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Abstract 

 

This study aims to explore the stability and performance of polydopamine (PDA) coated 

membranes, prepared by dipping a polybenzimidazole (PBI) support membrane into an aqueous 

dopamine solution in the presence of Tris(hydroxymethyl)aminomethane (Tris) at pH 8.5. Despite the 

mechanism of PDA formation is not well understood, this “polymer”, inspired by mussel’s bioadhesion, 

becomes very popular due to its multifunctionality, being a desirable coating for many substrates. In 

the development process, different methods were used and some parameters were changed like 

temperature, coating time and support thickness.  

The performance of PDA coated membranes was analyzed in a nanofiltration rig and the results 

were compared with the uncoated PBI membrane. The stability of the fabricated membranes was 

tested in two strong organic solvents, dimethyl sulfoxide (DMSO) and dimethylacetamide (DMAC). 

Two successful membranes were prepared, one with good stability in both solvents and another one 

with high rejection performance. FESEM images of these membranes (surface and cross section) 

showed that the stable membrane has PDA aggregates within its structure while the other one 

presents this aggregates on its surface.  The preparation and the conditions used are the basis of this 

difference. 

The PDA coated membranes appear to be a promising material for organic solvent nanofiltration 

processes, since PDA can self-polymerize and adhere firmly on a substrate. The challenge will be to 

find the appropriate method that combines both parameters wanted: stability and performance. 

Moreover, more investigation needs to be made on the effect of temperature, concentration, pH and 

coating time. 
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Resumo 
 

Este estudo pretende explorar a estabilidade e o desempenho de membranas revestidas com 

polidopamina, preparadas através da imersão de uma membrana suporte de polibenzimidazole em 

uma solução aquosa de dopamina na presença de Tris(hidroximetil)aminometano a um pH de 8,5. 

Apesar do mecanismo de formação de polidopamina não ser bem conhecido, este "polímero", 

inspirado pela bioadesão do mexilhão, torna-se muito popular devido à sua multifuncionalidade, 

sendo um revestimento desejável para muitos substratos. No processo de desenvolvimento, foram 

usados diferentes métodos e alguns parâmetros foram alterados como a temperatura, tempo de 

revestimento e a espessura do suporte. 

O desempenho das membranas revestidas com polidopamina foi analisado num equipamento de 

nanofiltração e os resultados foram comparados com a membrana de polibenzimidazole não 

revestida. A estabilidade das membranas fabricadas foi testada em dois solventes orgânicos fortes, 

sulfóxido de dimetilo e dimetilacetamida. Duas membranas de sucesso foram preparadas, uma com 

boa estabilidade em ambos os solventes e outra com elevado desempenho de rejeição. As imagens 

FESEM destas membranas mostraram que a membrana estável apresenta apenas agregados de 

polydopamina dentro da sua estrutura, enquanto a outra apresenta apenas estes agregados na sua 

superfície. A preparação e as condições utilizadas são a base dessa diferença. 

As membranas revestidas com polidopamina parecem ser um material promissor para processos 

de nanofiltração em solventes orgânicos. O desafio será encontrar o método adequado que combina 

ambos os parâmetros desejados: estabilidade e desempenho. Além disso, mais investigação deve 

ser feita sobre o efeito da temperatura, concentração, pH e tempo de revestimento. 
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1. Introduction 

 

1.1. Organic Solvent Nanofiltration (OSN) Membranes 

 

Organic solvent nanofiltration is a pressure-driven membrane process, which allows the 

separation of nanometre-sized molecules in organic solvents, according to their size, charge and 

additional effects (interactions between the solute and the membrane). The term “nanofiltration” was 

proposed for the first time in 1984 to name a reverse osmosis process that enabled the permeation of 

ionic solutes through the membrane. The applications in membrane technology regarding the use of 

organic solvents are more recent and the commercialisation of the first OSN products appeared in the 

mid-1990s, by the membrane producers Solsep, GMT, Koch and Grace Davison [1]. Koch Membrane 

Systems introduced on the market polydimethyl siloxane (PDMS) based membrane, stable in most 

organic solvents and GMT improved these membranes by radiation modification [2].  

Nowadays, OSN competes and can be used in complementation (hybrid configuration) with other 

conventional separation techniques, such distillation, absorption, adsorption, evaporation, 

crystallization and chromatography. In contrast with these techniques, membrane processes are more 

environmental friendly, economical, safer, simpler upscaling and require less energy consumption. 

Besides that, they can be operated at lower temperatures, avoiding the thermal damage of heat 

sensitive molecules, and can be easily integrated in a continuous process.  

Membrane separation processes are usually characterized by four parameters:  

1. Pressure; 

2. Size of the pore or size of the retained solute; 

3. Molecular weight cut-off (MWCO); 

4. Transport mechanism. 

Nanofiltration processes can be operated in a pressure range of 5-40 bar, and they are classified 

as a process that particles of about 2 nm or larger are rejected. The MWCO is defined as the lower 

solute molecular weight for which the membrane has 90% rejection, with a typical range of 200-1000 

Da for nanofiltration membranes. Regarding the transport mechanisms, nanofiltration is characterized 

by two models: solution-diffusion and pore-flow (sieving transport through the pores). In the first one, 

the solutes dissolve in the membrane material and diffuse through the membrane according to a 

concentration gradient, whereas in the second one the solutes are separated by pressure-driven 

convective flow through the pores of the membrane [3]. 
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1.1.1. Polymeric vs. Ceramic Membranes 

 

Polymeric and inorganic materials have been used to prepare OSN membranes. Besides the fact 

that there are more polymer materials, ceramic membranes are better in terms of chemical, thermal 

and mechanical stability. Moreover, they require lower pressures without suffering compaction, do not 

swell and since they do not have pore fillers, there is no risk of leaching. However, the upscaling of 

ceramic membranes is more difficult and they are more brittle compared to the polymeric ones. To 

overcome these disadvantages, mixed matrix membranes (MMMs) have been develop and they 

combine the desirable properties from both ceramic and polymeric membranes.  

The two main types of polymeric membranes are described below [1] : 

o Integrally skinned asymmetric (ISA) membrane: Formed by the phase inversion 

technique, this consists in the precipitation of a casting solution (polymer dissolved in a 

solvent) by immersion in a water bath. The precipitation occurs due to the loss of the 

solvent, which remains in the water bath while the polymer goes down in the membrane 

and precipitates. The precipitate is composed by two distinguished phases (figure 1, A). 

The upper phase is the one that is formed quicker and it is a solid dense phase enriched 

in polymer (active layer), while the bottom phase is a liquid phase polymer-poor and is 

formed slower, resulting in a porous layer. 

o Thin film composite membrane (TFC): Usually these membranes are prepared by dip-

coating or interfacial polymerization on a substrate layer (usually, UF support). Interfacial 

polymerization is a polymerization reaction that occurs at the interface between an 

aqueous solution and an organic solution, both containing reactive monomers. TFC 

membranes are characterized by two chemically different layers (figure 1, B). The upper 

layer is the ultrathin active layer and the bottom layer is the porous support, usually 

prepared by phase inversion. In contrast with ISA membranes, TFC membranes are more 

flexible, since the two layers can be optimized separately for a certain application. 

 

 

 

 

 

 

 

 

 

As seen in both previous figures, ISA and TFC membranes have a non-woven backing support. 

This is an inert material that provides mechanical stability to the membranes and should be solvent 

resistant for OSN. While the support is important to the stability of the membrane, the skin layer or 

active layer is the key for the selectivity and permeance of the membrane.  

A) B) 

Figure 1 – Structure of two different polymeric membranes: A) ISA membrane; B) TFC membrane (Reprinted from ref. 1) 
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Comparing these two types of polymeric membranes, TFC membranes have higher fluxes 

compared to ISA membranes, but their manufacturing is more expensive. This advantage is related 

with the fact that the skin layer of TFC membranes can be improved, for instance, using cross-linked 

polymers, while ISA membranes are very limited to the use of linear polymers. The most used 

monomers and polymers to fabricate ISA and TFC OSN membranes are listed above [1]: 

o ISA: Polyacrylonitrile (PAN); polyimide (PI) matrimid; polyimide (PI) P84; polyaniline 

(PANI); polybenzimidazole (PBI); polysulfone (PSf) plus sulfonated poly(ether ether 

ketone) (SPEEK); poly(ether ether ketone) (PEEK); polypropylene (PP). 

o TFC: diamines; acyl chlorides; poly(ethylene imine) (PEI); polydimethylsiloxane (PDMS); 

poly(2,6-dimethyl-1,4-phenylene oxide) (PPO); poly(vinyl alcohol) (PVA); chitosan; 

polyacrylic acid (PAA); polyphosphazene (PPz); poly[1-(trimethylsilyl)-1-propyne] 

(PTMSP); polyurethanes (PUs); polypirrole (PPy); polymers of intrinsic microporosity 

(PIM-1); polystyrene-b-poly(ethylene oxide) diblock copolymer; poly(sodium styrene 

sulfonate) (PSS); poly(diallyldimethylammonium chloride) (PDDA); poly(vinyl sulfate) 

(PVS). 

Ceramic membranes are made from inorganic materials such as aloxides, silicium carbide, and 

metal oxides (alumina, zirconia, titania). They are produced by sol-gel process, and usually they have 

an asymmetric structure with two porous layers (porous skin layer and support ceramic layer). Like 

polymeric membranes, the support layer gives mechanical stability to the membrane and defines its 

external shape.  

The different properties of polymeric and ceramic membranes are represented in table 1, as well 

the membrane designs and modules for each type of membrane. In terms of configuration, the cross-

flow and dead-end filtration modes are the most used in lab-scale for polymeric membranes and are 

both characterized by the feed flow and the permeate flux. In the dead-end mode, the feed and the 

permeate flux are in the same direction, while in the cross-flow mode the feed flows tangentially 

across the surface of the membrane. Comparing these two filtration modes, cross-flow mode is better 

than the dead-end mode, since provides better operating conditions due to the progressive washing of 

the filter cake, increasing the operational time of the filtration process (it can be a continuous process). 
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Table 1 – Properties of polymeric and ceramic membranes in adaptation to [2]. 

Properties Polymeric Membranes Ceramic Membranes 

Design membrane 

Flat sheet 

 

 

 

 

(Reprinted from ref. 1) 

Single/multi-channel tubes 

Design module 

Spiral wound 

 

 

 

 

(Reprinted from ref. 1) 

Multiple tubes in one module 

 

 

 

 

(Reprinted from ref. 1) 

Solvent stability 
Solvent type specific; aprotic solvents more 

difficult; support or top layer can be not stable 

Broad solvent stability; stable 

in aprotic solvents 

Leaching Chemical pore fillers; potting materials 
No pore fillers; PTFE/glass 

based sealing 

Pore size Dense >0.9 nm 

MWCO as NF 200-1000 Da >450 Da 

Compaction under 

pressure 
Compaction No compaction 

Working pressure for 

NF 
10-30 bar 10-15 bar 

Flux Low High 

Temperature stability Up to ~120oC Up to ~300oC 

Price High High 

 

1.1.2. Membrane Performance 

 

The membrane performance is characterized by three parameters: permeance or flux, selectivity 

or rejection and molecular weight cut-off (described previously). Usually, rejection is associated to the 

chemical stability of the membrane, while permeance is associated to the mechanical stability and is 

influenced by compaction or aging, in the case of polymeric membranes. Ideally, the membrane 

should have high solute rejection and high permeance (achievable with very thin membrane active 

layers). The definitions and the equations to quantify the first two parameters are described below: 

 

o Flux (J): Volume of the feed that flows across the membrane (V) per unit area (A) and per unit 

time (t). Expressed in terms of L m-2 h-1. 

