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ABSTRACT

Water availability is being threatened with growing demand and shrinking resources.
Desalination using reverse osmosis (RO) membranes is one of the most promising ways of
obtaining clean drinking water. However, a major challenge to the widespread use of reverse
osmosis membranes is the growth and accumulation of organisms, known as biofoulants, on
polyamide RO membranes. Biofouling grows to cover the surface of the membrane and is
detrimental to the membrane’s water flux and lifetime. The easiest conventional way of removing
these microorganisms is through the use of free chlorine (sodium hypochlorite, commonly known
as bleach); however, this causes the polyamide membrane to degrade during chlorine exposure.
This work demonstrates a bioinspired coating for RO membranes that protects against free
chlorine. Two methods were investigated to protect the membrane: polyelectrolyte coatings
containing methionine and methionine nanocrystals. The development of the procedure required
successful attachment of the amino acid to the RO membrane surface, a reaction to sequester
chlorine, and the regeneration of methionine at the surface. Ultimately, we show that the developed
coatings protect the polyamide structure from degradation and are regenerable with a reducing
agent. This work provides a potentially impactful solution to keep membrane desalination efficient
by preventing biofilm growth.
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Chapter 1
Introduction
The basic necessity of clean drinking water is
challenged by water scarcity, increasing demand, and
economic inefficiencies of existing technologies to
provide enough for a growing population. Certainly,
there is plenty of water on earth, as nearly 70% of the
world is covered by water. However, a clear majority of
this is salt water in oceans, while only about 2.5% of all
the water on Earth is fresh water (Figure 1-1). Of the
available fresh water, about 69% is found in icecaps and
glaciers and is therefore unavailable for use. Only about

Figure 1-1. The world's water
resources.1

0.8% of all the fresh water on earth is available to be collected from groundwater or surface water
(lakes and rivers).1 Even the current infrastructure in the US can have problems providing clean
drinking water, as exemplified by the recent tragedy in Flint, Michigan. Unsanitary drinking water
can quickly lead to health problems, either from dehydration, harmful chemical residues, or
microbial diseases. The availability of clean drinking water plagues both developed and
underdeveloped countries and is quickly becoming a global risk.
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1.1 Desalination Plants
Desalination is the process of removing salts from a target substance, which, in most cases,
is water. Desalination plants are therefore used to purify salt water into fresh water for human
consumption or agricultural irrigation. While desalination is often energy intensive and more
expensive than collecting fresh water directly, it is a powerful and resourceful purification
technique considering the low ratio of fresh water to salt water on this planet and is one of the few
rainfall-independent water sources. According to the International Desalination Association, in
2015 about 18,500 desalination plants were operating worldwide, producing around 87 million
cubic meters of water per day. This is an 11% increase in production from 2013 (78 million cubic
meters), a figure which will likely continue to rise as population and demand grows.2 Currently in
the United States, Carlsbad, CA, is home to one of the largest RO membrane-based purification
plants and is expected to surpass the record production of 1,025,000 cubic meters of fresh water
per day in the coming years. More major plants are in operation throughout the U.S., such as in
Tampa Bay, FL. 2
There are a variety of different ways to desalinate water, including distillation or ion
exchange, but one of the most promising and quickly growing is purification via membrane, and
more specifically, reverse osmosis (RO) and nanofiltration (NF) membrane processes. In waste
water treatment and desalination plants, macroorganisms and larger bacteria are simply filtered
out of the water. It is microorganisms that pose a much more severe problem for fine filters,
including the membranes used in desalination plants.
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1.2 Reverse Osmosis Membranes
Reverse osmosis membranes are thin-film composite materials made up of three layers; 1)
a ~100 nm thick polyamide (PA) active layer, 2) a ~50 µm thick polysulfone layer and 3) a ~300
µm thick polyester fiber support. The polyamide active layer of an RO membrane can reject salt
due to its highly-crosslinked structure made by interfacial polymerization of trimesoyl chloride
(TMC) and m-phenylenediamine (MPD).3 RO and NF membranes are commonly used in water
purification as a semipermeable membrane that can remove ions and other dissolved solutes from
drinking water. In NF and RO, pressure is applied to overcome osmotic pressure. The solute is
retained on the pressurized side of the semi-permeable membrane and the pure solvent, usually
water, is allowed to pass to the other side; in other words, the membrane is “selective” and allows
smaller components or solvent molecules to pass freely through pores while blocking larger solute
molecules (Figure 1-2).

