretching, CF2, and 
CH2 rocking vibrations37.

After PDA deposition, no significant shifts in the 
position of the PVDF bands were observed. However, a 
discrete band appeared at ~1613 cm−1, which is attributed 
to the overlap of aromatic C=C resonance vibrations and 
N–H bending vibrations42, as found in other PDA and 
PVDF formulations42-44. In addition, a broad band between 
3200 and 3500 cm−1 is assigned to N–H and O–H stretching 
vibrations in PDA43.

Figure 3. 2D (a–c) and 3D (d–f) AFM images of the pristine membrane, PDA, and GO/PDA membranes, obtained in tapping mode 
(probe TAP = 190-6) over an area of 25 µm × 25 µm, with a scan rate of 0.9 s per line and 512 points. (g-i) presents the water contact 
angle measurements of the pristine, PDA, and GO/PDA membranes, highlighting the changes in contact angle after surface modification.

Table 1. Parameters obtained by AFM for the pristine membrane, PDA membrane, and GO/PDA membrane: root mean square roughness 
(Rq), average roughness (Ra), maximum peak height (Rp), maximum valley depth (Rv), and maximum height (Rh).

Membrane Rq, nm Ra, nm Rp, nm Rv, nm Rh, nm
Pristine 175.7 139.7 769.3 603.1 1372.4

PDA 349.6 216.1 2385.6 733.0 3118.6
GO/PDA 91.8 75.0 143.9 236.9 380.9
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Upon modification with GO/PDA, a broad band appeared 
in the region between 1480 and 1730 cm−1, resulting from 
the overlap of GO bands with those of PVDF and PDA. 
The most prominent bands of GO are typically located 
at ~1720 cm−1 (C=O stretching), ~1620 cm−1 (water molecules) 
and ~1580 cm−1 (aromatic C=C bonds)45. A broad band 
associated with O–H vibrations is also observed in ~3700 – 
3000, which is attributed to hydroxyl groups from carboxyl 
functionalities and to residual water intercalated within the GO 
structure46 overlapped with the PDA N–H and O–H stretching 
vibrations. Another noticeable feature is the increase in the 
relative intensity of the band at 1174 cm−1 (PVDF 874 cm−1 
band as reference) due to the additional contribution from 
C–O stretching vibrations (epoxy groups) of GO45.

3.2. Filtration tests and dye-membrane interaction 
investigation

After characterizing the membranes, filtration tests were 
performed using the pristine membrane, the PDA-modified 
membrane, and the GO/PDA-modified membrane. Figure 5a 
illustrates the spectra of the CR dye at various concentrations 
to construct the calibration plot (Figure 5b), presenting a 
maximum absorbance at 497 nm, which corresponds to the 
π–π* electronic transition of free electron pairs of the N 
atoms of the azo groups associated with the dye structure47. 
The linear regression is presented in Figure 5b, reaching a 
coefficient of determination (R2) of 0.99349, indicating an 
excellent correlation between concentration and absorbance.

Figure 5c shows the absorption spectra of the filtrate 
for all membranes, whose absorbance was used for the dye 
retention calculations. Retention values for CR through the 
filters were relatively low, reaching 9.78% and 7.12% for 

the PDA-modified and the GO/PDA-modified membranes, 
respectively (Figure 5d). However, the unmodified membrane 
exhibited the highest retention, reaching 12.02%. Despite 
this slightly higher performance, the pristine membrane still 
showed limited ability to retain CR.

In this sense, the dye-membrane interaction was investigated 
(Figure 6). In the case of CR, almost no significant differences 
are observed between the FTIR spectra of PDA-modified 
membrane and GO/PDA-modified membrane before and 
after filtration. Only an increase in the relative intensity of 
the band at 1071 cm−1 is observed, which was caused by the 
overlap of the CR sulphonic group vibration48. In addition, 
a discrete attenuation of the bands associated with GO is 
noted, as evidenced by the decrease in the relative intensity 
ratios I1580/I483 and I1634/I483, due to the dye adsorption. 
Considering that CR carries a negative charge at the working 
pH of ~5.0 (pH > pI), as well as GO and PDA, electrostatic 
interactions are unfavorable. Therefore, the interactions may 
occur governed by hydrogen bonding (CR contains amine 
groups, GO contains hydroxyl groups, and PDA contains 
both amine and hydroxyl groups) and by π–π interactions 
between aromatic rings49.