 



 
 

11 

 

𝐽 =
𝑉

𝐴𝑡
 (Equation 1) 

 

o Permeance (P): Flux divided by the operation pressure (p). Expressed in terms of L m-2 h-1 

bar-1. 

𝑃 =
𝐽

𝑝
 (Equation 2) 

 

o Rejection (R): Function of solute concentration in the permeate (CP) and in the retentate (CR). 

Expressed in terms of percentage. 

 

𝑅 = 100 (1 −
𝐶𝑃
𝐶𝑅
) (Equation 3) 

 

 

The rejection profile of uncharged solutes for OSN membranes (rejection vs. MW) usually exhibits a 

sigmoidal broad curve like the one showed in the figure 2. As expected, the solutes with higher 

molecular weights would have higher rejections compared to the solutes with lower molecular weights. 

 

 

 

 

 

It should be noted that the MWCO itself cannot be used to describe the membrane performance, 

because it is strongly dependent on the properties of both solvent and solute and on the operating 

conditions, since the value is determined by the rejection experiments. Moreover, the interactions 

between the solute and the membrane can be relevant or even dominant, affecting the MWCO value. 

That is the reason why nanofiltration is a complex process and cannot be considered as simple as 

filtration process. 

 

 

 

Figure 2 – Rejection profile for NF membranes as a function of 
molecular weight (MW) and size (rs). (Reprinted from ref. 4) 
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1.1.3. Applications and Challenges 

 

As described previously, organic solvent nanofiltration (OSN) is an alternative to thermal 

separation processes in petrochemical, chemical, pharmaceutical, fine-chemical and biochemical 

industries. The main applications for OSN according to the solvent used are represented in table 2.  

Several challenges still remain to be solved to overcome the limitations of OSN membranes in 

developing applications. The main drawbacks for OSN membranes are [1, 4, 5]: 

o Membrane fouling; 

o Insufficient separation between solutes; 

o Membrane lifetime and chemical resistance; 

o Insufficient rejection or low product yield for individual compounds; 

o Generalization of modelling and simulation; 

o Use of toxic solvents; 

o High manufacturing costs; 

o Liquid waste generation; 

o High solvent consumption. 

Membrane fouling leads to membrane degradation, reducing its lifetime and affecting the 

permeance yield. The foulants can be organic and inorganic solutes, biological solids or colloids. The 

degree of fouling caused by charged organic solutes is believed to be a consequence from the 

interactions between the solutes and the membrane (attraction and repulsion forces). Colloid fouling is 

caused by penetration of the particles within the membrane pores or by their accumulation on the 

membrane surface. Membrane fouling due to inorganic solutes is related with the precipitation of salts 

on membrane surface. Biofouling is associated with the formation of a biofilm on membrane surface, 

which is formed by microorganisms like bacteria and fungi. The solutions to overcome these problems 

include the cleaning of membranes, improvement of pre-treatment methods and the most relevant is 

surface modification of the membranes to increase their hydrophilicity. 

The insufficient separation is one of the major concerns in OSN purification processes and has as 

consequences high solvent consumption and low yields. 

Membrane lifetime and chemical resistance are related with membrane fouling, as described 

previously. One of the most challenging issues is the stability of the membranes in a wide range of 

organic solvents. Many efforts have been made to increase the stability of the membranes such using 

cross-linked polymers, using alternative materials or coated membrane surfaces. 

The main challenge to improve the rejection of individual compounds is to better understand the 

interactions between solutes and membranes that influence the transport of these compounds across 

the membrane. Moreover, the developing of tools to modulate and simulate the nanofiltration process 

is very important for the prediction of rejection and flux. However, the generalization of modelling and 

simulation for OSN is an issue, because the membrane behaviour can be different depending on the 

conditions, for example, solvent and support used. 

The generation of liquid waste is a common problem of all membrane fabrication processes, from 

the casting solution to the post-treatment methods. Since polymeric membranes should be stable in 
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organic solvents, the casting solution preparation sometimes requires the use of toxic solvents and/or 

high temperature conditions, which cause a negatively impact in the environment. Moreover, those 

toxic solvents remain in the non-solvent bath after phase inversion, generating a large amount of liquid 

waste, the highest in the whole fabrication process. To stabilize the membranes that are not stable in 

organic solvents, post-treatment methods are required. One of the most common examples is the 

chemical cross-linking, which requires the use of a solvent, generating more toxic liquid waste. The 

use of greener solvents and the use of alternative post-treatment methods like UV and thermal cross-

linking could be a solution to transform the membrane fabrication process more sustainable. 

Many efforts have been made to implement a good configuration that allows high product yields. It 

was reported the use of a two-stage cascade configuration for diafiltration processes, which increased 

the product yield from 58% to 95% [4]. This configuration operates with just one high pressure pump 

and there is no need to have a buffer tank between the two stages. More recently, this type of 

configuration was implemented but with an additional membrane stage for solvent recovery [6]. The 

first two stages allow to achieve high selectivity, while the third stage allow to overcome the high 

solvent consumption, with a solvent recovery of 85%, i.e.,  85% less solvent consumed compared with 

the process without the solvent recovery. 

 

 

Table 2 – Applications for OSN membranes in adaptation to [2]. 

Solvent Application Membrane 

Acetone Vegetable oil deacidification PA 

Chloroform/toluene Removing metals and carbon residue from heavy oil PVDF 

Cyclopentane Fractionation of hydrocarbon oils P/carbonate 

DMF Pharmaceuticals, purification of polymers PDMS, PI 

Ethanol 
Nutraceuticals, flavors, pigments, vegetable oil, proteins, amino 

acids 
Several 

n-Heptane Aromatics from heavy oil P/propylene 

Hexane Vegetable oil refining. regeneration of used lube oils 
PDMS, PI, PVA, PAN, 

ceramic 

Lube base oil Concentration of furfurals PDMS 

Methanol Refining of vegetable oils, pharmaceuticals Composites, ceramics 

Methyl esters Biodiesel, vitamins Composites 

MEK Removal of dewaxing solvents CA, PI 

Paint solvents Treatment of paint wastes PI 

n-Paraffins Lube oil dewaxing P/carbonate 

Propane Oils from organic solvents PI 

Toluene/DMF/xylene Removal of low MW compounds in polymer manufacture PI 

Vegetable oil Dewaxing, recovery of dewaxing aids PES, PI 
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1.2.  Polydopamine (PDA) 

 

The stability and longevity of materials is one of the major concerns in modern technology. From 

this perspective, surface modification methods are very important to protect the materials from 

external agents, control of their wettability, and also to confer them with new functionalities, for 

example, in the field of biomaterials [7, 8]. Most of the existing polymer materials exhibit good chemical 

and physical properties like mechanical strength, insulation performance, impact and corrosion 

resistance, and they are available in the market at low prices [9]. However, most of them are inert and 

have low surface energy, which is undesirable for some applications. Thus, there is an urgent need to 

develop universal coating technologies for functionalization of the surface of almost all classes of 

materials.  

The most common methods for surface modification are: electropolymerization, Langmuir-Blodgett 

films, layer-by-layer deposition, self-assembled monolayers, plasma deposition, UV-induced grafting, 

and electron beam irradiation [7, 10]. All of these methods share a certain surface specificity and the 

performance of the adhesive bonding is highly dependent on the quality of the surfaces. Moreover, 

most of them are performed by multiple steps. 

Lee and colleagues invented the material-independent and multifunctional surface coating using a 

catecholamine called dopamine hydrochloride (DA-HCl) [11]. This small molecule is able to form a 

tightly polydopamine layer in aqueous solution, through self-polymerization. This layer can adhere to 

almost all substrates and has good stability in many environments, except in strongly alkaline 

conditions (pH>13) [9]. The self-polymerization of its monomer and the strong adhesion onto surfaces 

make the polydopamine an interesting and versatile platform to act as the dense active layer in 

composite nanofiltration membranes for separation [12]. 

Due to the presence of catechol and quinone groups (capable to react with metal ions and 

molecules containing thiol or amine groups), the covalent and non-covalent bonding capabilities for a 

broad range of inorganic, organic and metallic substrates, polydopamine has many potential 

applications in the following fields: antibacterial, antifouling, antifungal, biosensor, cell culture, drug 

delivery and tissue engineering [13]. This versatility and broad range of applications is related to 

different forms of polydopamine films, particles and hollow capsules after reactions at the solid/liquid 

and liquid/liquid interfaces [14]. 
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1.2.1. Dopamine: The Bioinspired Building Block 

 

Since the finding of catechol and amine derived materials that are responsible for the strong 

adhesion of mussels to solid surfaces under high shear stress, several studies have been reported. 

Most of these studies are related to surface functionalization, for example, to improve the stability and 

performance of composite nanofiltration membranes.  

The strong adhesion of mussels was the subject of a famous work done by Browns in 1952. After 

that, Waite and Tanzer found that mussel adhesive proteins (MAPs) present in byssal threads and 

plaques have many post-translationally modified amino acids, which could be associated to the robust 

adhesion of mussels [15]. The location of MAPs in byssus of Mytilus edulis, known as blue mussel, is 

represented in figure 3. The byssus (figure 4) is the attachment organ of the mussel and is composed 

of plaques and threads, which spread out from the body of the mussel to adhesive discs that anchor 

the threads to solid surfaces, even wet surfaces [16]. The byssal plaque is formed from the deposition 

of proteins that are originated in the foot organ. This apparatus is essential for the stability of the 

mussel in the marine environment. 

 

 

 

 

 

 

 

 

 

Figure 3 - A: Mytilus edulis mussel; B: Biodistribution of mussel 
adhesive proteins. (Reprinted from ref. 17) 

 

Figure 4 - Byssus structures of Mytilus edulis mussel.  
(Reprinted from ref. 18) 
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Biochemical analysis confirmed that 3,4-dihydroxy-L-phenylalanine (DOPA) is one of the modified 

amino acids present in MAPs, especially in Mytilus edulis foot protein 3 and 5 (Mefp-3 and Mefp-5, 

respectively), both localized in the interface between the adhesion plaque and the substrate. These 

two foot proteins have the highest content of DOPA: 27 mol. % for Mefp-5 and 21 mol. % for Mefp-3 

[17]. The protein complex in this mussel has six foot proteins in total, whose functionalities are 

represented in table 3. 

According to the literature, not only the higher content of DOPA is related with the strong adhesion 

of mussels on surfaces. The presence of lysine in Mefp-5 might play an important role in adhesive 

chemistry as the catechol groups in DOPA [15]. Besides that, it is believed that oxidized DOPA residues 

play an important role in the moisture-resistance characteristic of mussels [18]. 

Lee et al. identified dopamine as a small catecholamine which contains both functionalities of 

DOPA and lysine and, therefore, mimics the strength afforded by Mefps in the adhesive plaque [17]. 

This molecule has a molecular weight of 153 Da and contains catechol and amine moieties at each 

side, represented in figure 5. 

 

          Figure 5 – Dopamine structure. 

 

Dopamine is considered a bioinspired building block for surface coatings, because it is capable to 

spontaneously self-polymerize and form a thin layer on almost any material surfaces, as described 

previously. This is the main reason for using this compound in surface science. Besides that, there are 

other advantages to use this small catecholamine for coating polymeric membranes: surface 

modification requires only a single step; high hydrophilicity of the coating; strong binding between the 

coating and the substrate; controllable thickness; covalent modification of the coating due to the 

presence of many functional groups. 

