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Background and Introduction 
Overview. The objective of the work described herein is to develop bioinspired reverse osmosis (RO) membranes 
that can withstand cleaning via hypochlorite (free chlorine or “bleach”). Biofouling, the attachment of microbes 
to the membrane surface and subsequent biofilm formation, is especially detrimental to the performance of RO 
membranes. Biofilms reduce permeability, negatively impact hydrodynamics, and trap excess salt near the 
membrane surface.1,2 The resulting increased salt concentration 
near the membrane results in “biofilm-enhanced osmotic 
pressure,” an increase in the osmotic pressure opposing flux.1 To 
overcome these effects, greater pressure must be applied and 
energy costs increase.2 Furthermore, increased solute passage 
results from the presence of excess salt in the biofilm.1 

Hypochlorite is an effective disinfectant, but cannot currently be 
applied to commercial RO membranes because it reacts with the 
polyamide active layer. Damage from hypochlorite occurs in two 
stages. N-chlorinated products initially form before undergoing an 
irreversible Orton rearrangement that leads to ring-chlorinated 
products (Figure 1). The addition of an electron-withdrawing group to the ring significantly weakens the amide 
bond. Ultimately, scission occurs, degrading the polyamide backbone and resulting in increased flux and solute 
passage.3 Once ring-chlorination occurs, the damage is irreversible and the membrane must be replaced.  

Recently, genetic systems have been discovered in several microorganisms, including E. coli, that produce 
methionine-rich proteins that are capable of 
scavenging reactive chlorine species (RCS), including 
hypochlorite, to prevent oxidative damage.4 The 
sulfur atom in methionine is capable of scavenging 
RCS by undergoing oxidation to form methionine 
sulfoxide. In biological systems, these proteins are 
then returned to their initial state for reuse by an 
enzyme, methionine sulfoxide reductase. The 

Figure 1. Hypochlorite damage of RO membranes.3 

Figure 2. Schematic of hypochlorite-scavenging membrane coating. 
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proposed hypochlorite-resistant membrane will work by mimicking this natural process with a protective, 
methionine-rich coating (Figure 2). Introduction of a chemical reducing agent such as dithiobutylamine (DTBA) 
will allow regeneration of the coating for multiple cleaning cycles. 

Hypotheses. It is hypothesized that anchoring of a methionine-rich polymer to the surface of an RO membrane 
will prevent damage to the polyamide active layer by scavenging excess hypochlorite, thereby allowing biofilm 
removal during operation. Furthermore, it is hypothesized that addition of a reducing agent will regenerate this 
polymer to ensure its efficacy during multiple cleaning cycles. 

Study Goals. Currently, we are working to refine two analytical techniques critical to our purposes. These are 
x-ray photoelectron spectroscopy (XPS) and neutron activation analysis (NAA). Each will be discussed in greater 
detail below. 

Need Served by this Research. Ultimately, biofilm formation in RO systems often requires replacement of the 
membrane modules. An effective method for removing these biofilms that can be implemented during 
continuous operation without damaging the membranes is, therefore, of significant value in desalination and 
water reuse applications. 

Progress to Date  
We have successfully synthesized a methionine-rich polymer and anchored it to the surface of commercial 
polyamide RO membranes. XPS indicates that for our current synthesis procedures, an additional 1.2 percent 
sulfur can be achieved at the surface. Our next objectives are: 1. initial and regenerative reduction of sulfur 
atoms in the coating, and 2. detection of low-level chlorine damage. These rely on analysis by XPS and NAA, 
respectively. 

Experimental Design. Initial analysis of coated membranes via XPS indicated that sulfur was present in both its 
oxidized and reduced states. An attempt to convert all of the sulfur to the same state was made by exposing 
coated membranes to sodium bisulfite, a common reducing agent, at 2.5, 25, and 50 mM for 30 minutes 
(Figure 3). The results indicated that adjustments should be made to the analytical procedure. 

 
After exposure, the total sulfur detected increased, suggesting that the wash volume and time following 
reduction must be increased. Furthermore, no significant increase in the amount of reduced sulfur was 
detected. This may be due to exposure of the samples to the atmosphere during preparation for analysis. To 
eliminate this possibility, all samples will be vacuum sealed immediately following the post-reduction wash, 
prepared for XPS analysis in an inert environment, and analyzed in an inert transfer vessel. Finally, a stronger 
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Figure 3. XPS analysis of coated membranes after exposure to sodium bisulfite. 
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reducing agent and/or higher concentrations are likely needed; therefore, DTBA will be used in place of sodium 
bisulfite in future trials. 

NAA provides a highly sensitive measurement of hypochlorite damage to RO membranes. Because it is an 
elemental technique, it is capable of detecting N-chlorination that occurs before any performance changes are 
observed (Figure 1). As with XPS, initial NAA results (detailed in the November 1, 2018 progress report for this 
project) indicate that the analytical approach can be improved. Most importantly, a comparative standard must 
be analyzed to more accurately quantify the results.  

Membrane standards with known amounts of chlorine incorporated will be prepared in the same geometry as 
samples analyzed after hypochlorite exposure. Dilutions of a standard free chlorine solution of known 
concentration, from Hach, will be applied to the surface of these membranes, down to the expected femtogram 
level in damaged membrane samples. This will allow for all measurements of hypochlorite damage to be 
quantified relative to the same standard, increasing the accuracy of the measurements. Controls of coated 
membranes will also be analyzed to account for additional background chlorine in the coating. 

We are procuring the necessary materials and scheduling instrument time for these experiments. 

Conclusions  
XPS and NAA have been verified as analytical techniques capable of performing the low-level detections 
required for this project. The addition of a biomimetic, methionine-rich polymer coating to commercial 
membrane surfaces has been achieved. Further refinement of XPS and NAA methods will allow the efficacy of 
this coating as a protective hypochlorite scavenger to be assessed and optimized. 

Reaching the ultimate goal of developing an RO membrane that can withstand multiple hypochlorite cleanings 
will greatly benefit all applications of this technology by reducing biofouling, extending the life of membranes, and 
maintaining water quality. Additionally, the NAA technique and standards in development could have a 
widespread application in membrane research for examining membrane damage by free chlorine and other 
chemicals. The major advantage of this approach is the ability to detect incorporation into the polyamide before 
scission occurs, which indicates damage before the onset of negative impacts on flux and rejection. 

Next Steps 
Refinements of the analytical techniques required to determine the efficacy of our approach are in progress. 
Once completed, we will be able to investigate: 1. initial and post-exposure reduction of the sulfur atoms with 
DTBA, and 2. performance during filtration. 

Filtration tests will scale from dead-end experiments to extended crossflow filtration (CFF) tests, with multiple 
cycles of hypochlorite and reducing agent exposure. Finally, once the scavenger coating has been optimized, we 
will conduct extended CFF biofouling experiments. 
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