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Abstract 

This study investigates the effect of surface functionalization of a thin-film composite forward 

osmosis membrane with zwitterions and silver-based metal organic frameworks (Ag-MOFs) to 

improve the antifouling, anti-biofouling, and antimicrobial activity of the membrane. Two types 

of zwitterions, namely, 3-bromopropionic acid and 1,3-propane sultone, are chemically bonded, 

with and without incorporation of Ag-MOFs, over the surface of a polyamide membrane. 

Spectroscopy measurements indicate successful grafting of the modifying agents on the 

membrane surface. Contact angle measurements demonstrate a notable improvement in surface 

wettability upon functionalization. The performance of the membranes is evaluated in terms of 

water and salt fluxes in forward osmosis filtrations. The transport data show demonstrably 

increased water flux of around 300% compared to pristine membranes, with similar or slightly 

reduced salt reverse flux. The antifouling and anti-biofouling properties of the modified 

membranes are evaluated using sodium alginate and E. coli, respectively. These experiments 

reveal that functionalized membranes exhibit significant antifouling and anti-biofouling 

behavior, with high resilience against flux decline. 
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Previous studies have demonstrated the effectiveness of silver nanoparticles as biocides in 

membrane processes [18-20] due to their broad spectrum of antimicrobial activity, because silver 

particles are associated with both release-killing and contact-killing mechanisms [21]. In-situ 

surface functionalization of the commercial polyamide (PA) membranes with silver 

nanoparticles is a viable solution since it is cost-effective in terms of silver dosage compared to 

the direct injection of silver ions or particles into the feed solution. The in-situ approach 

minimizes the silver-induced health risks and bacterial resistance [22], and also allows for a 

relatively facile silver regeneration procedure [23]. Main issues of using silver particles for 

membrane modification remain the uncontrolled leaching of silver and the poor compatibility of 

these inorganic materials with the organic membrane matrix, possibly impairing the transport 

performance. In this respect, the use of metal organic frameworks (MOFs) is a promising option 

for a more rational use of silver. 

MOFs consist of organic ligands connected by metal ions to form one-, two-, or three- 

dimensional coordination networks [24, 25]. Their key advantage over other structures is their 

tunability by using different metals and/or organic linkers. Also, their organic frame may 

ameliorate the interaction with the polyamide active layer of TFC membranes compared to other 

fully inorganic structures. MOFs tend to release metal ions, which then act as antimicrobial 

agents [26] and hence, silver-containing metal organic frameworks (Ag-MOFs) have been 

reported in such application by several researchers [27-29]. If antimicrobial activity should be 

paired with a better resistance to foulant adhesion, zwitterionic compounds are interesting 

materials for this purpose [30]. Zwitterions are overall neutral compounds with an equal number 

of positively and negatively charged functional groups. This architecture produces a strong 

binding property with water molecules, with the possibility to form a hydration layer [31]. For 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/ligand
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/metal-ion












10 

 

system was then operated for 24 h (1440 min) at a cross-flow velocity of 8.5 cm/s, and the 

permeate flux was continuously monitored using an electronic balance. The flux of the clean 

membranes during the test was modeled to take into account the loss in flux due to mechanisms 

not related to fouling, i.e., the dilution of the draw solution and the reverse draw solute flux. For 

the biofouling assessment, E. coli bacteria at a concentration of about 107 CFU/L were added to 

the feed solution to accelerate biofouling following the same filtration procedure outlined above 

for the evaluation of organic fouling. The foulant concentrations during the tests represent 

conditions of accelerate fouling, being significantly higher than those encountered in typical 

operation [44, 45]. 

2.7 Anti-microbial activity of the functionalized membranes 

The model gram-negative bacterium Escherichia coli (E. coli) was used to investigate the 

antimicrobial properties of the membranes. The E. coli bacteria were grown overnight in 

trypticase soy broth (TSB) with shaking and incubation at 37 °C. The fresh broth was then 

incubated with the overnight grown bacteria at 37 °C for 3 h. The number of attached live 

bacteria on the membrane surfaces was determined with two experimental procedures; confocal 

microscopy and heterotrophic plate count.  