From this point of view, polydopamine coatings can be developed by understanding and 

mimicking the molecular mechanism beyond the strong and robust adhesion of mussels on surfaces. 

 

 Table 3 - Functionalities and DOPA content of Mytilus edulis foot proteins (Mefps). 

Mytilus edulis foot protein Functionality 

Mefp-1 Intermolecular cross-linker. Waterproof function. 

Mefp-2 and Mefp-4 
Low content of DOPA (3 mol.% and 4 mol.%, respectively).  

Both contribute more than 30% of the total plaque mass. Structural function. 

Mefp-3 
High DOPA content (21 mol.%).  

Adhesive and oxidative cross-linking functions. 

Mefp-5 High DOPA content (27 mol.%). Adhesive function. 

Mefp-6 
Low DOPA content (<2 mol.%) and high cysteine content (11 mol.%).  

Bulk and interfacial functions. 
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1.2.2. Polymerization Reaction 

 

The exact structure of polydopamine still remains unknown. One of the main reasons is due to its 

insolubility and heterogeneity. Recent studies reported that polydopamine is a supermolecular 

aggregate of oligomers rather than a polymeric structure. These oligomers are 5,6-dihydroxyindole 

(DHI), the building block of eumelanin [14]. In fact, the most reported mechanism for the polymerization 

of dopamine is the one that follows a process similar to the synthetic pathway of melanin in living 

organisms (polydopamine as a eumelanin-like material). This pathway was established in the mid-

century by Raper-Mason reaction, the most universal route of melanogenesis, and describes the 

formation of melanin through enzymatic conversion of tyrosine to DOPA, which is converted to DHI [19]. 

In figure 6 is shown the first steps of the polymerization reaction. It is important to retain that oxidation 

reactions lead the pathway and the two final products, 5,6-dihydroxyindole and 5,6-indolequinone, are 

capable to react at positions 2, 3, 4 and 7, leading to the formation of dimers, trimers and oligomers. In 

this model, these oligomers self-assemble covalently through a reverse dismutation reaction between 

catechol and o-quinone form of dopamine molecule, leading to the formation of polydopamine [20]. 

 

 

 

 

 

Another assumption is the one that assumed the aggregation of monomers via strong noncovalent 

interactions as the route for the formation of polydopamine [22]. In this case, PDA particles are formed 

upon a monomer-polymer rather than a polymer-polymer. Because dopamine has many polar groups 

(catechol groups, quinone groups and amine groups), the oligomers could form hydrogen bonds, and 

π-π interactions among the oligomers are possible due to their conjugated structure [12]. These strong 

noncovalent arrangements could explain the insolubility of polydopamine as well its stability as a 

surface coating. 

Figure 6 - First steps of dopamine polymerization reaction. (Reprinted 
from ref. 21) 
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Nowadays, there is an assumption that polydopamine is formed by two different pathways (figure 

7), regarding the covalent polymerization and the non-covalent self-assembly [23]. The cross-linking via 

non-covalent interactions includes hydrogen bonding, π-stacking and charge transfer. Hong et al. 

corroborated this assumption with the finding of a significant amount of unpolymerized dopamine as a 

self-assembled trimeric complex of two dopamines and one DHI [23].  

 

 

 

 

 

 

 

The latest studies regarding the polydopamine structure, showed three different competing 

pathways (figure 8): dimerization of dopamine with the formation of uncyclized structures; oxidative 

cleavage of DHI-based structures; formation of mixed species. In this model, the covalent-bond 

interactions are considered to play an important role in the initial steps of the polymerization reaction 

while noncovalent bond interactions play a critical role after the oligomerization reaction [24]. In all of 

these pathways, dopamine quinone is the critical control point and the structure of polydopamine will 

depend on the initial conditions of the reaction, for example, type of buffer used and concentration of 

dopamine monomer. 

 

Figure 7 – Two reactions pathways for the synthesis of 
polydopamine. (Reprinted from ref. 23) 
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According to figure 6, alkaline conditions stimulate the oxidation of dopamine (oxidation of 

catechol to quinone form): the increase of pH consumes the hydrogen protons formed during the 

oxidation, and the equilibrium of the reaction shifts toward the product. In fact, the kinetics of the 

reaction is strongly pH-dependent, and, therefore the pH is used to manipulate the performance and 

the structure of polydopamine [25]. From previous studies, the best pH for the polymerization reaction is 

8.5 (weak alkaline condition), using a Tris buffer solution. The use of different oxidants is one 

alternative to oxygen, and the alkaline condition is not a requirement, for example, using CuSO4, 

NaIO4, KClO3, (NH4)2S2O8, and some enzymes [26].  

It was reported the use of UV light to trigger the polymerization reaction [27]. The basis of this 

approach is the fact that oxygen was showed to be an important factor in the reaction due to the 

decrease of its kinetics when oxygen was removed by purgation with argon. Moreover, the irradiation 

of UV light generates reactive oxygen species that are more reactive than molecular oxygen, for 

example, superoxide radicals (O2
-●), hydroxyl radicals (●OH) and singlet oxygen (1O2). In fact, the 

experiments carried out with UV light accelerated the polymerization reaction after 2 hours of 

irradiation and the reaction occurred even at pH 2. In the same study, X. Du et al. showed that the UV 

triggered dopamine polymerization was not a free radical mechanism, since the oxygen was an 

important factor in the reaction and it is known for its capability to inhibit radical polymerization. 

The main drawbacks of the dopamine polymerization reaction are the incapability to control the 

start and the termination of the reaction process and its slow kinetics [27]. However, the next sections 

Figure 8 – Three different pathways for polydopamine formation. 
(Reprinted from ref. 22) 
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will show several studies regarding the acceleration of the reaction process, decreasing from several 

hours or days to several minutes. 

 

1.2.3. Physicochemical Properties 

 

Polydopamine shares similar physicochemical properties with eumelanin. This is expected since 

these two compounds have similar structure and chemical composition, as described previously. The 

properties of polydopamine described in the literature are listed below [20]: 

a) Absorption and Fluorescence: 

o High absorption in the UV region of the spectrum due to oxidation of dopamine into 

dopachrome and dopaindole; 

o Monoatomic broadband absorbance: (HOMO)-(LUMO) gaps in the UV, visible and IR 

regions. These gaps are related with the formation of chemical species that resulted 

from the oligomerization process and π-stacking; 

o Weak fluorescence (400-550 nm) under excitation with UV light. 

b) Paramagnetism:  

o In natural occurring melanin, there is an electron spin resonance (ESR) signal due to 

the presence of stable π-electron free radical species; 

o It was reported the electron paramagnetic resonance spectrum of polydopamine 

resulted from the polymerization reaction of dopamine in a Tris buffered solution [28]. 

This Paramagnetism property of polydopamine is associated to the presence of 

semiquinone radicals and carbon-centered radicals. 

c) Electrical Conductivity: 

o Conductivity and semiconducting properties due to the movement of charges in the π-

electron system; 

o Contrary to eumelanin, polydopamine is capable to change its π-electron system by 

the utilization of different substrates during the polymerization reaction. 

 

d) Adhesive: 

o Polydopamine is capable of bonding to almost all of types of substrates through 

covalent and noncovalent interactions (hydrogen bonding, π-π stacking, metal 

coordination or chelating). 

e) Metal Ions Chelating and Redox Activities: 

o Polydopamine has many functional groups (o-quinone, amino, carboxy, phenol and 

imine groups). These binding sites are responsible for the bonding of PDA to metal 

ions and are activated according to pH environment; 

o Polydopamine is considered a reducing agent, since it can reduce metal ions such 

Ag+, Pt3+ and Au3+under alkaline conditions; 
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o Polydopamine reduces metallic salts by oxidation of dopamine into dopamine-

quinone: the first step of the polymerization reaction releases two electrons, leading to 

the reduction of salts into their corresponding metals. 

f) Chemical Reactivity: 

o The quinone groups of polydopamine can react with amine groups by a Schiff base 

reaction, while thiol groups react with PDA via Michael addition reaction; 

o The interaction of organic molecules with polydopamine is possible due to the 

presence of amino and imine groups in the PDA matrix. 

g) Biocompatibility and Biodegradation: 

o Excellent biocompatibility; 

o Polydopamine nanoparticles have low acute toxicity; 

o Polydopamine can be enzymatic degraded in vivo and also can be degraded by 

microorganisms. 

h) Other Properties: 

o Polydopamine can tolerate temperatures up to 200oC; 

o Polydopamine is a zwitterion, i.e., has an isoelectric point of 4. This means that in a 

pH condition below 4, PDA will be positively charged due to protonation of amine 

groups. On the other hand, in a pH condition above 4, PDA will be negatively charged 

due to deprotonation of phenolic groups; 

o Polydopamine increases the hydrophilicity of the coated substrates; 

o Absorption of ultrasonic sound waves (1MHz); 

o Superparamagnism. 

 

 

1.2.4. PDA Coating: A Review 

 

The most used method for the preparation of polydopamine coatings on surfaces is the dip-

coating technique. This method was developed and used for the first time by Lee et al. (2007) and 

consists in the immersion of a substrate in a aqueous dopamine solution, buffered to an alkaline pH 

(Tris buffer, pH 8.5) [11]. This process is environmentally friendly, because it does not need strict 

reaction conditions, catalysts or organic solvents. Usually, the oxidant agent used is the oxygen 

present in the air and the reaction is performed at room temperature without stirring. The 

polymerization reaction is coupled with a progressive darkness of the solution (colour change from 

colourless to dark brown) with time. This fact was chosen as a proof that PDA particles are formed in 

the solution since it is believed that polydopamine has similar properties than eumelanin, which makes 

polydopamine a dark insoluble material. 

The formation of polydopamine coating is assumed to be a process triggered by the adsorption of 

monomers and small oligomers on the substrate’s surface [29]. Moreover, the incorporation in the PDA 

film of nanoaggregates (2-20 nm) and polydopamine particles (20-500 nm), generated by the random 
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linkage of nanoaggregates, is also possible due to covalent and noncovalent interactions. The last 

ones could lead to a decrease in the stability of the coating.  

Aggregates present in the dopamine solution (0.5-5 µm) are reported in all studies regarding the 

formation of polydopamine coating by self-polymerization of dopamine. These large aggregates are 

formed due to random linkage of spherical PDA particles and are believed to result from the 

competition of two antagonist forces: repulsive forces (electrostatic nature) and attractive forces [25]. 

These two forces are also related with the deposition rate of polydopamine and the attractive forces 

are higher with higher dopamine concentration in the solution, leading to higher interactions between 

the aggregates in the solution and those on the surface. The last ones are responsible for the surface 

roughness of the coated membrane and resulted from the congregating of polydopamine [10]. The 

particles present in the solution are believed to play a minor role in the deposition process, since no 

interaction occurred when they were put in contact with the same substrate, leading to the assumption 

that unoxidized dopamine is necessary for the deposition process [25].  

Regarding the dip-coating method, there are three different processes: static, shake and stir [13]. 

The static process was described previously and the maximal time of reaction reported is 24 hours. 

The shake method was develop to overcome the roughness of the PDA film and consists in shaking 

the dopamine solution during the reaction time. The reported temperatures for this approach were 

room temperature and 30oC. The stir process is the most recent and was used to avoid the deposition 

of PDA particles in the solution. Vertical sample orientation has been reported as another way to avoid 

this deposition [13, 19]. When dissolved oxygen is the oxidant agent in the reaction, the agitation of the 

solution has a major role, because the oxygen could slow down the polymerization process when it is 

at low concentration in the solution. Besides that, the high shear stress caused by agitation could lead 

to forces stronger than the adhesive force of the membrane [14]. 