Figure 1-2. Osmosis (left) and reverse osmosis (right) schematic.3
RO membranes are one of the most rapidly growing water treatment technologies, with the
bonus of easy implementation. However, RO and NF membranes often suffer from biofouling, or
the accumulation of microorganisms on the membrane surface creating “biofilms”: layered
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communities of organisms such as bacteria or algae. These biofilms corrode equipment,
contaminate fluids, and reduce water transport through the membranes, leading to overall
decreased membrane efficiency (Figure 1-3). Huge costs are associated with combatting industrial
biofouling, estimated in 2000 as 0.09-0.11% of the US gross national product (GNP).3
Hypochlorite (OCl-), more commonly known as bleach, is commonly used to prevent
unwanted organism growth from household to industrial scale, including water treatment unit
operations. However, bleach is extremely damaging to RO membranes’ amide bonds. While 0.5
ppm or more of bleach can remove biofilms, industrial RO processes eliminate all chlorine from
the feed water because of the susceptibility of polyamide-based RO membranes to chemical
degradation, most notably through amide bond scission during chlorine exposure (Figure 1-4).
Powell et al found that up to 5% of amide bonds within the membrane are broken after only 100
ppm-hr of free chlorine exposure.4 When left at pH 10 and 7500 ppm OCl- for 24 hours, complete
disintegration of the active layer was observed. As the typical lifetime of a RO membrane is 5-7
years, these membranes may not retain functional integrity even at low free chlorine
concentrations.

Figure 1-4. Biofouling of reverse
osmosis membranes.

Figure 1-4. Susceptible amide
bonds within RO polyamide
membranes

Researchers have attempted to combat the ill effects of chlorine on RO membranes by
synthesizing chlorine-resistant membranes. One alternative material to PA is sulfonated
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poly(phenyleneoxide). Membranes made from this polymer remain intact under chlorine attack
because they do not possess an amide bond which can be chlorinated by free chlorine ions.4
However, these membranes are typically sulfonated after synthesis, which results in inhibitive side
reactions and low membrane reproducibility. Sulfonated biphenol-based poly(arylene ether
sulfone) (BPS) membranes have also been proposed as chlorine-resistant RO membranes and are
low fouling, high flux, moderate salt rejecting membranes.5 Although these membranes swell in
water at high concentrations of ions, decreasing their salt rejection, covalent crosslinking has been
employed by Paul et al to reduce swelling and permanently fix the morphology of the membrane
material, increasing salt rejection to ~97%.6 Despite the increased selectivity of the membrane,
water permeability decreases slightly with increased crosslinking. Shantani et al also attempted to
make an alternative RO polymer from diamines and linear isophthaloyl dichloride (IPC) or highly
crosslinked 2,3,5-benzenetricarbonyl trichloride (TMC) polymers.7 By combining a variety of
classes of diamines, they found that polymers made from secondary diamines resulted in the
highest chlorine resistance, with the best performing chlorine resistant membrane prepared from
N,N’-dimethyl-m-phenylenediamine and TMC. These membranes had minimal change in salt
rejection after exposure to 200 ppm OCl- for 96 hours. All these methods, however, divert from
the established polyamide chemistry currently preferred by the industry and go to great lengths to
replace problematic chemistry that often cause issues elsewhere in the membrane process.

1.3 Biomimetic Protection
In biological systems, reactive chlorine species (RCS), such as free chlorine commonly
found in bleach, kill bacteria by oxidizing amino acids and the amide bonds. Most bacteria cannot
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live in low concentrations (~0.5 ppm) of a RCS, making it an effective way of eliminating growth
and cleaning off biofilms. As always, evolution has led to incredibly tenacious organisms and
some, when continually stressed by RCS, produce their own protection during their respiration and
are classified as dissimilatory perchlorate-reducing bacteria (DPRB). Recently, Melnyk et al
identified up-regulated genes in Azospira suillum strain PS during RCS exposure that contribute
to their protection.8 The up-regulated genes encode for a methionine-rich peptide (MrpX) and
possibly a methionine sulfoxide reductase (MSR). The proposed defense mechanism is that MrpX
peptides scavenge RCS (Figure 1-5).