For the latter procedure, the bacterial culture was pelletized by centrifuging at 6000 rpm for 2 

min and this bacterial stock was re-suspended in 1X sterile phosphate buffer saline (PBS) 

solution and a final concentration of 107 CFU/mL was achieved. For each membrane sample, a 2 

cm2 of membrane surface was placed in a sterile petri dish containing the bacterial solution and 

kept incubated at 37 °C with shaking for 1 h. The membranes were then washed three times in 

PBS solution to remove the unattached bacterial cells. The membranes were placed in a sterile 

plastic container with 10 mL of PBS solution and sonicated for 7 min to detach the bacteria. The 
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Figure 1. Physio-chemical characteristics of the surface of the membranes: (a) ATR-FTIR spectra: peaks 

indicating the successful implementation of zwitterions are highlighted; (b) Raman spectra: short dash 

and long dash lines indicates the Raman shift associated with SO3 and C-Br modes, respectively; (c) XPS 

survey spectra: the corresponding peaks for C 1s, N 1s, O 1s, Br 3d, S 2p, and Ag 3d are marked. Please 

note that XPS peaks at 495 eV and ~1070 eV (not shown) are associated with the Auger line of Na KLL 

and with Na 1s peak [55-58], respectively, possibly due to some contamination.  
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Indeed, XRD analysis shows Ag (200) characteristic peaks on both TFC-BPA-MOF and TFC-

PS-MOF membranes, as presented in Figure 2a and in Figure S1 of the Supporting Information. 

The weakness of these peaks can be attributed to the low concentration of Ag-MOFs present on 

the surface of the membranes. Much further insight into the surface elemental composition was 

obtained with X-ray photoelectron spectroscopy. The XPS survey spectra are presented in Figure 

1c and show three dominant peaks around 284, 399, and 530 eV for all the samples. These bands 

correspond to the predominant elements of carbon (C 1s), nitrogen (N 1s), and oxygen (O 1s), 

respectively [59, 60]. The deconvoluted C 1s, O 1s, Br 3d, S 2p, and Ag 3d high-resolution XPS 

spectra are shown in Figure S2 of the Supporting Information, where all fitted peaks are plotted 

using Gaussian functions. A detailed discussion about the different spectra and peaks accompany 

them in the Supporting Information. Briefly, the peaks related to C 1s and O 1s are 

characteristics of polyamide [61-65]. For TFC-BPA and TFC-BPA-MOF, the Br bonds centered 

at 67 eV are an indication of the successful grafting of BPA zwitterions on the membrane 

surfaces [66, 67]. On the other hand, the S bonds around 166 eV for TFC-PS and TFC-PS-MOF 

suggest the successful grafting of PS zwitterions [62, 68, 69]. Finally, the appearance of Ag-

related peaks for TFC-BPA-MOF and TFC-PS-MOF around 366 eV and 372 eV reveals the 

presence of Ag-MOFs on the surface of these two membranes [70, 71]. The grafting of 

zwitterions and the presence of silver on the surface structure of functionalized membranes are 

further corroborated qualitatively by EDX results, summarized in Figure 2b and obtained from 

the survey results reported in Figure S3 of the Supporting Information. 
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Figure 2. Physio-chemical characteristics of the surface of the membranes: (a) XRD spectrum of TFC-

BPA-MOF, chosen as a representative membrane, with inset graph highlighting the peak related to 

Ag(200); (b) EDX analysis in terms of weight percentage of the various elements; (c) statistics of contact 

angles of DI water droplets sitting on the membrane surface; (d) zeta potential measured as a function of 

pH, measured in a 1 mM KCl solution. 
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The spectroscopic analyses presented so far strongly indicate the suitable functionalization of the 

surfaces with the desired modifying agents, specifically, the two different zwitterions and the 

additional availability of Ag-MOFs for two of the membranes. Further information on the 

characteristics of the functionalized surfaces can be obtained with respect to surface charge and 

wettability. These parameters are indirectly related once again to the extent of functionalization, 

but they have a rather more interestingly effect on the transport and fouling behavior of the 

membranes. The surface zeta potentials were measured over the pH range of 3 to 11 and the 

results are plotted in Figure 2d. The pristine sample (TFC0) exhibited a negative potential for pH 

values above the pKa of carboxyl groups [72]. The presence of overall electrically neutral 

zwitterions led to a shift towards less negative zeta potential values. This effect was even more 

pronounced following modification with Ag-MOFs for the TFC-BPA-MOF and TFC-PS-MOF 

membranes, possibly due to the addition of positively charged silver within the Ag-MOF 

structure. Maintaining an overall negative potential at near neutral pH while minimizing the 

exposed density of carboxyl groups is a valid strategy to exploit the electrostatic repulsion 

toward organic and biological foulants while minimizing the possibility of carboxyl interaction 

with calcium and other multivalent cations, which has been shown to promote the formation of 

densely packed fouling layers [73, 74]. The wettability of the surfaces, another property strongly 

associated with antifouling behavior, was estimated with water contact angle measurements. The 

results (Figure 2c) show a decline from roughly 57° for the pristine TFC0 membrane to 

approximately 37°, 44°, 35°, and 34° for TFC-BPA, TFC-BPA-MOF, TFC-PS, and TFC-PS-

MOF, respectively. This observation may be rationalized with the presence of zwitterions, which 

lead to an increased affinity between the membrane surface and water droplets. 
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Figure 3. (a-e) Representative SEM micrographs and (f) rougness parameters of the pristine and 

functionalized membranes. 