Membranes coated with polydopamine increased their surface hydrophilicity, since their contact 

angle reported in the literature is 65o [30]. This fact is associated with the large amount of polar groups 

(hydroxyl and amine groups) in the PDA film and they could also be associated to the unfinished 

polymerization reaction [10].  This parameter has an influence in the flux that passes across the 

membrane, since it was reported that hydrophobicity of the membrane top layer is responsible for the 

most flux decline [5]. 

Surface energy is an important parameter for surface properties, for example, wettability, 

adhesivity and biocompatibility. The membranes modified with PDA coating showed higher surface 

energy compared to the unmodified ones [9]. The increased in surface energy is associated with the 

polar component (stronger polar interactions) and, contrary to the film thickness, surface energy is 

dependent on the substrate, since the values for the surface energy were different for different coated 

membranes [25]. In fact, the thickness of the PDA film showed no dependence on the substrate 

composition, since the atomic composition of the coating suffered low variation with different 

substrates [11]. 

It has been reported that quinone groups have weaker interaction compared with the catechol 

ones [12]. This could lead to a decrease of the interfacial adhesion ability of polydopamine. For this 

reason, it is important to find a balance in the redox reaction in terms of oxidation degree, controlled 
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by the pH of the solution. In fact, positron annihilation spectroscopy (PAS) studies found that 

polydopamine membranes have a looser structure when developed at higher pH values, which means 

more quinone groups [12]. Moreover, the weak interactions among quinone groups result in the 

formation of free volume voids in the polydopamine coating, which has a structure from tight to loose 

according to the size distribution of these voids with the increasing of quinone content [12]. 

In this section, many variants reported in the literature will be presented as well different 

approaches for the coating method. These variants include dopamine concentration, coating time, 

buffer solution, oxidant agent and the temperature of the reaction. It is important to notice that all 

different methods reported are not comparable, because all of them were conducted under different 

conditions and different supports. Besides that, it is expected that the optimization of the above factors 

would maximize the performance and the potential of the polydopamine coating. 

 

I. Single vs. Double Coating 

 

The maximal film thickness achieved using the common dip-coating technique (single-step, 

unstirred, oxygen as the oxidant agent, pH 8.5 and 2 g/L dopamine concentration) was 45 ± 5 nm. 

This thickness could be overcome with double coating, where the substrate is again dip-coated in a 

fresh dopamine solution after a certain time of reaction. Li et al. reported that the double coated 

membranes had a tighter active layer and a more integrally skinned composite structure compare with 

the membranes single coated [31]. Besides that, multiple deposition steps were reported to achieve 

membranes with very thick coatings [7, 19].  As previously reported, the increase of film thickness with 

multiple dip cycles is possible due to the fact that unoxidized dopamine monomer is necessary for the 

deposition process. 

 

 

II. Effect of Dopamine Concentration 

 

Like the double coating approach, the increase of dopamine concentration is another way to 

overcome the saturated film thickness of 45 nm. Indeed, the thickness did not reach a stationary 

phase even after 40 hours of reaction, using 3 and 5 g/L of dopamine concentration [25]. 

It is reported that dopamine concentration does not influence the surface hydrophilicity of the 

coated membrane [32]. 

 

III. Effect of Coating Time 

 

The coating time is a parameter that influences hydrophilicity, thickness and the surface pore size 

of the membrane. Results from atomic force microscopy (AFM) analysis showed the thickness of 

polydopamine coating as a function of the coating time [11]. As described previously, the thickness 

reached equilibrium after 24 hours of reaction, which is the longest reaction time reported in the 
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literature [13]. Besides that, Zangmeister et al. found that the deposition time of 10 min was sufficient to 

guarantee the total surface coverage of the substrate, using a basic dopamine stirred solution [19].  

In terms of hydrophilicity, it was reported that the increasing of polymerization time decreases the 

water contact angle, hence increasing the hydrophilicity [31].  

As expected, the increase of the coating time lead to a decrease in the quantity of pores on 

membrane surface as well as their size [33]. This could lead to a decrease in the permeability of the 

membrane and an increase in the selectivity. 

Supposing that PDA particles are formed by aggregation through π-π stacking, the density and 

molecular weight of PDA film do not have any influence with the coating time [13]. 

 

IV. Effect of Buffer Used 

 

It was reported in the literature the use of three different buffers in the preparation of dopamine 

solution: Tris, phosphate (K2PO4) and bicarbonate (NaHCO3) [28]. Regarding the phosphate buffer, this 

one showed more influence in the growth of polydopamine particles by increasing the hydrodynamic 

radius with time and with the increasing of dopamine concentration. Moreover, it was possible to reach 

100 nm in thickness with one reaction step using phosphate buffer, compared to the barrier of 45 nm 

achieved with Tris buffer [34]. Although Tris buffer is the most used, it is considered to be the less 

favourite to the polymerization reaction, since particle size increases from Tris, bicarbonate and 

phosphate.  

Vecchia et al. assumed the polymerization reaction as a process followed by the incorporation of 

Tris into dopamine oligomers through covalent binding of Tris amine to the catechol ring of dopamine 

[9]. The incorporation of Tris into polydopamine structure could inhibit the nucleophilic attack to 

dopamine quinone, since Tris residues might be able to block the active sites on the catechol ring. 

According to results from NMR, this effect has only major role in the presence of low dopamine 

concentrations or high Tris concentrations [28]. 

The PDA particle size, resulted from the polymerization reaction using phosphate buffered 

solution, could be explained by two factors: pH and ionic strength. At pH 8.5, the anionic form of 

phosphate (HPO4
2-) would favour the formation of hydrogen bonds with hydroxyl groups present in 

polydopamine. Besides that, physical aggregation could be promoted by the higher ionic strength of 

phosphate, compared with Tris and bicarbonate, leading to an increase in the hydrophobic interactions 

among the oligomers.  

 

V. Effect of Reaction Temperature 

 

Several studies regarding the temperature effect in the polymerization reaction, revealed the 

speed up of the PDA formation with the increasing of temperature (20oC to 60oC), which was expected 

in a thermodynamic point of view [13]. The higher reaction rate achieved increased the surface 

hydrophilicity of the substrate and the thickness of polydopamine film, leading to a rougher surface 

compared to results obtained with lower temperatures. Moreover, the increase of the reaction 
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temperature had effects on the PDA particle size: previous results showed that PDA particles formed 

at 60oC were smaller compared to the ones formed at 20oC. Besides that, with higher temperature, 

less dopamine particles were found in the solution, indicating that most of them were consumed during 

the reaction [9]. 

 

VI. Effect of Oxidant Agent 

 

The dissolved oxygen has been widely used as an oxidant for the polymerization reaction of 

dopamine. However, in recent studies, other oxidant agents gained more relevance since the reaction 

could occur even in acidic conditions. For example, using ammonium persulfate or copper (II) 

sulphate, the reaction was carried out at pH 4 and the obtained PDA layer had a thicker film compared 

with the layer formed with oxygen as the oxidant, at the same conditions [34]. The use of copper ions 

(Cu2+) was reported by Bernsmann et al. and they showed that the thickness of PDA film could 

increase linearly with copper (II) sulphate as oxidant, compared to the saturated thickness achieved 

when using oxygen as oxidant [34]. Because melanin is capable to coordinate metal ions, this could be 

the reason why copper ions influence the growth of polydopamine films.  

Wei et al. showed that the use of sodium periodate (NaIO4) as oxidant agent increase the stability 

of PDA active layer and the cohesiveness between the polydopamine film and the substrate [29]. 

 

VII. Hydrothermal and Rapidly-Deposited Methods 

 

Besides the usual dip-coating method (standard method), there are other methods to achieve 

higher deposition rates (rapidly-deposited method) [13] or to perform the reaction under strong acidic 

conditions (hydrothermal method) [26]. 

In the rapidly-deposited method, the polymerization reaction occurs at 60oC with vigorous stirring 

(300 r.min-1) for a certain time. This method was reported by Zhou et al. and they used quartz crystal 

microbalance (QCM) chips as substrates, which were vertically placed into the preheated solution [13]. 

This orientation of the substrate in the dopamine solution allows the coating of the substrate in all 

surfaces and prevents the deposition of PDA particles from the solution on membrane surface. 

Besides that, the vigorous stirring prevents particle aggregation in the solution, protecting the support 

material. 

This technique tries to overcome the long-time reaction reported in several studies, which is at 

least several hours. In fact, they showed that 30 minutes is the time necessary for the deposition 

process. According to the results obtained through this method, no chemical changes were found in 

the polydopamine structure compared to the standard method. Moreover, the surface of PDA coated 

membranes with 30 minutes reaction time using the stir method showed similar morphology and 

hydrophilicity compared to the membranes prepared by standard method with 24 hours reaction time. 

Zheng et al. proposed the hydrothermal method, which allows the polymerization of dopamine 

under strong acidic conditions (pH ≈ 1) by adding hydrochloric acid (HCl) to the solution [26]. According 

to this method, the dopamine solution is kept in a Teflon-lined autoclave at 120oC or 160oC for 16 
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hours. Although the formation of polydopamine is not stimulated under acidic conditions, as described 

previously, the higher temperature and an extension of the reaction time (16 to 36 hours) could favour 

the formation of a PDA product. Moreover, the polymerization reaction may require OH● radicals, 

whose generation is promoted by hydrothermal conditions. 

This product showed similar morphology and chemical structure compared with the one obtained 

in a basic condition, but different isoelectric point (value between 2 and 3 compared with the value of 4 

described in the literature for alkaline conditions). This difference in the isoelectric point maybe is 

associated to different functional groups on the surface of the PDA product. 

 

VIII. Air/Water Interface 

 

The formation of polydopamine films at air/water interface with subsequently transfer to a 

substrate through Langmuir-Schaefer deposition (monolayer transfer to a substrate with horizontal 

deposition) was reported as another way to modified material surfaces [14]. In this method the solution 

was kept unstirred and the maximum reaction time was 3 hours, because for longer reaction times 

(more than 4 hours) some cracks appeared in the PDA film. These cracks showed that polydopamine 

films formed in these conditions are weak and their formation could be associated to the evaporation 

of water and the shear stress applied on the film by its own weight [14]. To overcome this problem, 

Yang et al. reported the formation of composite PDA membranes at air/water interface in the presence 

of a cross-linker of low molecular weight, polyethyleneimine (PEI, MW=600 Da) [35]. Due to the cross-

linking between PDA and PEI, the films obtained with this approach were free-standing, robust and 

with a thickness more than 80 nm. 

Results from ellipsometry, showed that PDA films formed at air/water interface were thicker than 

the PDA films formed at solid/liquid interface [14]. This is accordance with the known that at air/water 

interface, the concentration of oxygen is higher leading to higher rate of the polymerization reaction. 

 

IX. Stability of Polydopamine in Acidic and Alkaline Conditions 

 

From zeta potential results, it was reported that polydopamine nanoparticles are negatively 

charged under alkaline conditions (-34.2 mV) and positively charged under acidic conditions (+41.4 

mV) [29]. As a consequence, the exposure of polydopamine to an HCl or NaOH solution could cause 

the detachment of the PDA from the substrate surface, if the electrostatic repulsions are strong 

enough to break the noncovalent interactions between the dopamine oligomers. Besides that, it was 

shown that strong alkaline conditions (0.1M NaOH) caused much more detachment compared to 

strong acidic conditions (0.1M HCl) [29]. This is in accordance with the fact that in strong alkaline 

conditions each structural unit of PDA carries two negative charges (anionic species of catechol 

groups), in comparison with one positive charge carried by PDA in strong acidic condition (protonated 

amine groups). 
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1.2.5. Applications 

 

There are many applications regarding the use of polydopamine coatings. The most important 

applications and respective fields are summarized in table 4. 