After evaluating the anionic CR, the cationic MB was 
also evaluated. Figure  7a shows the spectra of the MB 
solutions at various concentrations used to construct the 
calibration curve, which exhibits a maximum absorbance 
at 665 nm, corresponding to the n–π* and π–π* transitions 
(hypochromic and bathochromic shifts, respectively)50. As 
observed for the CR, the linear regression for the MB dye 
is shown in Figure  7b. The coefficient of determination 
obtained for MB was 0.99928, indicating high linearity 
between absorbance and dye concentration.

Figure 4. FTIR spectra of pristine PVDF membrane and modified PVDF membranes with PDA and GO/PDA.
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Figure 5. (a) Absorbance spectra of CR dye at different concentrations (1 to 10 mg L-1), obtained by UV-Vis spectroscopy, (b) Corresponding 
calibration curve, fitted by linear regression model, used to calculate the concentrations in the filtration steps, (c) Absorbance spectra 
obtained for CR dye after filtration (initial concentration of 10 mg L-1) in pristine membranes, in PDA-modified membrane and with GO/
PDA-modified membrane. (d) Percentage of CR retention for each membrane.

Figure 6. FTIR spectra of PDA and GO/PDA-modified membranes before and after filtration of CR solution. The CR powder spectrum 
is presented as a reference.



Santos et al.8 Materials Research

Figure 7c presents the absorption spectra of the filtrate for 
all membranes, while Figure 7d shows the retention results, 
which reached 78.42% for the PDA membrane, 31.94% 
for the GO/PDA membrane, and 22.32% for the pristine 
membrane, confirming that the charge of the contaminant 
plays an important role in the retention process. Thus, it can 
be observed that the membrane modified with PDA exhibited 
higher MB retention efficiency, whereas the presence of 
GO reduced it.

PDA contains a variety of functional groups, such as 
amines and catechols, which provide multiple interaction 
sites and favor electrostatic and π–π interactions with cationic 
molecules27,30. Therefore, the higher density of reactive groups 
in PDA contributes to the intense adsorption of MB on the 
membrane surface. On the other hand, the behavior under 
GO/PDA-modified membranes suggests that GO acts as a 
limiting factor for dye adsorption, possibly by affecting the 
availability of active groups of the PDA coating. Overall, MB 

results indicate a higher filtration capacity than CR across 
all evaluated membranes. This difference may be associated 
with the electrical charge of the dyes, highlighting that the 
modified membranes exhibit improved retention of cationic 
dyes, whereas retention of anionic dyes is less pronounced51.

After MB filtration, the FTIR spectra presented minor 
changes (Figure  8). At the experimental pH used in this 
study (natural pH ~ 5.0), MB carries a positive charge 
(pKa = 2.6)52, whereas PDA and GO exhibit negative 
charges (isoelectric point of PDA (pIPDA) = 4.053), which 
would favor electrostatic interactions between the dye and 
the membranes. In addition, both MB and the membrane 
components (PDA and GO) contain structures rich in conjugated 
C=C bonds, which would facilitate π–π interactions. In the 
spectra of PDA and GO/PDA-modified membranes after 
the MB filtration, the most intense MB band (1600 cm−1) 
was found accompanied by slight shifts, indicating changes 
in the stretching energies of the C=C and C=N bonds54,55. 

Figure 7. (a) Absorbance spectra of MB dye at different concentrations (1 to 10 mg/L), obtained by UV-Vis spectroscopy, and (b) 
corresponding calibration curve, fitted by linear regression model, used to calculate the concentrations in the filtration steps, (c) Absorbance 
spectra obtained for MB dye after filtration (initial concentration of 10 mg L-1) in pristine membranes, in PDA-modified membrane and 
GO/PDA-modified membrane. (d) Percentage of MB retention for each membrane.