Figure 1-5. Proposed defense mechanism of Azospira suillum strain of PS
Approximately 20% of the residues in MrpX are methionine. The sulfur atom in
methionine reacts with RCS (forming a sulfoxide) two orders of magnitude faster than the amine
functional group of methionine.9 The proposed sole function of MrpX is to react with RCS to
safeguard other proteins from RCS. MSR can subsequently regenerate the methionine residues of
MrpX to their reduced state.10
In this work, Azospira suillum’s biological defense strategy was used as inspiration to
develop a protective polyamide membrane coating of methionine amino acids. The reduction of
methionine sulfoxide to methionine is successful in vitro using chemical reducing agents. This
thesis focused on protecting reverse osmosis membranes with a protective layer of amino acids
that mimicked the bacterial defense, enabling biofilms to be cleaned with bleach without damage
and providing a novel solution to a frequent industrial problem.
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1.4 Layer-by-layer Modifications
Surface modifications of membranes aim to create the optimal membrane, one with high
selectivity, high permeability, and reduced fouling. One method to modify membranes is through
the deposition of polyelectrolytes to create polyelectrolyte multilayer films using a layer-by-layer
(LBL) technique.11 The deposition of polyelectrolytes on membranes can increase the
hydrophilicity of a membrane and prevent biofouling. We functionalized poly allylamine (PAA+,
MW 15,000) with methionine amino acids; specifically, D-methionine, as it is already considered
anti-bacterial as L, not D, configurations are almost exclusively used in nature and cannot be used
by bacteria.12 Many industrial reverse osmosis membranes have a net negative surface charge from
an additional membrane coating or carboxylic surface groups of the polyamide matrix. Positively
charged polyelectrolytes can stick electrostatically onto the membrane surface, forming an
additional coating layer.
During LBL, a polyelectrolyte with an opposing charge to the membrane surface is bound
electrostatically to the membrane in solution, and the weakly adhering polyelectrolyte is washed
off. A polyelectrolyte with an opposite charge to the first is then deposited on the first
polyelectrolyte in the same manner. The two polyelectrolytes can be deposited in an alternating
fashion for as many layers are needed for the application, and films of up to 10 bilayers have been
reported as stable in RO processes.13 This LBL technique results in nanometer-scale thin films that
are free of defects and can have tunable flux, selectivity, and thickness based on the number of
LBL cycles and the types of polyelectrolytes used. Polyelectrolyte multilayer formation by LBL
can be self-driven by factors including hydrogen bonding, coordination chemistry, hydrophobic
interactions, and chemical crosslinking.14
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Chapter 2
Methods
This work was aimed at the development of a bioinspired antifouling and chlorine resistant
membrane coating using polyelectrolytes functionalized with methionine amino acids. The amide
active layer of the RO membrane was modified by electrostatically attaching the methionine
coating to protect its surface such that it readily reacts with hypochlorite to form the nonreactive
products methionine sulfoxide and chlorine ions.
We used x-ray photoelectron spectroscopy (XPS) and Fourier transform infrared
spectroscopy (FTIR) to monitor membrane damage, as well as scanning electron microscope
(SEM) for visual investigation. The methionine sulfoxide was chemically reduced to methionine,
mimicking the function of MSR enzymes.

2.1 Membrane Modifications
Polyamide reverse osmosis membranes (DOW Filmtec SW30, Dow Chemical Company,
2-inch diameter) and nanofiltration flat sheet membranes (DOW Filmtec NF-90, Dow Chemical
Company, 2-inch diameter) were first soaked in deionized (DI) water for at least 2 hours. The
membrane was then soaked in 20 mL of sodium citrate buffer (pH 4.7) with 0.06 g N’ethylcarbodiimide hydrochloride (EDC) (0.5 wt %, 20 mM) for 2 hours at room temperature to
activate sites on the membrane. The membrane was gently washed with DI water and then dipcoated in a mixture of 20 mL Milli-Q water with 0.2 mg poly(allylamine-hydrochloride) (PAA+,
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1 wt %), and 0.06 g D-methionine (0.3 wt %). Weight percentages for solutions were determined
based on limited solubility of D-methionine in water. The solution was stirred gently for at least
30 minutes at room temperature. Finally, membranes were rinsed with DI water after the reaction.
If a single layer was desired, the modified membrane was dried with nitrogen, or the second layer
was added by dip coating the membrane in a 1 wt % polyacrylic acid (PAA-) solution for 15 minute
and gently rinsed. Up to 10 layers were added to the membrane surface by alternating dip coatings
in PAA+ and PAA-.

