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Thin Film Polyamide Membranes with Photoresponsive 

Antibacterial Activity 

Phuoc H. H. Duong,[a, b] Pei-Ying Hong,[c] Valentina Musteata,[a] Klaus-Viktor Peinemann,[b] and Suzana 

P. Nunes*[a] 

Abstract: Membranes containing a photosensitizer molecule as part 

of the selective layer are proposed with demonstrated anti-biofouling 

activity. For the membrane preparation, mixtures of an amine-

functionalized photosensitizer molecule, (5,10,15,20-(tetra-4-

aminophenyl)porphyrin) and  m-phenylene diamine (MPD) reacted 

with trimesoyl chloride (TMC) by interfacial polymerization to form 

thin polyamide films on top of an asymmetric porous support. A 

highly permeable membrane (35.4 Lm
-2
h

-1
bar

-1
) with 99% rejection of 

Brilliant Blue R (826 g/mol) was obtained using 0.25 wt% porphyrin 

and 0.75 wt% MPD as amine monomers. Under visible light 

exposure, singlet oxygen (
1
O2) is generated in the porphyrin 

containing-polyamide film, reaching the bacteria in the feed by 

diffusion and enhancing the biofouling resistance and anti-microbial 

activity.  Anti-biofouling and anti-microbial photoactivity in solution 

are demonstrated on Staphylococcus aureus at different porphyrin 

concentrations and light exposure time.  

Wastewater treatment has drawn great research efforts due to 

the lack of clean water in many countries and the need for reuse. 

Membrane filtration technologies (i.e., microfiltration, 

ultrafiltration, nanofiltration,[1] reverse osmosis,[2] forward 

osmosis[3]) have become the most efficient and effective 

techniques for contaminated water purification to produce high-

quality clean water. Thin film composite membranes consisting 

of a thin polyamide film[4] as a selective skin deposited on an 

ultrafiltration membrane support are regularly used for 

membrane-based wastewater treatment because of the high 

permeability and selectivity properties of the polyamide film. 

However, membrane fouling still remains one of the major 

encountered problems of using thin film composite membranes 

for wastewater treatment because of the high surface roughness 

and relatively low hydrophilicity of the polyamide film. Fouling 

can dramatically reduce the membrane performance, increasing 

energy consumption, and shortening the membrane lifetime. 

Fouling is caused by the undesirable deposition of inorganic 

(inorganic fouling or scaling), organic (organic fouling), 

colloidal/suspended particles (colloidal fouling), and microbial 

species (biofouling) on the membrane surfaces or into the 

membrane pores. Treatment of biofouling is a complicated and 

costly process because of the fast growth and irreversible 

adhesion of the microorganisms on the membrane surface.[5] 

Common strategies to eliminate the biofouling in the 

membrane filtration process are (i) to reduce the microorganism 

concentration in the feed by preliminary treatment of the feed to 

decrease contents of bacteria and nutrients, (ii) to develop novel 

biofouling resistant membranes, and (iii) to use effective 

membrane cleaning technique.[6] Conventionally, feed pre-

treatment and chemical membrane cleaning are commonly 

used.[7] However these methods are costly and cannot eliminate 

biofouling due to the strong, rapid adhesion and growth of 

microorganisms. In addition, the presence of aggressive 

chemicals may cause fast degradation of membranes. The most 

promising approach for biofouling mitigation would be to avoid 

the early stages of microbial attachment and growth by 

chemically tailoring the membrane surfaces. In recent decades, 

several approaches were investigated, including the use of new 

polymeric membrane materials,[8] poly(2-hydroxyethyl 

methacrylate) (PHEMA),[9] silver ions/nanoparticles,[10] copper 

ions/nanoparticles,[11] TiO2 nanoparticles,[12] polycations,[13] 

zwitterionic polymers,[14] carbon-based materials such as 

graphene oxide and carbon nanotubes,[15] or nanocomposites.[16] 

A good alternative for membrane fouling reduction would be the 

development of novel membranes having antimicrobial 

photoactivity. This type of membranes should contain 

photosensitizer molecules on the surface, which produce singlet 

oxygen (1O2) under light exposure that may effectively destroy 

microorganisms.  
 

 

Figure 1. Schematic illustration of (a) the formation of singlet oxygen (
1
O2) of 

porphyrins and (b) antibacterial mechanism of the porphyrin-incorporated 

membrane.  