9Graphene Oxide/Polydopamine (GO/PDA) Coated Membranes for Selective Filtration of Cationic and Anionic Dyes

A closer inspection also reveals the presence of the band 
associated with the C=S+ group54,55 (1356 cm−1 in the MB 
spectrum), which appears shifted to 1352 cm−1 (more readily 
observed in the GO/PDA membrane spectrum), suggesting 
a possible electrostatic interaction. Therefore, both π–π and 
electrostatic interactions may contribute to the interaction 
between MB and the membranes.

It is important to note that both membrane surface charge 
and dye ionization are strongly dependent on solution pH56. 
Variations in pH can alter the protonation or deprotonation 
of functional groups present on the PDA and GO/PDA 
coatings, thereby modifying electrostatic interactions with 
dye molecules. Likewise, changes in the ionization state 
of MB and CR may influence their aggregation behavior, 
adsorption affinity, and retention during filtration57,58. In 
the present study, filtration experiments were conducted at 
the natural pH of the dye solutions (approximately pH 5.0) 
in order to better simulate practical treatment conditions 
and avoid additional pre-treatment steps. Although pH 
optimization may further affect membrane performance, the 
results obtained under natural conditions provide a realistic 
assessment of the separation process.

Figure 9 presents the retention results for MB and CR in 
a mixed solution (1:1, 10 mg/L each dye), used to evaluate 
membrane selectivity toward compounds with opposite charges.

Unlike the retention of individual dyes, which showed low 
retention, when the mixture was evaluated, CR dye exhibited 

higher retention across all analyzed membranes. In contrast, 
the retention of the cationic dye MB was lower, except for 
the PDA-modified membrane, in which the CR and MB 
were retained at similar levels. These findings confirm that 
surface modifications directly influence membrane selectivity.

Overall, the retention behavior suggests that the 
coexistence of both dyes in the mixture influenced the 
dye retention capacity. Similar behavior has been reported 
in adsorption studies involving MB and CR, where an 
increased dye uptake is observed in mixed solution59,60. This 
increase can be explained by the interactions between CR 
and MB. The presence of adsorbed MB may facilitate the 
formation of mixed MB–CR supramolecular assemblies 
via electrostatic attraction, hydrogen bonding, and aromatic 
stacking interactions, thereby increasing the effective size 
of the retained species.

In contrast, the GO/PDA membrane showed a significant 
reduction in MB retention (approximately 20%) and intermediate 
CR performance (approximately 70%). This difference suggests 
selective behavior, with a greater affinity for the CR dye in the 
mixture. This is because the CR exhibits a stronger tendency 
toward aggregation compared to MB, forming supramolecular 
assemblies driven predominantly by π–π stacking interactions 
between the extended aromatic rings. These interactions 
promote the formation of ordered, ribbon-like or stacked 
structures in solution, which can further evolve into larger 
aggregates depending on concentration, ionic strength, and pH61. 

Figure 8. FTIR spectra of PDA and GO/PDA-modified membranes before and after filtration of MB solution. MB powder spectrum is 
presented as a reference.
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In contrast, MB predominantly undergoes a simpler, well-
defined monomer–dimer equilibrium, with aggregation 
typically limited to dimers or small oligomers under 
conventional conditions62. As a result, CR (anionic dye) 
aggregates tend to be more stable and persistent in solution, 
whereas MB (cationic dye) remains dynamically distributed 
between monomeric and dimeric forms63. Thus, the passage 
of CR through the less porous surfaces, such as GO/PDA 
membranes, is more difficult.

To further quantify the selective retention behavior 
observed in the mixed-dye experiments, a selectivity factor 
(SCR/MB) was calculated as the ratio between the retention of 
CR and MB, according to Equation 1 adapted from Schirg 
and Widmer64:

/
CR

CR MB
MB

R
S

R
=  	 (1)

where RCR and RMB correspond to the retention percentages of 
congo red and methylene blue, respectively. A selectivity factor 
equal to 1 indicates similar retention of both dyes, whereas 
values greater than 1 indicate preferential retention of CR.