2.2 Membrane Treatment
Modified membranes and control or uncoated membranes were treated with hypochlorite
across a range of ppm-hours using various concentrations of bleach diluted in water. A Hach
colorimeter (DR 900 Multiparameter Handheld Colorimeter) and free chlorine reagent powder
pillows were used to determine concentrations. Membranes were washed in the chlorine solution
at desired ppm-hours and then washed for 10 minutes in water to remove residual chlorine. Lastly,
membranes were dried with nitrogen for subsequent testing to determine damage or were
recovered with a reducing agent as described below.

2.3 Membrane Recovery
Treated membranes were regenerated using chemical reducing agent, 2-aminobutane-1,4dithiol hydrochloride (DTBA). Previously modified and hypochlorite-treated membranes were
washed with 5 mM DTBA, pH 7.0, for at least 30 min at room temperature. The membrane was
then washed in DI water for 10 minutes and dried with nitrogen.

10

2.4 FTIR
Membranes were examined by Attenuated Total Reflectance Fourier Transform Infrared
Spectroscopy (ATR-FTIR) using a Bruker Vertex 70v FTIR spectrometer with a Germanium
crystal to detect specific chemical groups on the membrane. Controlled and modified specimens
were normalized at the aromatic carbon peak (1489 cm-1) for comparison since the modifications
did not include manipulation of aromatics.

2.5 XPS
X-ray photoelectron spectroscopy (XPS) experiments were performed using a Physical
Electronics VersaProbe II surface analysis instrument equipped with a monochromatic Al kα xray source (hν = 1,486.7 eV) and a concentric hemispherical analyzer. Charge neutralization was
performed using both low energy electrons (<5 eV) and argon ions. The binding energy axis was
calibrated using sputter cleaned copper (Cu) foil (Cu 2p3/2 = 932.7 eV, Cu 2p3/2 = 75.1 eV).
Peaks were charge referenced to the CHx band in the carbon 1s spectra at 284.8 eV. Measurements
were made at a takeoff angle of 45° with respect to the sample surface plane. This resulted in a
typical sampling depth of 3-6 nm (95% of the signal originated from this depth or shallower).
Quantification was done using instrumental relative sensitivity factors (RSFs) that account for the
x-ray cross section and inelastic mean free path of the electrons.
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2.6 Membrane Permeability
The membranes were flushed through with DI water (Barnstead Nanopure water
purification system with a resistivity of >18 MU cm) until a steady flux was reached (30 to 60
min). The pure water flux was determined by timed collection using a constant pressure of 30, 60
and 90 psig. The cumulative filtrate mass was recorded on a digital balance (Mettler-Toledo) with
automatic data logging. The filtrate flux (volumetric flow rate per unit membrane area) was
evaluated by analyzing the volume versus time data, with the results plotted as the normalized flux
(based on the pure water flux for that membrane at the same temperature and pressure) versus the
cumulative specific filtrate volume (L/m2). All filtration experiments were conducted at room
temperature.
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Chapter 3
Results and Discussion
This experiment aimed to protect the amide bonds within RO polyamide membranes,
which are crucial for functionality and are highly susceptible to oxidation by hypochlorite. A
protective methionine layer was added to mimic the methionine-rich sequence based on the
following proposed defense mechanism. After the PAA+ functionalized with methionine was
successfully attached, the exposed methionine sulfur could react freely with the hypochlorite to
form sulfoxide. Finally, the sulfoxide could be reduced back to its original sulfur state by reduction
with DTBA. The proposed membrane reaction scheme is shown in Figure 3-1.

Figure 3-1. Proposed biomimetic methionine reaction scheme on membrane.
At the start of reaction, PAA+ was functionalized with D-methionine (D-met) to
electrostatically adhere to the membrane surface. Much of the analysis and early work was done
with D-methionine layer(s). More recently, we altered the methods to use protected methionine,

13

or fluorenylmethyloxycarbonyl chloride (Fmoc), to limit the amount of cross-linking between
amino acid groups during the functionalization and membrane-coating process. Due to differences
in solubility, Fmoc precipitates in water and left nanoparticles of protective crystals on the
membrane surface as a way of protection.

3.1 Polyelectrolytes functionalized with D-met and Fmoc
We used Fourier transform infrared spectroscopy (FTIR) to evaluate methioninefunctionalized PAA+ on RO membranes after coating. The modified membrane (red trace)
demonstrates an increased signal at the amide II peak at 1543 cm-1 (Figure 3-2), indicating that
PAA+ was effectively immobilized on the membrane surface. The signal intensity of the
unmodified membrane (black trace) and the modified membrane were normalized at the aromatic
carbon peak (1489 cm-1) since the modifications did not alter aromatic chemistry.