[a] Dr. P. H. H. Duong, Dr. V. Musteata, Prof. Dr. S. P. Nunes  

       King Abdullah University of Science and Technology (KAUST), 

Biological and Environmental Science and Engineering 

Division (BESE), Thuwal, 23955-6900, Saudi Arabia 

E-mail: suzana.nunes@kaust.edu.sa 

[b] Dr. P. H. H. Duong, Prof. Dr. K. V. Peinemann  

King Abdullah University of Science and Technology (KAUST), 

Advanced Membranes and Porous Materials Center, Thuwal, 23955-

6900, Saudi Arabia 

[c] Prof. Dr. P. Y. Hong 

       King Abdullah University of Science and Technology (KAUST),   

      Water Desalination and Reuse Center, Thuwal, 23955-6900,  

      Saudi Arabia 

 

 Supporting information for this article is given via a link at the end of 

the document. 



COMMUNICATION          

 

 

 

 

Porphyrins are attractive photosensitizer molecules 

extensively available in nature. Moreover, various types of 

chemically synthesized and modified porphyrins are well-

developed and understood. A porphyrin contains a heterocyclic 

tetrapyrrole unit (called porphine) and different meso-

substituents. Under the irradiation of light, porphyrins absorb 

energy to reach the S1 excited state and then go through an 

intersystem to the T1 excited state and return to the original 

ground state (S0), which transfers the absorbed energy to the 

triplet oxygen (3O2) and then generate a large amount of singlet 

oxygen (1O2), that effectively kills microorganisms (Figure 1 a). 

Porphyrins have been commonly used as photosensitizers to 

produce singlet oxygen (1O2) for various photodynamic 

applications such as cancer therapy[17] and anti-bacterial 

treatments.
[18] Singlet oxygen is not involved in the degradation 

of polyamide membrane.[19] Hence, the presence of porphyrins 

in polyamide-based membrane filtration technology would 

increase the disinfection ability with no harm to the polyamide 

membrane. 

Developing membranes combining the advanced properties 

of polyamide thin films and porphyrin photosensitizer may 

provide a promising membrane for wastewater purification.
[20] 

Here we demonstrate a new strategy to develop a highly 

permeable nanofiltration membrane containing porphyrin to 

provide antimicrobial photoactivity (Figure 1 b). A derivative of 

porphyrin, 5,10,15,20-(tetra-4-aminophenyl)porphyrin, was 

polymerized with m-phenylene diamine (MPD) and trimesoyl 

chloride (TMC) via interfacial polymerization to form a mixed-

polyamide film (porphyrin/MPD) as shown in Figure S1 on a 

polyetherimide (PEI) ultrafiltration support. Polyamide 

membranes with varying porphyrin/MPD concentrations were 

investigated. The membrane fabricated with higher porphyrin 

concentration exhibits a thinner polyamide film with higher 

permeance and more significant anti-microbial photodynamic 

effects on Staphylococcus aureus. The membranes exhibit high 

water permeance and good selectivity, higher porosity due to the 

heterocyclic tetrapyrrole unit of porphyrin, biofouling resistance 

and anti-bacterial effect, given by the photosensitizing property 

of porphyrin. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. FESEM of porphyrin/MPD polyamide layers on PEI support. 

Figure 3. TEM images of free-standing polyamide films, using different 

porphyrin/MPD concentrations: (a) 0/1, (b) 0.25/0.75, and (c) 1/0.   

The surface morphology of polyamide films derived from 

different porphyrin/MPD concentrations deposited by interfacial 

polymerization on PEI support is compared in Figure 2. 

Continuous and defect-free crumpled nodular films were well 

deposited on the support under fabrication conditions with 0/1, 

0.05/0.95, or 0.25/0.75 (w/w) porphyrin/MPD concentrations.  