 

Table 4 – Polydopamine coating applications and respective fields [20]. 

Field Applications 

Energy 

Batteries: Li-Ion Batteries and Dye-Sensitized Solar Cells 

Supercapacitors 

Catalysts: Electrocatalysts, Photocatalysts and Chemical Catalysts 

Biomedical Science 

Cells Adhesion, Encapsulating, and Patterning 

Toxicity Attenuation 

Antimicrobial 

Tooth Remineralization and Tissue Engineering 

Re-endothelialization of Vascular Devices 

In Vivo Cancer Diagnosis and Photothermal Therapy 

Bioimaging 

Drug Delivery 

Water Treatment 

Separation of Heavy Metals, Organic Pollutants and Bacteria from Water 

Water/Oil Separation 

Seawater Desalination 

Sensing/Biosensing 

Detection of Small Organic Molecules, Biomolecules and Heavy Metal Ions 

Molecular Imprinting Technique-Based Detection 

Colorimetric Detection 

 

 

Regarding polydopamine applications in the biomedical field, the approach is associated with 

secondary surface modification of the substrates coated with PDA. As described previously, this 

surface modification is possible due to the presence of many functional groups in polydopamine, 

which are active sites that could react with other compounds. Hence, the immobilization of 

biomolecules, such proteins, is possible and the examples reported in the literature are presented in 

figure 9 and described above [15]: 

 Immobilization of antibodies (IgG) to act like biosensors; 

 Incorporation of proteins for cell adhesion; 

 Optimization of implant surfaces due to immobilization of vascular endothelial growth 

factor (VEGF) to characterize the differentiation of mesenchymal stem cells to vascular 

endothelial cells; 

 Bovine serum albumin (BSA) was used to evaluate the protein adhesion capability on the 

films coated with PDA [12]. Besides that, it was reported the evaluation of BSA cytotoxicity 

on PC-12 cells; 

 Formation of antifouling surfaces by immobilization of polyethylene glycol (PEG); 
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 Development of blood compatible surfaces by immobilization of heparin on PE and PVDF 

substrates coated with PDA. 

 

 

 

 

 

1.2.6. Physicochemical and Structural Characterization 

 

The most characterized surface parameters in membranes coated with polydopamine are: 

hydrophilicity, hydrophobicity, thickness, chemical composition, functional groups, performance 

(rejection and permeance), morphology, stability, topography, charge, molecular weight, porosity and 

energy. 

The hydrophilicity and hydrophobicity are both characterized by the water contact angle, a 

measure of the membrane wettability and a parameter inversely proportional to hydrophilicity, which 

means that a contact angle of zero degree represents an ideal hydrophilic surface membrane. As 

described previously, the membranes coated with PDA became more hydrophilic, showing a 

decreasing in the contact angle. The water contact angle technique is also applied to characterize the 

membrane surface energy, an important parameter to estimate biocompatibility, wettability and 

membrane adhesive properties. As reported before, after coating with PDA, the membrane surface 

energy is higher due to stronger polar interactions in the active layer [9]. 

The surface thickness is an important parameter since it can affect the permeation flux of the 

membrane. Indeed, the higher the top layer thickness, the lower the flux.  The thickness is usually 

measured by AFM or spectroscopic ellipsometry. 

The surface chemical composition is usually measured by X-ray photoelectron spectroscopy 

(XPS), while the functional groups are described by attenuated total reflectance Fourier transform 

infrared spectroscopy (ATR-FTIR). The expected chemical composition and functional groups for 

Figure 9 – Polydopamine coating applications on the biomedical field. (Reprinted from ref.15) 
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membranes coated with polydopamine are represented in tables 5 and 6, respectively. The spectra for 

XPS and ATR-FTIR are represented in figures 10 and 11, respectively. From XPS results, the N/C 

range reported in the literature is 0.08-0.17, which includes the ratio of pure dopamine, 0.125 [10]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 6 – ATR-FTIR expected peaks for membranes coated with polydopamine. 

 

 

 

 

 

 

 

Region Peaks Description/Corresponding species 

C 1s 

CHx/C-NH2 The fraction of CHx/C-NH2 species is higher 

than C-O/C-N species, which is in 

accordance to the conversion of dopamine 

intermediate species. 

C-O/C-N 

C=O/C=N 
Intermediate species and their possible 

tautomers 

π-π* 
Intra- and intermolecular responses from the 

electronic system 

N 1s 

R-NH2 Dopamine 

R-NH-R Intermediate species and polydopamine 

=N-R Tautomeric species of intermediate species 

O 1s 
O=C Components found in dopamine (O-C only), 

intermediate species and polydopamine O-C 

Peaks Description 

≈ 1510 cm-1 N-H bending vibration 

≈ 1600 cm-1 
Overlapping of the C=C resonance 

vibration in the aromatic ring 

3600-3100 cm-1 N-H/O-H stretching vibrations 

Figure 10 – XPS spectra for a PDA film deposited after 10 
min of dip-coating. (Reprinted from ref. 19)  

 

Table 5 – XPS expected results for membranes coated with polydopamine. 
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The membrane cross-section structure and surface structure are usually characterized by field 

emission scanning electron microscopy (FESEM), exemplified by figure 12 (A). For surface roughness 

characterization and topography, a high resolution scanning probe microscopy is used to get profile 

surfaces in 3D, which is AFM (figure 12, B). As reported previously, the surface roughness is 

increased after coating with PDA due to its congregation and some PDA particles that are physically 

attached to the membrane surface. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The performance of nanofiltration membranes in terms of rejection and permeance is 

characterized by nanofiltration test cells. These two parameters can be calculated by equations 2 and 

3, as described previously. One of the simplest methods to get the rejection values is the use of high 

pressure liquid chromatography (HPLC) to test the samples collected from the nanofiltration cell. The 

Figure 12 – A) FESEM picture of the cross-section structure of PDA/Polysulfone (PS) composite membranes; B) 

AFM picture of PDA/Polysulfone (PS) membrane surface and the respective mean surface roughness (Ra). 

(Reprinted from ref. 31) 

 

A) B) 

Figure 21 – ATR-FTIR spectra for dopamine, 
polydopamine, PVDF membrane and PVDF/PDA 

composite membrane. (Reprinted from ref. 9) 
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area of the peaks for each solute is obtained and is inputted in the equation 3 as a concentration 

value. The flux is obtained from measurements of the permeate flow rate, using equation 1. 

The stability of the membranes is a very important factor since it is related with the longevity of the 

material. Usually, the stability of the membranes is tested using different strong organic solvents, for 

example, alcohol, dimethyl sulfoxide (DMSO) and dimethylacetamide (DMAC). A good stability in 

organic solvents is mandatory for OSN and it can affect the performance of the membrane, since the 

decrease in rejection could be explain by polymer swelling [1]. 

A resume of the most important parameters characterized in PDA coated membranes are 

represented in table 7. 

 

 

Table 7 – Characterization of PDA coated membranes and respective techniques. 

Characterization Technique 

Hydrophilicity/Hydrophobicity Water Contact Angle 

Surface Thickness AFM/Spectroscopic Ellipsometry 

Surface Chemical Composition XPS 

Surface Functional Groups ATR-FTIR 

Performance (Rejection and Permeance) Nanofiltration Test Cell 

Surface Morphology FESEM 

Surface Topography AFM 

Surface Roughness AFM 

Surface Energy Water Contact Angle 

Membrane Stability Dissolution Test 

Surface Charge or Zeta Potential Streaming Potential Method 

Porosity Cyclic Voltammetry (CV) 

Distribution of PDA Molecular Weight Gel Permeation Chromatography (GPC) 
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2. Methodology and Objectives 

 

 

The aim of this project was to fabricate a polydopamine composite membrane, using a 

polybenzimidazole (PBI) membrane with a non-woven polypropylene (PP) backing material as 

support. This approach intended to explore the use of fabricated lab scale membranes to be coated 

with polydopamine (PDA) instead of commercial membranes, reported previously.  

The thin film composite membranes were fabricated by dip-coating technique, using Tris as buffer. 

The reaction was catalysed by the oxygen present in the air or by adding sodium periodate (NaIO4) to 

the dopamine aqueous solution. The use of NaIO4 was an alternative approach, already reported in 

the literature, to accelerate the polymerization reaction, reducing the coating time. Overall, the reaction 

was conducted with some variable conditions: temperature; concentration of the reagents; coating 

time; oxidant agent; PBI DOPE solution concentration. The morphology of the resulted membranes 

were analysed using FESEM. The performance of PDA membranes was characterized by using a 

nanofiltration rig and an HPLC. The stability of the fabricated membranes was tested in two strong 

organic solvents: DMAC and DMSO. 
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3. Experimental Methods 

 

3.1. Materials, Reagents and Organic Solvents 

 

Dopamine hydrochloride (DA-HCl, 99%) and dimethyl sulfoxide (DMSO, 99%) were purchased 

from Alfa Aesar (Lancashire, England). Sodium periodate (NaIO4, ≥ 99.8%) and N,N-Dimethyl-

acetamide (DMAC, 99%) were purchased from Sigma-Aldrich (Dorset, England). 

Tris(hydroxymethyl)aminomethane (Tris Buffer, 99.8-100%) was purchased from Acros Organics 

(Leicestershire, England). All solutions were prepared with Type II deionized water and the solvents 

were used as received. The non-woven polypropylene (PP) membrane novatexx 2471MI, 300 mm 

thickness, was purchased from Freudenberg Filtration Technologies (Germany). The PBI 26% DOPE 

solution was purchased from PBI Performance Products Inc. (Derby, England). 

 

  

3.2. PDA Composite Membrane Fabrication 

 

3.2.1.  PBI Membrane Fabrication 

 

The PBI membrane is an ISA membrane and was prepared by phase-inversion technique, using a 

casting solution made of 26% PBI (26.2 wt%) and DMAC. In some experiments the concentration of 

the casting solution was changed to 15% or 20%, by dilution with the solvent (DMAC). It is important 

to notice that the preparation of the casting solution required prolonged stirring (70 rpm for at least 3 

hours) due to the viscosity of the polymer. After stirring, the DOPE solution was left at room 

temperature to settling for at least 5 hours. The steps for PBI membrane fabrication are the following: 

 

I. DOPE solution preparation; 

II. Casting using the polypropylene (PP) material as support; 

III. Precipitation in a deionized water bath (20 L) for 15 minutes; 

IV. Immersion in a deionized water bath until use. 

For membrane casting, the equipment used were an automatic film applicator 4340 and a casting 

knife 3580, both purchased from elcometer® (figure 13). The casting is usually characterized by two 

parameters: knife speed and thickness. The last one is adjusted in the casting knife and defines the 

thickness of the fabricated membrane. The knife speed has a range of values 1-11. The higher the 

viscosity of the dope solution, the lower will be the knife speed. In the case of 26% PBI, the knife 

speed was adjusted to 1, while for 20% and 15% the knife speed was adjusted to 6 and 8, 

respectively. 
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Figure 13 – Casting Machine. 