Figure 3-2. After modification treatment, FTIR indicates an increased signal of the
amide II peak (1543 cm-1).
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The successful deposition of methionine on the membrane was also confirmed through
visualization of the surface via a scanning electron microscope (SEM). The surfaces for an
uncoated control, D-methionine modified, and Fmoc modified membrane surface were examined
at a 5μm resolution, and each shows a unique surface (Figure 3-3). The control membrane was
found to already be hosting bacterial growth in the membrane (one example is circled in orange),
but shows the typical patterning seen on a reverse osmosis membrane. The image of the D-metmodified surface shows similar patterning, though no nanoparticle structures like the Fmoc
procedure were found at this magnification, likely due to the protective coatings remaining quite
small despite cross-linking. From dynamic light scattering (DLS) analysis, the Z-average diameter
size of the D-met modified PAA+ was about only 10 or 11 nm. More notably, each membrane was
flushed with water such that both membranes had the same opportunity for bacterial accumulation,
but no bacterial growth was found on the D-met modified surface. This may support the results
found by Greico et al. that replacing the L configuration for D-met successfully confers bacterial
resistant characteristics to the membrane. The Fmoc-modified membrane clearly exhibits the
protective nanoparticle crystals on its surface, with DLS size readings of about 100 nm diameters
(DLS graphs, Appendix A).

Figure 3-3. SEM surface scan of control (left), D-met (middle), and Fmoc (right)
membranes, all at 5μm resolution
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Polyelectrolytes add an additional resistance to water flux. We quantified the decrease in
membrane permeability using unmodified and polyelectrolyte-modified membranes (Figure 3-4).
The unmodified NF90 DOW membranes had a permeability of 0.55 LMH (L·m−2·h−1)/psi. After
dip coating the membrane in a solution of methionine-functionalized PAA+, the membrane
permeability decreased to 0.50 LMH/psi. The negatively charged polyelectrolyte, polyacrylic acid
(PAA-,) was used to form a second layer (to create one polyelectrolyte bilayer). After 10 layers of
polyelectrolyte were deposited on the membrane surface (5 bilayers), the permeability of the NF
membrane decreased by 20%. These results are similar to those in previous studies.14
# of Layers and Permeability (LMH/psi)
0.6

LMH/ psi

0.55
0.5
0.45
0.4
0.35
0.3
0

2

4

6

8

10

Number of polyelectrolyte layers

Figure 3-4. Effect of layer-by-layer coating of polyelectrolytes on NF membrane
permeability

3.3 D-methionine amino acids react with hypochlorite on RO membrane
The typical oxidation product of methionine is methionine sulfoxide. The sulfur within the
amino acid reacts with RCS two orders of magnitude faster than the amine functional group of
methionine. We examined the oxidation of methionine on a membrane using XPS to probe the
oxidation state of the sulfur atom within the methionine before and after oxidation with
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hypochlorite (Figure 3-5 and 3-6, respectively). The methionine and methionine sulfoxide
reference spectrums are provided in the supporting information (Appendix B). PAA+ was
functionalized with methionine and used to coat a SW30 RO membrane. The sulfur 2p4 region
was scanned and shows a characteristic peak at ~163 nm indicative of the sulfur signal, which was
not found in the unmodified control membranes (Appendix B.) Methionine-modified membranes
were then treated with hypochlorite (6 ppm-hrs). XPS shows there is one peak at ~168 nm that
corresponds to the sulfoxide and about a 3.5 eV chemical shift between methionine sulfur and
sulfoxide (Figure 3-6). The lack of the 163 nm peak means that the hypochlorite oxidized all of
the protecting methionine sulfurs to sulfoxides, preventing oxidative damage of the membrane
surface by free chlorine.

sulfur

sulfoxide

Figure 3-5. XPS S2p4 scan, untreated membrane, PAA+ functionalized D-met
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sulfoxide

Figure 3-6. XPS S2p4 scan, hypochlorite-treated membrane (6 ppm-hrs), PAA+
functionalized with D-met
FTIR was used to determine the extent of membrane damage after hypochlorite treatment
(10 ppm-hrs) in Figure 3-7. The black trace is the control, unmodified, and untreated membrane.
There is a decreased signal from the amide II peak (1543 cm-1) from the unmodified and
hypochlorite treated membrane (red trace). The methionine-modified membrane (blue trace) does
not show a decreased amide II peak compared to the control and suggests that the membrane’s
amide bonds have been protected as desired. We used the peak from aromatic carbon-carbon
double bounds (1489 cm-1) as the reference peak to normalize for comparisons since methionine
functionalized polyelectrolytes added to the membrane do not affect aromatic carbons.
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Figure 3-7. FTIR scan of control (black), treated unmodified (red), and treated
modified (blue) RO membranes.