The calculated values revealed distinct separation 
behaviors among the membranes (Table 2). The PDA-coated 
membrane exhibited a selectivity factor close to unity (0.99), 
indicating a non-selective removal process in which both 
dyes were efficiently retained. In contrast, the GO/PDA 
membrane showed a considerably higher selectivity factor 
(3.50), confirming its preferential retention of CR over MB. 

This result demonstrates that the incorporation of graphene 
oxide not only modifies the membrane morphology but also 
promotes a more selective separation mechanism when 
oppositely charged dyes are present simultaneously.

Although the incorporation of GO improved the selective 
retention of CR in mixed-dye systems (SCR/MB = 3.50), this 
enhancement was accompanied by a reduction in the overall 
retention efficiency, particularly for MB alone (from 78.42% 
without GO to 31.94% with GO) and MB in the mixture (from 
97.40% without GO to 20.04% with GO). This behavior 
highlights a common trade-off in membrane design, where 
increased selectivity is often achieved at the expense of total 
contaminant removal. In the present study, the PDA-coated 
membrane exhibited superior overall dye retention, whereas 
the GO/PDA membrane demonstrated a greater ability to 
discriminate between dyes with different physicochemical 
characteristics. Therefore, the choice between PDA and GO/
PDA modifications should ultimately depend on the intended 
application, whether the primary objective is maximum dye 
removal or selective separation. Thus, a staged membrane 
configuration combining PDA-coated and GO/PDA membranes 
in separate modules could be envisioned to integrate high 
overall dye removal with selective separation, although further 
optimization would be required to mitigate the loss in total 
retention associated with GO incorporation.

3.3. Comparison with the literature
Recent literature has highlighted the versatility of 

filtration membranes incorporating GO and its derivatives. 

Figure 9. (a) UV–Vis absorption spectra of MB (blue line) and CR (red line) dyes (both 10 mg L-1), the 1:1 mixture (purple line), and the 
mixed solution after filtration through the PDA coated membrane (green dashed line). (b) Comparative bar chart showing the percentage 
retention (%) of MB (10 mg L-1) and CR (10 mg L-1) in a mixed solution (1:1) after filtration through the pristine, PDA and GO/PDA-
modified membranes.

Table 2. Retention value of each dye in the mixture test and the calculated selectivity factor.
Membrane CR retention MB retention Selectivity factor

Pristine 91.84 48.81 1.88
PDA 96.28 97.40 0.99

GO/PDA 70.26 20.04 3.50
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Different incorporation strategies, resulting in distinct 
membrane architectures, enable its role in the retention 
of a wide range of organic and inorganic contaminants. In 
this context, Table 3 provides a comparative overview of 
the literature, summarizing GO-based membranes, their 
fabrication methods, the target contaminants, and their 
retention performance.

In this study, the retention of the dyes evaluated individually 
was relatively low, particularly for CR. However, when tested 
as a mixed solution, a significant improvement in retention 
was observed for CR, reaching approximately 97% for the 
PDA-modified membrane. For comparison, the GO/PDA 
membrane exhibited CR retention of approximately 70%. 
Although the retention values obtained in this work are lower 
than those reported in the studies summarized in Table 3, 
the GO/PDA membrane demonstrated a distinct selective 
behavior toward the evaluated dyes. This feature represents 

a key distinction from the other studies, where selectivity 
between dyes was not clearly observed.

4. Conclusion
The modification of commercial PVDF membranes 

with polydopamine (PDA) and with the graphene oxide/
polydopamine (GO/PDA) composite proved to be an effective 
strategy for altering surface properties and filtration behavior. 
The analyses confirmed that the PDA coating increased 
membrane hydrophobicity and surface reactivity, while GO 
incorporation enhanced hydrophilicity and led to a more 
stable, homogeneous surface.