 

3.3 The membranes showed high performance in forward osmosis 

Most membrane functionalization studies show that the transport behavior of the membranes 

change upon modification, often resulting in membranes with reduced performance. Filtration 

experiments were thus performed to assess the suitability of the surface-functionalized 

membranes for the specific FO process targeted in this study. Figure 4 illustrates the water flux 
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Figure 4. Performance of the pristine TFC and functionalized membranes in FO filtration tests at various 

DS concentrations: a) FO water flux, Jw, b) FO reverse salt flux, Js, c) water flux to salt flux ratio, Jw/Js.  
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The reverse solute flux of membranes functionalized with zwitterions and Ag-MOFs- zwitterions 

increased compared to the pristine membrane, with the exception of TFC-PS, which showed no 

considerable change. The increment in solute flux permeability may be partly explained by the 

reduced negative charge of the membrane surface after functionalization with zwitterions and 

Ag-MOFs. This result can reduce the electrostatic repulsion at the membrane active layer/feed 

solution interface, leading to a higher solute permeability (B) and hence, a higher reverse solute 

flux. The considerable increase of reverse solute flux in the case of TFC-BPA-MOF may be 

specifically attributed to the addition of BPA-based Ag-MOFs to the membrane surface, which 

can lead to change in charge distribution [77]. The Jw/Js ratio, or reverse solute flux selectivity, 

is an important parameter including the effect on both membrane productivity and selectivity, 

and defined as the volume of water produced per mass of draw solute lost due to back diffusion 

[78-80]. Higher values are indicative of membranes with improved transport performance [81]. 

As illustrated in Figure 4c, TFC-PS and TFC-PS-MOF membranes displayed a significant 

improvement in terms of Jw/Js values in comparison with the TFC0 pristine membrane, while 

TFC-BPA and TFC-BPA-MOF samples performed poorly in that regard. Conclusions that can 

be drawn based on the FO performance results is therefore that BPA zwitterions might not be 

able to enhance the membrane transport parameters as favorably as PS zwitterions, and that the 

addition of Ag-MOFs promoted productivity at the expense of some selectivity. 

3.4 The membranes comprising silver-based MOF showed considerable antibacterial 

activity 

Both plate count and confocal microscopy were used to determine the antimicrobial 

characteristics of the membranes, using E. coli as a surrogate for biofouling organisms. Figure 5 

includes a pictorial representation of the live and dead bacterial cells as observed under the 
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confocal microscope and the bacterial colonies grown on the TSB agar plates. Using the culture-

based pour plating method, the TFC-BPA-MOF membrane yielded approximately 100% 

(>99.999%) die-off of E. coli relative to a solution of 107 E. coli CFU/mL. The TFC-PS-MOF 

membrane yielded a substantial 62% die-off of E. coli. The TFC-BPA and TFC-PS membranes 

(those without Ag-MOFs) yielded small reductions of 10% and 14%, respectively, while the 

TFC0 membrane yielded an E. coli reduction of 5%, implying a lack of antibacterial properties. 

To further investigate the bactericidal activities of the functionalized membranes, fluorescence 

images were taken with the confocal microscope after exposing the membrane to E. coli and 

staining with SYTO9 and PI, the standard stains used to differentiate viable and non-viable cells. 

The live (green):dead (red) ratio was used to describe the relative viability of the bacterial cells 

on the membrane surface. The ratio of living-to-dead cells was very high (approximately 100) 

for the TFC0 membrane, i.e., 100 live E. coli bacteria for every dead bacterium. In contrast, the 

ratio for the TFC-BPA-MOF membrane was 0.01, meaning only one living bacterium for every 

100 dead bacteria, and indicating approximately 99% die-off of the attached bacteria. The TFC-

PS-MOF membrane had a live-to-dead ratio of 0.33, indicating three dead bacteria for every 

living bacterium (75% die-off), whereas TFC-BPA and TFC-PS (with zwitterions but without 

Ag-MOFs) yielded ratios of 6.66 (13% die-off) and 5.22 (16% die-off), respectively. The 

analysis of the bacterial solution showed all green (living) bacterial cells, confirming the viability 

of the model bacteria.  

  


