 

 

3.2.2.  Membrane Coating 

 

The PDA coated membrane was prepared by the most used method reported in the literature: dip-

coating in alkaline conditions (pH 8.5), using Tris as buffer and oxygen present in the air as the 

oxidant agent.  The use of NaIO4 was introduced as a consequence of its advantageous effects in the 

PDA formed films, described previously.  

Initially, this project used four different approaches of the same method to prepare the composite 

membrane: single dip-coating, double dip-coating, swapping and phase inversion. In the double 

coating technique, the membrane was transferred for a new fresh dopamine solution after a certain 

time. In the swapping technique, the membrane was initially immersed in the dopamine solution 

without buffer and oxidant and then, after a certain time, the membrane was immersed in a Tris 

solution with NaIO4. In the phase inversion technique, the bath for the precipitation of the casting 

solution was the dopamine buffered solution with the oxidant. 

According to optimization studies reported before, the concentrations of dopamine monomer and 

Tris buffer for the highest relative mass yield of polydopamine are 1 gL-1 and 3 gL-1, respectively [26]. 

These concentrations were used in the first experiments and for the sodium periodate was used a 

concentration of 0.005 gL-1.  

In all experiments, except for the phase inversion technique, the support membrane to be 

immersed in the dopamine solution was cut in a square piece of 10 cm × 10 cm. It is important to 

notice that the PBI sample cannot have any pin holes (usually formed during the casting), since they 

can affect the performance of the membrane when it is tested in the nanofiltration rig. The PBI sample 

was rinsed and washed carefully with deionized water before the dip-coating. The first experiments 

are summarized in the table 8. The experiments RTI11 and RTI15 were carried out with different 

supporting membranes: the first one just used the PP membrane to be coated and the second one 

used a PBI membrane that was cast without the PP support (casting on the glass surface). The use of 

different substrates is important to study their influence on the active layer formed after the 

polymerization reaction. The experiment RTI18 was the only one carried out with oxygen as the 

oxidant agent, instead of sodium periodate. 

 

 



 
 

35 

 

Table 8 – First experimental methods for the fabrication of PDA coated membranes. 

Membrane Technique Support 
Coating Time 

(days) 

Swapping Time 

(days) 

RTI4A Swapping PBI 20% (100 µm) 4 Variable 

RTI8 Dip-Coating PBI 26% (100 µm) 7 - 

RTI9 Double Dip-Coating PBI 26% (100 µm) 2 1 

RTI10 Double Dip-Coating PBI 26% (100 µm) 6 3 

RTI11 Dip-Coating PP 3 - 

RTI13A Dip-Coating PBI 15% (10 µm) 3 - 

RTI13B Double Dip-Coating PBI 15% (10 µm) 6 3 

RTI14 Phase Inversion PBI 26% (100 µm) 3 - 

RTI15 
Phase Inversion with 

Stirring 

PBI 26% (100 µm) w/o 

PP 
5 - 

RTI18 Dip-Coating w/o NaIO4 PBI 20% (250 µm) 1 - 

 

 

In the second set of experiments (table 9), the polymerization reaction was always performed with 

shaking (150 rpm) and, in some cases, at high temperature (60oC). Moreover, the concentration of the 

reactants was changed to the concentrations most used in the literature: 2 gL-1 for DA-HCl, 10 mM for 

Tris buffer and 5 mM for NaIO4. In all these experiments the membrane to be coated was PBI 20% 

(250 µm) with PP as supporting material. In these set of experiments the swapping techniques 

(Swapping II and Swapping III) were different compared to the previous one. In Swapping II, the 

membrane was initially immersed in a sodium periodate solution (5 mM) for a certain time and then 

immersed in a dopamine buffered solution. The Swapping III follows the same approach than 

Swapping II but in a reverse order. For the experiments at 60oC, the coating time is represented with 

one extra hour, which was spent to decrease the temperature of the reaction media to room 

temperature. The experiments were compared to a control membrane (RTI24), which is the PBI 

membrane without the PDA coating, with a permeation flux of 173,864 L m-2 h-1. For the experiments 

carried out at 60oC (RTI19 and RTI30), the membrane used as control was submitted to annealing 

with the same protocol used in those experiments: the PBI 20% (250 µm) membrane was immersed in 

a water bath for 1 hour at 60oC with shaking (150 rpm), plus 1 hour for decreasing the temperature. 

This control membrane corresponds to the experiment RTI33 and has a permeation flux of 137,755 L 

m-2
 h-1. 
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Table 9 – Second set of experiments for the fabrication of PDA coated membranes. 

Membrane Technique Temperature 
Coating Time in DA 

(hours) 

Coating Time in NaIO4 

(hours) 

RTI19 Dip-Coating w/o NaIO4 60oC 1+1 - 

RTI22 Swapping II Room T 24 4 

RTI23 Dip-Coating Room T 24 - 

RTI27 Swapping II Room T 72 121 

RTI29 Swapping III Room T 72 17.5 

RTI30 Dip-Coating 60oC 1+1 - 

RTI31 
Swapping III with Double 

Coating 
Room T 

49.5+48 (double 

coating) 
6.5 

 

 

 

3.3. Membrane Characterization 

 

3.3.1.  Nanofiltration Rig 

 

For performance characterization and screening, this project used a cross-flow mode nanofiltration 

rig, which is composed by two gear pumps GD-M35 from Micropump®, one HPLC pimp 305 Recon 

with a 100SC pump head, both from Gilson®. The nanofiltration rig step-up and the respective 

schematic diagram of the screening are represented in the figures 14 and 15, respectively. 

 

 

 

Figure 14 – Nanofiltration rig step-up used in the performance characterization. 
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Permeate 2

HPLC Pressurising Pump Inline Filter

Retentate

Cross-Flow Membrane Cross-Flow Membrane Recirculating Pump
Pressure Gauge

Feed Tank

Permeate 1

Permeate 2

HPLC Pressurising Pump Inline Filter

Retentate

Cross-Flow Membrane Cross-Flow Membrane Recirculating Pump
Pressure Gauge

Feed Tank

Permeate 1

 

 

Figure 15 – Schematic diagram of the nanofiltration screening. 

 

The experiment was conducted at room temperature and the pressure was set up to 10, 20 or 30 

bar. The feed tank contained a solution with acetone and 6 solutes (markers), with different molecular 

weights, which are represented in table 10. This feed solution was pumped into the membrane cell 

through the gear pump with a flow rate in a range value of 0.855-1,938 L min-1 (this values were 

obtained through the calibration curve of the gear pump, represented in Appendix I). The membrane to 

be tested was inserted in a membrane cell with a surface area of 0.00528 m2, but in some 

experiments, the membrane cell used had a surface area of 0.00196 m2.  The flow rate of the HPLC 

pump was set up in a range value of 50-90 mL min-1. Before testing, the system was subjected to 

conditioning during 1 hour, just with acetone in the feed tank. It is important to notice that the 

concentration in the system needs to be constant. For that, the feed tank was covered with Parafilm to 

prevent solvent loss.  

For each experiment, two samples were taken, one after conditioning with the markers solution 

(at least 6 hours) and the other one in the next day morning. The values for rejection and permeation 

flux corresponded to the second sample, because this one has more reproducibility, since the values 

for standard deviation are lower compared to the first sample. The conditioning of the membrane is 

very important to achieve a stable permeation flux and higher rejections, since the membrane suffers 

compaction during pressurization. 
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Table 10 – Markers and respective molecular weights (MW) for the feed solution. 

 

3.3.2. High-Pressure Liquid Chromatography (HPLC)  

 

The samples collected from the nanofiltration rig (permeate and retentate) were analysed in a 

HPLC column ACE 5-C18-300 (250×4.6 mm) and the rejections were calculated based in equation 3. 

The method used and the wavelengths for each marker are described in table 11 and 12, respectively. 

For each injection, it was used 10 m of the sample. 

 

 

 

 

 

 

 

 

Abbreviation Name MW (Da) Structure 

Tol Toluene 92.14 

 

DB Divnylbenzne 130.19 

 

DMP 2,4-Diphenyl-4-methyl-1-pentene 236.35 

 

CE Dibenzo-18-crown-6 360.4 

 

TT Trioctyl trimellitate 546.78 

 

M1 Bisoctrizole 658.87 

 

Time 

(min) 
Flow Rate (mL min-1) %A %B 

Initial 1 53 47 

5 1 53 47 

25 1 98 2 

40 1 98 2 

42 1 53 47 

55 1 53 47 

Table 11 – Method used in the HPLC column. A: 90/10 MeOH/THF; B: Water type I. 
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3.3.3.  Dissolution Test 

 

The dissolution test was used to test the stability of the fabricated membranes and was performed 

in two different polar aprotic solvents: DMSO and DMAC. The use of these two solvents was related 

with the fact that the PBI membrane is resistant to most of all organic solvents, except to those two. 

The membranes were cut into a small piece and inserted inside a vial with the solvent. Moreover, 

the dissolution test was also carried out just on the surface of the membrane to test the stability of the 

PDA active layer. Another two approaches were tried to test differences in terms of the membrane 

stability: annealing and/or PEGylation. In the case of annealing, the membrane sample was put inside 

the oven for a certain time at 100oC. In the PEGylation approach, a PEG/IPA solution with a ratio of 

1:1 was prepared and used to immerse the membrane inside it. Then the membrane was left in the 

solution for 4 hours in the magnetic hotplate stirrer at 250 rpm. All the results from the stability test 

were obtained after 24 hours of immersion in the organic solvents. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Marker Wavelength (nm) 

CE 275 

Tol 250 

DB 

240 
DMP 

TT 

M1 

Table 12 – Solutes analysed in HPLC and respective wavelengths. 
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4. Results and Discussion 

 

4.1. PDA Coated Membrane Fabrication and Characterization 

 

4.1.1.  Swapping Technique: RTI4 

 

The first polydopamine coated membrane was fabricated by using the swapping technique. By 

immersing the membrane in a dopamine solution and then swapping to sodium periodate buffered 

solution, this method tried to overcome the problem that the polymerization reaction starts immediately 

when the dopamine monomer is within an alkaline environment. The total coating time was 4 days 

with variable swapping times: the membrane was immersed in dopamine solution in the morning and 

the swapping was performed in the evening. The results obtained are represented in figure 16. 

 

   

 

 

 

 

 

 

 

As expected, the results showed a change of colour from light brown to dark brown, which is 

associated to the formation of a PDA film on membrane surface. Moreover, the coating time affects 

the PDA layer formed: longer coating times will lead to more polydopamine formed on membrane 

surface. Although the coating was successful, the membrane surface was not homogeneous due to 

the presence of some black spots, and the colouration was not equal in the entire surface. 

The nanofiltration rig testing demonstrated that this PDA coated membrane is a very loose 

membrane, since there was no retentate without pressure (0 bar). This means that all feed passes 

through the membrane without applying any pressure to the system.  

From the dissolution test, this membrane was not stable in both solvents used (DMAC and 

DMSO). 

 

 

 

 

B) A) 
A) B) C) 

Figure 16 – RTI4 coated membrane: A) RTI4 after 1 day; B) RTI4 after 2 days; C) RTI4 after 3 days. 
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4.1.2.  Single and Double Dip-Coating Techniques: RTI8, RTI9, RTI10 and RTI11 

 

The experiments carried out with PBI 26% (100 µm) membranes were not tested in the 

nanofiltration rig, because all the membranes (RTI8, RTI9 and RTI10) cracked while trying to cut them. 