In the filtration tests, the membrane modified only with 
PDA showed the highest MB removal efficiency, exceeding 
78%. In contrast, the presence of GO partially reduced this 
efficiency, possibly due to a lower exposure of PDA amine 

Table 3. Literature data for GO-based membranes to remove contaminants from water.
Membrane Contaminant Preparation method Filtration method/system Retention capacity Ref

PDA and GO/PDA 
modified PVDF 

membrane

CR and MB dyes and 
its mixture

Deposition by 
filtration assembly Dead-end system >70% of MB This 

study

PDA modified PVDF 
membrane

CR and MB dyes and 
its mixture

Deposition by 
filtration assembly Dead-end system

>96% of CR and 
>97% of MB for 

the mixture

This 
study

Ferrous oxide/
graphene oxide catalytic 

membranes

Haloacetic acids and 
chlorinated organic 

pollutants

GO nanosheets 
deposited by simple 
in-situ growth and 
filtration assembly

Continuous flow under 
pressure ≈ 100% 65

MOF-intercalated GO 
membranes

Organic pollutants 
and salts

Incorporating an 
appropriate amount 

of ZIF-8 into the 
GO-based active layer

Nanofiltration 
in crossflow 

(tangential flow) 
operation

98 ± 2% for 
diclofenac

66

Nanocomposite 
membrane of 

graphene oxide and 
cellulose nanocrystals 

(extracted from bananas)

Cr3+, Co2+, Ni2+, Pb2+, 
Cd2+ and Methylene 

blue
casting Vacuum filtration

For Cd2+ and Pb2+, 
around 99%. For 

MB 100%
67

Graphene oxide 
(GO)-polyvinyl alcohol 

(PVA) membrane

High-density 
polyethylene (HDPE)-

based microplastics

GO layers were 
deposited on a 

substrate via vacuum 
filtration

Vacuum filtration 95% 68

Polyethersulfone 
membranes modified with 
polyvinyl alcohol (PVA) 
and graphene oxide (GO)

Sunset yellow (SY) Layer-by-layer self-
assembly method Pressurized filtration ~99.9 69

Aminated graphene oxide 
(NH2-GO)-based PVDF

membranes

MB and methyl 
orange

Phase-inversion 
method

Nanofiltration 
in crossflow 

(tangential flow) 
operation

96.6% for 
methylene blue 
and 88.5% for 
methyl orange

70

Polyethersulfone-graphene 
oxide (PES-GO)

Turbidity, color, 
Abs254, COD, 

DOC, proteins and 
carbohydrates

Phase-inversion 
method

Direct membrane 
filtration (DMF)

99% for 
carbohydrates

71

Oxidized carbon nanotube 
intercalated nitrogen 

doped reduced graphene 
oxide

4-chlorophenol Mixing, filtering, 
compaction

Dead-end filtration 
system

100% of 
4-chlorophenol 

removal
72

Reduced graphene oxide 
(S-rGO) membrane

Na2SO4, MgSO4, 
NaCl, MgCl2

Vacuum filtration Self-designed dead-end 
filtration device

For Na2SO4 the 
rejection was up 

to 91.6%
73
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groups on the membrane surface. For CR, retention rates 
were lower, possibly due to repulsion between the anionic 
dye molecules and the oxygenated groups on the modified 
membrane surfaces.

Overall, the evaluation of the mixture revealed a 
synergistic effect, likely arising from interactions between 
MB and CR, which increased dye retention compared to the 
single-dye system. In this sense, PDA modification enhances 
the retention of both dyes, while GO mainly contributes to 
improving filtration selectivity among the evaluated dyes, 
which can be associated with the aggregation properties 
of the dyes. Hence, PDA modification shows promising 
potential to improve the performance of PVDF membranes in 
nanofiltration processes for the removal of MB from aqueous 
media, while GO/PDA-modified membranes demonstrate 
great potential for selective retention of the evaluated dyes 
(with a selectivity factor of 3.50). These findings highlight the 
potential of surface-engineered PVDF membranes as tunable 
platforms for dye separation, while also indicating that further 
optimization of the coating architecture, GO content, and 
exposure of PDA functional groups may enhance retention 
efficiency and selectivity in more complex aqueous systems.
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