The polyamide film derived from 1/0 (w/w) porphyrin/MPD has 

uniform smooth surface but was discontinuous. This is probably 

due to steric reasons, being difficult to form a continuous film by 

exclusively reacting the bulky porphyrin blocks with small TMC 

molecules. The TEM images of polyamide films prepared from 

0/1 – 1/0 (w/w) porphyrin/MPD are displayed in Figure 3. The 

images show defect-free films in sub-micron scale for all 

fabrication conditions.  0/1 Porphyrin/MPD and 0.25/0.75 

porphyrin films have a crumpled nodular structure with larger 

features, while 1/0 porphyrin/MPD film has a smooth surface 

with finer structure. This observation is consistent with the 

FESEM images in Figure 2. No aggregation of porphyrin was 

detected during the interfacial polymerization. The TEM images 

in Figure 3 are practically a planar projection of the topography 

seen by SEM. The morphology change is further confirmed by 

AFM (Figure S2) and by TEM cross-sections (Figure S3). The 

surface roughness of 0.25/0.75 porphyrin/MPD is 2 times lower 

than that of the 0/1 porphyrin/MPD membrane. The morphology 

and thickness of polyamide films deposited on the support 

depend on the reaction rate between amines and TMC, and the 

rate of transfer of amines to the organic phase. During the 

interfacial polymerization, amines at the interface are transferred 

to the organic phase and react rapidly with TMC, the film 

continues to grow by transferring amines into the organic phase 

by slow diffusion through the initial polyamide film. Rapid 

transport and reaction might lead to local convection and 

temperature instability, favoring a rough morphology. Porphyrin 

is bulkier than MPD, the rate of transfer of porphyrin into the 

organic phase at the initial interfacial polymerization stage and 

the diffusion rate of porphyrin through the initial polyamide film 

would be slower than that of MPD. Therefore, at high 

concentration of porphyrin, the whole film is smoother (Figure 

S2) and thinner (Figure S3). A smooth polyamide surface 

disfavor fouling, since, colloidal/suspended particles, and 

microorganisms are otherwise prone to accumulate in the 

interstices of the rough polyamide film.  On the other hand a 

rougher polyamide film has larger surface area and water 

permeance is expected to be higher. 

Figure S4 a displays photographic images of 0/1, 0.05/0.95 

and 0.25/0.75 porphyrin/MPD membrane surfaces. The colors 

change from white for 0/1 porphyrin/MPD to light green for 
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0.05/0.95 porphyrin/MPD and dark brown for 0.25/0.75 

porphyrin/MPD. It indicates the increasing amount of porphyrin 

incorporated in the polyamide network. UV–vis spectroscopy 

was further used to confirm the successful incorporation. Figure 

S4 b shows remarkably enhanced absorption peaks at 436 nm 

for 0.05/0.95 and 0.25/0.75 porphyrin/MPD membranes.  

The surface charge of different membranes was compared 

by zeta potential measurement at different pH. Figure S5 shows 

that 0/1 and 0.25/0.75 porphyrin /MPD membranes have 

negative zeta potential in the pH range above 4.5. At strong 

acidic condition, both membranes are positively charged. 

Compared to 0/1, the 0.25/0.75 porphyrin/MPD surface is less 

negatively charged. This is due to the presence of porphyrin 

molecules containing large quantity of non-reacted basic groups 

(–NH2, –NH=, –NH–). 

 
Table 1. Water permeance and selectivity of polyamide membranes.  

Porphyrin/MPD 

(w/w) ratio 

Pure Water 

Permeance 

(Lm
-2

h
-1

bar
-1

) 

PEG1000  

Rejection  

(%) 

Brilliant Blue R 

Rejection  

(%) 

0/1 14.3 23.6 99.8 

0.05/0.95 15.2 23.1 99.8 

0.25/0.75 35.4 19.7 99.0 

1/0 Dis-continuous film was formed 

Water permeance and selectivity of porphyrin/MPD 

membranes are shown in Table 1. Increasing porphyrin 

concentration in the interfacial polymerization formula leads to 

membranes with higher water permeance. Compared to 0/1 

porphyrin/MPD, 0.25/0.75 porphyrin/MPD has higher permeance 

by a factor higher than 2. This result contradicts the expectation 

that lower surface roughness would be associated with lower 

effective surface area and lower permeance. However the 

difference in molecular structure is the predominant factor. The 

heterocyclic tetrapyrrole unit has a higher free volume than the 

phenyl unit of MPD molecule. In addition, the non-planar 

structure property of porphyrin could produce less compact 

polyamide layer compared to polyamide layer derived from MPD 

only. The presence of the open and non-planar structure of 

porphyrin increases the free volume and the permeance. 

Moreover, the 0.25/0.75 porphyrin/MPD polyamide film is thinner 

than without porphyrin, as shown in Figure S3. The total flux 

resistance is lower. The membrane selectivity was investigated 

using a negatively charged dye (Brilliant Blue R) as a textile dye 

wastewater model and a neutral solute (PEG1000), both in the 

nanofiltration range. While all membranes exhibit excellent 

selectivity towards Brilliant Blue R with a rejection of 99.0 – 

99.8%, the rejection towards PEG1000 is relatively poor (19.7% – 

23.6%), despite similarity in molecular weight. The selectivity of 

a nanofiltration membrane is determined by size exclusion and 

charge interaction between solutes and the membrane. The 

negative charge of Brilliant Blue R prevents the dye from 

passing through the polyamide membranes due to the mutual 

electrostatic repulsion. The results show that the effect of the 

membrane zeta potential is at least as important in this case. 

Having two-fold higher permeance and negligible sacrifice of 

rejection the incorporation of porphyrin into polyamide film at a 

0.25/0.75 porphyrin/MPD ratio demonstrates superior 

nanofiltration performance.    

The photosensitizing property of mixed-polyamide 

membranes was investigated using S. aureus bacteria. 