This problem could be associated to the increased of rigidity after coating with polydopamine. After 

one day of dip-coating the membranes became darker (figure 18) and, with longer coating times, it 

was possible to see PDA particles in the reaction media (figure 18, B). These particles resulted from 

the congregating of PDA. Like the previous experiments with the swapping technique, the membranes 

coated were not homogeneous (figure 18, C). The coating on polypropylene (PP) membrane was not 

successful (figure 17) and the reason could be related with the fact that PP is highly hydrophobic, 

which may induce weak interaction with PDA. 

 

 

 

         Figure 17 – RTI11 coated membrane after 1 day. 

 

 

 

 

 

 

 

 

 

 

The results from the dissolution test are shown in the table below for RTI9 membrane. The 

polydopamine itself is more stable than the coated membrane, since the membrane surface, where is 

it the PDA film, remained intact or partially dissolved compared with the dissolved small pieces of the 

whole membrane inside the organic solvent. 

 

 

A) C) B) 

Figure 18 – RTI8 and RTI9 coated membranes: A) RTI9 after 1 day; B) RTI8 after 1 day; C) RTI9 surface after 1 day.  
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Table 13 – Dissolution Test for RTI9 coated membrane after 1 day. 

 Small Piece On the surface 

DMAC Dissolved Partially Dissolved 

DMSO Dissolved Intact 

 

 

4.1.3.  Single and Double Dip-Coating Using a Different Support: RTI13A and 

RTI13B 

 

In these two experiments this project tried to overcome the problem of membrane cracking by 

using a different PBI membrane to be coated (PBI 15%, 10 µm), less rigid and thinner. The RTI13A 

membrane (single dip-coating technique) had a permeation flux of 612.78 L.m-2.h-1 and the results 

from the nanofiltration rig testing showed low rejection values, represented in figure 19. However, 

these values are better compared to the control membrane, which is just the PBI membrane without 

the polydopamine coating, since this membrane did not have any retentate without pressure in the 

system. It is reported that thicker and denser skin layers resulting in higher rejections and lower 

permeabilities [1]. This fact can explain the low selectivity and high permeability obtained for this 

membrane. 

The use of the double dip-coating technique (RTI13B membrane) tried to improve the 

performance of RTI13A membrane, but, unexpectedly, the membrane was very loose like the control 

one. The damage of the membrane during the second reaction step could be the cause for the 

decreasing of membrane performance with the double dip-coating technique.  

 

 

 

 

 

 

Figure 19 – Rejection performance of RTI13A coated membrane for different 
markers, according to their molecular weights. Pressure: 10 bar; HPLC pump flow 
rate: 75 mL min-1; Gear pump flow rate: 1.938 L min-1. 
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The stability of RTI13A membrane was tested with annealing and/or PEGlytation (table 14).  The 

results from the dissolution test showed that the PDA coated membrane RTI13A was not stable in 

both solvents as happened with the control membrane (RTI12). In the samples 2 and 3 still remained 

some black spots (PDA particles) in the PP support, suggesting that the annealing had a little 

influence in the stability of the membrane.  

 

 

 

Sample Description DMSO DMAC 

1 RTI13A in PEG/IPA solution Dissolved Dissolved 

2 RTI13A in PEG/IPA solution + Annealing Dissolved Dissolved 

3 RTI13A + Annealing Dissolved Dissolved 

4 RTI13A Dissolved Dissolved 

5 RTI12 (Control) + Annealing Dissolved Dissolved 

 

 

4.1.4.  Phase-Inversion Technique: RTI14 and RTI15 

 

 

As described before, in the phase-inversion technique the bath for precipitation of the casting 

solution corresponded to a dopamine buffered solution with the oxidant agent (NaIO4). In this 

approach the PBI membrane precipitation and the dopamine polymerization reaction started at the 

same time. The two membranes fabricated with this technique were coated on a PBI 26% (100 µm) 

membrane, one with PP support (RTI14) and the other one without the support (RTI15). The support 

removal tried to increase the membrane stability by forming a PDA film on both sides of the PBI 

membrane. Moreover, in the RTI15 experiment was used stirring (200 rpm) to improve the 

homogeneity of the dopamine solution during the reaction, which is affected by PDA particles, 

previous represented in figure 18 (B).  

 

 

        Figure 20 – RTI14 coated membrane. 

 

 

Table 14 – Dissolution Test for RTI13A coated membrane after 1 day. The samples with annealing were left 

inside the oven for 30 min at 100oC. 
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The rejection performance of RTI14 membrane is lower than the correspondent PBI membrane 

without the PDA coating (figure 21), specially for the markers with higher molecular weight (TT and 

M1). The permeation flux had a value of 4.038 L m-2 h-1, which is much lower compared with 43.182 ± 

1.607 L m-2 h-1 of the control membrane. 

 

 

 

 

 

The dissolution test (table 15) corroborated the previous idea that the PDA film formed on 

membrane surface is more resistant to both organic solvents than the membrane itself. After 4 hours 

of immersion in both organic solvents, the sample 1 was almost intact compared to the other samples. 

This showed again that the annealing had a little influence in the stability of the membrane, but after 

24 hours the results were very similar with and without annealing. 

 

 

 

 

 

 

 

 

In RTI15 experiment, this project tested the stability of the membrane with annealing, but with 

different times in the oven (table 16). After 5 days, the membrane became darker and more rigid, but 

the membrane surface was not homogeneous and had a few black spots. Moreover, all vial samples 

from the dissolution test had a few black particles that did not dissolve in the solvent. This means 

again that polydopamine is stronger than PBI polymer, but in these cases was not strong enough to 

preserve the membrane inside the organic solvent. 

Sample Description DMSO DMAC 

1 RTI14 + Annealing (2 hours) Dissolved Dissolved 

2 RTI14 Dissolved Dissolved 

3 RTI14 + Annealing (3 hours) Dissolved Dissolved 

4 RTI14 (on the surface) Intact Intact 

Table 15 – Dissolution test for RTI14 coated membrane after 1 day. The 

annealing was performed inside the oven at 100oC. 

Figure 21 – Rejection performance comparison between RTI14 coated membrane 
and the control membrane (PBI uncoated membrane). Pressure: 30 bar; HPLC pump 
flow rate: 50 mL min-1; Gear pump flow rate: 1.009 L min-1. 
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Compared to RTI14 membrane, this membrane had longer coating time and the PBI membrane 

coated did not have the PP support. The rejection performance was much lower compared to RTI14 

(figure 23), but the permeation flux was a little bit higher with a value of 7.615 L m-2 h-1. Moreover, the 

surface of the membrane was not stable in DMAC and DMSO (table 16, sample 6). These results 

demonstrated that the support has influence in the behaviour of the membrane in terms of 

performance and stability. 

 

 

Sample Description DMSO DMAC 

1 RTI15  Partially Dissolved Dissolved 

2 RTI15 + Annealing (15 min) Dissolved Dissolved 

3 RTI15 + Annealing (30 min) Partially Dissolved Dissolved 

4 RTI15 + Annealing (45 min) Dissolved Partially Dissolved 

5 RTI15 + Annealing (1 hour) Dissolved Dissolved 

6 On the surface Dissolved Dissolved 

 

 

 

 
Figure 23 – Rejection performance comparison between RTI15 coated membrane 
and the control membrane (PBI uncoated membrane). Pressure: 30 bar; HPLC pump 
flow rate: 50 mL min-1; Gear pump flow rate: 1.009 L min-1. 

 

Figure 22 – RTI15 coated membrane at the beginning 
of the polymerization reaction. 

Table 16 – Dissolution test for RTI15 coated membrane after 1 day. The annealing was 

performed inside the oven at 100oC. 
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4.1.5.  Dip-Coating without Oxidant Agent: RTI18 and RTI19 

 

These two experiments were made with the purpose to see how the oxidizing agent influences the 

polymerization reaction. Both were fabricated by dip-coating, using a PBI 20% (250 µm) membrane. In 

RTI18 experiment, the reaction was performed at room temperature with a coating time of 1 day, while 

in the RTI19 membrane the reaction was performed at 60oC with a coating time of 2 hours. These two 

membranes were not tested in the nanofiltration rig, because both did not show a homogeneous 

surface. Moreover, in the RTI19 experiment a small piece came out from the solution due to the 

shaking and high temperature. This small piece (RTI19B) appeared darker than the rest of the 

membrane (RTI19A), which reveals that the oxygen plays an important role in the polymerization 

reaction. This difference is showed by the dissolution test, since the small piece behaved slightly 

different in both solvents compared with the rest of the membrane. The fact that RTI19B sample is 

darker and showed more stability is associated with the presence of oxygen in the air, in which the 

concentration is higher compared to the dissolved oxygen in the reaction media. The oxygen 

accelerates the polymerization reaction and, as a consequence, the amount of PDA formed on the 

membrane surface will be higher.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Small Piece On the Surface 

DMSO Dissolved Intact  

DMAC Dissolved Partially Dissolved 

Sample Solvent Small Piece On the Surface 

RTI19A 
DMSO Dissolved Intact 

DMAC Dissolved Intact 

RTI19B 
DMSO Dissolved* Intact 

DMAC Dissolved* Intact 

Table 17 – Dissolution test for RTI18 coated 

membrane after 1 day. 

Table 18 – Dissolution test for RTI19 coated membrane after 1 

day. *The membrane is dissolved but there are some PDA 

particles on the membrane surface. 
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4.1.6.  Swapping II: RTI22 

 

This experiment introduces a new swapping technique (swapping II), in which the membrane is 

first immersed in a sodium periodate solution for a certain time and then swapped into a dopamine 

buffered solution. With this approach the oxidizing agent is incorporated inside the pores of the 

membrane prior to the polymerization reaction. The results obtained from the dissolution test and 

rejection performance are shown in table 19 and figure 24, respectively. This membrane showed poor 

stability and low performance. Moreover, the permeation flux decreased to 3,693 L m-2 h-1 in 

comparison with the control membrane. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Small Piece On the Surface 

DMSO Dissolved* Intact 

DMAC Dissolved* Intact 

Table 19 – Dissolution test for RTI22 coated 

membrane after 1 day. * The membrane is 

dissolved but with some dark spots on 

membrane surface. 

Figure 24 – Rejection performance comparison between RTI22 coated membrane 
and the control membrane (PBI uncoated membrane). Pressure: 10 bar; HPLC 
pump flow rate: 90 mL min-1; Gear pump flow rate: 0.855 L min-1. 
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4.1.7. Dip-Coating with Oxidant Agent: RTI23 

 

This membrane was prepared by dip-coating with a reaction time of 24 hours and using sodium 

periodate as oxidant agent. This approach is similar compared with RTI18 experiment, described 

previously, with the difference that, in this case, the reaction was performed with shaking (150 rpm) 

and sodium periodate was added to the reaction media. As expected, this membrane showed a darker 

surface (figure 25), due to its faster polymerization reaction. Besides that, the membrane surface of 

RTI23 was more homogeneous compared to RTI18 experiment. In fact, the shaking seems to have an 

important influence in terms of homogeneity of the membrane surface.  

 

 

 

 

In terms of performance, this membrane showed poor selectivity (figure 26) and lower permeation flux 

(10,227 L m-2 h-1), compared to the control membrane. Moreover, this membrane was not stable in 

both organic solvents used (table 20). 

 

 

 

 

 

 

 

 

 

 

 

 
Small Piece On the Surface 

DMSO Dissolved* Intact 

DMAC Dissolved* Intact 

Figure 25 – RTI23 coated membrane. 