Polyamide membranes prepared from different porphyrin /MPD 

concentrations were exposed to solutions containing S. aureus 

under visible light irradiation for 16 h and 36 h, comparing the 

effects of porphyrin concentration and irradiation time on 

bacterial photo-inactivation ability of the membranes and biofilm 

formation on the membrane surfaces. Figure 4 a and b shows 

the S. aureus viability in solutions after exposure to 

porphyrin/MPD membranes for 16 h and 36 h, respectively. 

Compared to the control membrane (0/1 porphyrin/MPD), higher 

concentration of porphyrin lead to more significant S. aureus 

photo-inactivation ability by providing lower bacterial viability in 

the exposed solutions. The bacterial disinfection is stronger with 

more intense light irradiation (longer irradiation time). Compared 

to 16 h irradiation (Figure 4 a), a longer period of irradiation of 

36 h (Figure 4 b) led to significant reduction of S. aureus 

viability, indicating that the bacterial photo-inactivation property 

of porphyrin/MPD membranes depends on the light irradiation 

time. Total S. aureus disinfection is observed after 36 h 

irradiation, using a 0.25/0.75 porphyrin/MPD membrane.  

The formation of biofilm on membrane surfaces after 16 h 

and 36 h light irradiation is shown in Figure S6.  More than 50% 

surface area of the 0/1 porphyrin/MPD membrane is covered by  

 

 

 

Figure 4. Comparison of S. aureus viability in solution exposed to polyamide 

membranes with varying concentrations of porphyrin after (a) 16 h and (b) 36 

h light irradiation. 
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S. aureus (Figure S6 a). Under the same testing conditions the 

membranes with porphyrin (Figure S6 b and c) had much lower 

deposition of S. aureus, confirming that porphyrin can reduce S. 

aureus adhesion on the membrane surfaces. The S. aureus 

deposition on the 0/1 porphyrin/MPD membrane increases with 

longer periods of irradiation for 36 h (Figure S6 a, bottom) 

However, for 0.05/0.95 and 0.25/0.75 porphyrin/MPD 

membranes, no significant increase in S. aureus deposition were 

detected even after 36 h under irradiation. The results indicate 

that porphyrin containing polyamide membranes exhibit good 

anti-biofouling properties that are attributed to the photoactivity 

of porphyrin molecules and the smoother surface of the 

polyamide film.  

The photoactivity of porphyrin in membranes was further 

evaluated by comparing the S. aureus disinfection ability and 

biofilm formation on 0.05/0.95 porphyrin/MPD membranes kept 

in dark or under light exposure (Figure S7). Compared to the 

dark condition, the membranes with light exposure exhibit much 

lower S. aureus deposition. It demonstrates that the effect of 

light irradiation is significant to provide anti-biofouling properties 

to porphyrin containing membranes. S. aureus viability is 

reduced from 100% in dark testing condition to 42.5% and 0.1% 

in 16 h and 36 h light testing conditions, respectively. The results 

show that 0.05/0.95 porphyrin/MPD membranes had a 

significant photoactivity and biocide effect on S. aureus. 

In summary, by incorporating porphyrin into the polyamide 

layer of thin-film composite membranes photosensitizing effects 

were successfully demonstrated and characterized for the first 

time. The membranes were fabricated using the simple 

interfacial polymerization method producing stable 

photosensitizing nanofiltration membrane. Membranes with 

varying porphyrin/MPD ratios from 0/1 to 1/0 were fabricated 

and characterized. The physicochemical properties of the 

polyamide layer were significantly influenced by the 

porphyrin/MPD concentration. The SEM and TEM results 

showed that increasing porphyrin concentration leads to a 

smoother and thinner polyamide film, which may provide low 

fouling propensity and less water transport resistance. The 

bacterial test results showed higher biofouling resistance and 

more significant bacterial removal from the feed solution, when 

using the membrane fabricated with higher porphyrin/MPD ratios. 

It indicates that the obtained porphyrin/MPD membranes can 

effectively generate singlet oxygen (1O2) by visible light 

irradiation to destroy S. aureus cells. Compared to the 

conventional thin film composite membrane (0/1 porphyrin/MPD), 

the 0.25/0.75 porphyrin/MPD: 0.25/0.75 membrane has superior 

separation performance (i.e., higher water permeance of 35.4 

Lm-2h-1bar-1 and comparable selectivity of 99.0% rejection of 

Brilliant Blue R), low membrane biofouling, and > 99.9% 

bacterial inactivation of the feed. This technique provides a 

promising application of new antimicrobial membranes for 

wastewater treatment. Further development of appropriate 

module design that allows the exposure of visible light to the 

membrane surface is necessary to advance the technology. 

Supporting Information Summary 

Materials and experimental methods; schematic representation 

of the synthesis of mixed-polyamide by interfacial 

polymerization; characteristics of mixed-polyamide membranes; 

data of photosensitizing property of mixed-polyamide 

membranes. 
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