 

Table 20 – Dissolution test for RTI23 coated 

membrane after 1 day. * The membrane is 

dissolved but with some dark spots on 

membrane surface. 
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4.1.8. Swapping II: RTI27 

 

This membrane was prepared with the same methodology applied to RTI22 experiment, but with 

longer coating times in both dopamine buffered and sodium periodate solutions. As RTI22 membrane 

did not have good results in terms of performance and stability, with longer coating times, this 

experiment tried to achieve better results in these two characterization factors.  

 

 

 

 

The dissolution test showed very good results in both organic solvents. After one day, both 

solvents presented coloration, but the membrane still remained intact (figure 28, A and B). This 

coloration could be related with the removal of residues from the membrane surface like PDA particles 

that were non-covalently attached to it. After 2 days, there was no coloration and the membrane was 

intact (figure 28, C and D). This proved that this membrane is stable in both DMAC and DMSO 

solvents. 

 

  

Figure 26 – Rejection performance comparison between RTI23 coated membrane 
and the control membrane (PBI uncoated membrane). Pressure: 10 bar; HPLC pump 
flow rate: 90 mL min-1; Gear pump flow rate: 0.855 L min-1. 

 

Figure 27 – RTI27 coated membrane. 
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Regards to the rejection performance, this membrane showed poor results compared to the 

control membrane (figure 29). In fact, good membrane stability does not necessarily lead to a good 

membrane performance. Because the membrane is very stable and probably very compact, the 

permeation flux has a very low value of 6,122 L m-2 h-1. 

 

 

 

 

4.1.9. Swapping III: RTI29 

 

In this experiment, the membrane was prepared by swapping III technique. As described 

previously, in this method the membrane is initially immersed in a dopamine buffered solution for a 

certain time and then swapped to sodium periodate solution for another certain time. This experiment 

followed the same approach described in the literature [29], but with different reaction times. Because 

the oxidant agent (NaIO4) was not incorporated in the pores of the membrane like in the swapping II 

method, the polymerization reaction starts in the reaction media and follows onto the membrane 

D) C) B) A) 

Figure 29 – Rejection performance comparison between RTI27 coated membrane 
and the control membrane (PBI uncoated membrane). Pressure: 10 bar; HPLC 
pump flow rate: 90 mL min-1; Gear pump flow rate: 0.855 L min-1. 

 

Figure 28 – Dissolution test of RTI27 coated membrane: A) After 1 day; B) Membrane surface after 1 day (Left: 
DMSO, Right: DMAC); C) After 2 days; D) Membrane surface after 2 days (Left: DMSO, Right: DMAC). 
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Figure 30– RTI29 coated membrane surface. 

 

surface. Moreover, the shaking allowed the viewing of PDA particles that were forming on membrane 

surface, as it is represented in figure 30. 

 

 

 

 

The rejection performance of this membrane is shown in figure 31. Unlike other experiments, 

these results were obtained and compared with the first sample taken from the nanofiltration rig, which 

has less reproducibility compared to the second sample (the error bars shown in figure 31 are greater 

compared with the error bars in the second sample, showed in the previous experiments). This 

membrane presents good selectivity, with rejections higher than the control membrane for all the 6 

markers. However, this membrane has lower permeance, with a permeation flux value of 48,864 L m-2 

h-1, compared to the control membrane (259,091 L m-2 h-1). Both permeation fluxes were compared 

again with the first sample. 

 

 

 

 

 

Although this membrane has good selectivity, it is not stable in DMAC and DMSO (figure 32). But an 

improvement is noticeable compared to the control membrane, since this membrane after 1 day 

immersed in both solvents, was just partially dissolved (figure 32, A and B). 

Figure 31 – Rejection performance comparison between RTI29 coated membrane 
and the control membrane (PBI uncoated membrane). Pressure: 10 bar; HPLC 
pump flow rate: 90 mL min-1; Gear pump flow rate: 0.855 L min-1. 
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4.1.10. Dip-Coating at 60oC: RTI30 

 

In this experiment, PDA coated membrane was prepared by the rapidly-deposited method, which 

is performed at 60oC to accelerate the polymerization reaction and consequently the deposition of the 

polydopamine film. In terms of performance, this was the best membrane produced, with rejections 

higher than the control membrane and with values around 98% for the 2 markers with higher 

molecular weight (figure 33). 

 

 

 

 

 

Although high selectivity, this membrane showed poor stability in both organic solvents (figure 34). 

The permeation flux had a value of 38,636 L m-2 h-1. 

 

 
A) 

 
C) 

 

D) 

 
B) 

Figure 33 – Rejection performance comparison between RTI30 coated membrane 
and the control membrane (PBI uncoated membrane). Pressure: 10 bar; HPLC pump 
flow rate: 90 mL min-1; Gear pump flow rate: 0.855 L min-1. 

 

Figure 32 – Dissolution test of RTI29 coated membrane: A) After 1 day; B) Membrane surface after 1 day (Left: DMAC, 
Right: DMSO); C) After 2 days; D) Membrane surface after 2 days (Left: DMSO, Right: DMAC). 
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4.1.11. Swapping III with Double Coating: RTI31 

 

The preparation of this membrane was based in 3 different steps: 2 steps for the swapping III 

technique and one step for double coating, i.e., after the swapping method the membrane was 

immersed in a buffered solution with the reactant monomer (dopamine) and with the oxidant agent 

(NaIO4).  

Besides the rejection performance was very poor compared to the control membrane (figure 35) 

and with a permeation flux of just 2,525 L m-2 h-1, this experiment showed good results in the stability 

test.  

 

 

 

 

 

Figure 34 – Dissolution test of RTI30 coated membrane: A) After 1 day; B) Membrane 
surface after 1 day (Left: DMSO, Right: DMAC. 

 

 

Figure 35 – Rejection performance comparison between RTI31 coated membrane 
and the control membrane (PBI uncoated membrane). Pressure: 10 bar; HPLC 
pump flow rate: 90 mL min-1; Gear pump flow rate: 0.855 L min-1. 

 

A) B) 
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In fact, after 3 days immersed in both organic solvents, the membrane showed stability only in DMAC 

(figure 36). 

 

 

 

 

4.2. Membrane Morphology: FESEM 

 

Field Emission Scanning Electron Microscope (FESEM) images were taken with a FEI Quanta 

200 (E)SEM. The membrane samples were silver-sputtered to prevent charging. The results showed 

that the coating with polydopamine changes the structure and/or the surface of the PBI membrane.  

 

 

 

Based on figure 37, the PBI uncoated membrane is not homogeneous, presenting some 

irregularities, and the respective cross section area is constituted by macrovoids due to thickness of 

the membrane (250 µm) and the way that it was prepared (phase-inversion technique). 

The membranes chosen to analyse the morphology and to do the comparison between them and 

the control membrane (PBI uncoated membrane) were RTI27 and RTI30 experiments. The choice 

was based in the fact that these were the best membranes prepared, one because of its stability in 

A) E) B) D) C) 

Figure 37 – FESEM image of the RTI24 membrane (PBI uncoated membrane): A) Surface; B) Cross section. 

 

Figure 36 – Dissolution test of RTI31 coated membrane: A) After 1 day; B) Membrane surface after 1 day (Left: DMSO, 

Right: DMAC); C) After 2 days; D) Membrane surface after 2 days (Left: DMAC, Right: DMSO); E) After 3 days. 

B) A) 
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two strong organic solvents (DMAC and DMSO), RTI27, and the other one because of its rejection 

performance, RTI30. 

 

 

 

 

 

 

 

 

Based on the figures shown above, it is evident that the two PDA coated membranes have 

different aspects in terms of the PBI polymer structure and membrane surface. The membrane 

prepared by swapping II technique (RTI27) presents more changes in the polymer structure compare 

to the control membrane, while the membrane prepared by dip-coating at 60oC (RTI30) presents more 

changes on its surface. This difference is probably related with the fact that in RTI27 experiment the 

polymerization reaction starts within the pores of the membrane and that is why the structure is altered 

and compact. The opposite happens in the RTI30 experiment, where the reaction starts on the surface 

of the membrane leading to the formation of many PDA particles that adhered to the surface. 

 

A) B) 

B) A) 

Figure 38 – FESEM image of the RTI27 coated membrane: A) Surface; B) Cross section. 

 

Figure 39 – FESEM image of the RTI30 coated membrane: A) Surface; B) Cross section. 
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5. Conclusion and Future Work 

 

The aim of this project was to improve the performance and stability of a PBI membrane by 

coating with polydopamine. The different composite membranes produced showed that the coating 

with PDA was successful, corroborated by the colour changing from light brown to dark on the 

membrane surface and, later, by FESEM images of the coated membrane surface and cross section. 

The self-polymerization of dopamine and its adhesion to PBI membrane made significant changes in 

the supporting membrane, in terms of stability and performance (rejection and permeation flux). 

Based on performance results and dissolution test, two membranes were chosen as good 

candidates to be tested in FESEM due to their high performance (RTI30) and high stability (RTI27). 

Those images demonstrated that the preparation of the membrane is very important to achieve a 

specific goal. Moreover, a stable membrane is not always good in terms of rejection performance and 

permeation flux. For instance, the good stability of RTI27 membrane was related with the structure of 

the membrane: the macrovoids of the PBI support membrane were filled with PDA particles, which 

gave stability to the composite membrane. On the other hand, the good rejection performance of 

RTI30 was related with the membrane surface that was altered by the PDA film, formed during the 

polymerization reaction of dopamine. 

Two conclusions can be drawn from these results: the stability of the membrane was improved 

because PDA aggregates were filled in the macrovoids of the membrane but, in this case, the 

performance was negatively affected probably due to the destruction of the active layer of the support 

membrane; the rejection performance was improved due to the formation of a PDA film on the 

membrane surface (probably the active layer of the membrane), but the stability remained the same 

since there was no alteration in the structure of the membrane (the macrovoids were unchanged). 

Based on permeation flux measurements, a tendency was revealed: compact and stable 

membranes presents lower permeation flux compared with loose membranes and those are not so 

stable. Moreover, the compaction and rigidity were greater in the membranes that were prepared with 

longer coating times. The permeation flux was also affected by the concentration of the PBI polymer, 

since the membranes with lower polymer concentration showed higher permeation fluxes (values in 

the order of hundreds) compared with the ones with higher concentration (values in the order of tens).  

According to this research project, the PDA coated membranes appear to be a promising material 

for organic solvent nanofiltration processes. The challenge will be to find the appropriate method that 

combines both parameters wanted: stability and performance. The ideally case will be the preparation 

of a PDA composite membrane with an active layer formed by PDA aggregates, without compromising 

the structure of the membrane. Following this line of thought, one of the future works that could be 

made is the implementation of the polymerization reaction in the casting of PBI membrane. Hence, the 

PDA particles will be formed already within the structure of the supporting membrane, not 

compromising its functionality.  
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Besides this approach, it is important more research in order to improve the work carried out on 

this project: 

  

 Detail research on the effect of temperature, concentration, pH and coating time on 

polymerization reaction of dopamine; 

 Preparation of PDA coated membranes in different support materials; 

 Use of different oxidant agents and buffered solutions on  dopamine polymerization reaction 

and study their influence in the process; 

 Chemical analysis: ATR-FTIR and XPS; 

 Use DMAC and DMSO as organic solvents on the performance characterization analysis. 
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Appendix I: Calibration of Gear Pump 
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R² = 0.9992

0

500

1000

1500

2000

2500

3000

3500

4000

0 2 4 6 8 10 12 14 16 18 20 22 24 26

Callibration of Gear Pump

Callibration of gear pump

Linear (Callibration of gear pump)

Index 

F
lo

w
 R

a
te

 (
m

L
/m

in
) 


	Abstract
	Resumo
	List of Abbreviations