3.4 Fmoc amino acids react with hypochlorite on RO membrane

A very similar oxidation behavior was seen when altering the procedure to use Fmoc
nanocrystals. While the protective groups on Fmoc are beneficial in preventing the amino acid
from cross-linking with itself during functionalization, these protective groups change the
solubility of the methionine-base so that it becomes almost insoluble in water. Fmoc instead
precipitates on the surface of the membrane, and appears to provide protection to the membrane
as well, as described below. The greatest benefit found with Fmoc was the much higher and clearer
signal of sulfur orbitals in XPS data (twice that of the D-met runs) suggesting a larger amount of
methionine is available to react with free chlorine; whether this is due to the larger crystal particles
or the prevention of cross-linking allowing for more linking to the membrane surface is not
currently known. In the same approach taken to investigate the D-met, a Fmoc membrane was
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made and scanned with XPS to reveal the same characteristic peak at ~163 nm, indicative of the
sulfur signal (Figure 3-8). When treated with chlorine, the signal again shifts higher, while the
original peak vanishes and all sulfur is oxidized, indicative of the single peak at ~168 nm (Figure
3-9).

Figure 3-8. XPS S2p2 scan, untreated membrane, Fmoc functionalized

Figure 3-9. XPS S2p2 scan, treated membrane (10 ppm-hrs), Fmoc functionalized
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Additionally, there was a clear visual difference

A.

B.

between a treated unmodified and treated modified
membrane, both for the D-met and Fmoc methods (Figure
3-10).

The

unmodified

membrane

shows

obvious

discoloration, likely correlating to damage, while the
modified membrane’s coloring appears uniform and

Figure 3-10. Membranes after
6 ppm-hr ClO- of an A)
unmodified and B) modified
methionine membrane.

unaffected, suggestive of successful protection.

3.5 Regeneration of methionine sulfur on the membrane
Treatment with the chemical reducing agent, 2-aminobutane-1,4-dithiol hydrochloride
(DTBA), regenerated methionine by reducing methionine sulfoxide. The membranes were
analyzed with XPS to determine the success of regeneration. Other reducing agents such as tris(2carboxyethyl) phosphine (TCEP) and dithiothreitol (DTT) were considered, but DTBA was
ultimately chosen due to desirable characteristics of being odorless, stable at room temperature
and in buffers, recoverable after use, and still inexpensive. Because DTBA is a strong reducing
agent and could potentially pose health and safety problems if used on an industrial scale, we
propose to use an ion exchange column to capture DTBA from solution. DTBA was specifically
designed with an amine group for recovery after use.12 This in turn could allow this process to be
extremely cost effective if a significant amount of DTBA can be recovered in an industrial setting
each time. The sulfur functional group can be recovered after each chlorine wash with DTBA, and
the DTBA can be recovered from the column to begin the process again. We estimated a minimum
amount of DTBA needed for regeneration based on XPS results and molar stoichiometry to be
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about 5 mM with 30 mins of membrane exposure. Figure 3-11 shows the results of a modified
membrane after recovery. Most importantly, the signal at ~161-163 nm signifying methionine
sulfur has returned and two peaks (167 nm and 161 nm) are now seen as opposed to the one
sulfoxide peak of the treated membrane, suggesting that the sulfur has been regenerated to its
reduced form.

sulfoxide

sulfur

Figure 3-11. XPS S2p2 scan, treated and recovered membrane (6 ppm-hrs), PAA+
functionalized with D-met.
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Chapter 4
Summary and Conclusions
The RCS defense mechanism found in nature was adopted and used to develop a protective
coating for polyamide RO membranes. Polyamide RO membranes were coated with a poly-allyl
amine (PAA+) polyelectrolyte functionalized with methionine amino acids. A layer-by-layer
deposition was used to add multiple layers of the PAA+ and polyacrylic acid (PAA-) to the
membrane. At least 10 layers of polyelectrolyte can be deposited on the membrane surface without
sacrificing significant membrane performance. Another approach involves adding a protective
layer using fluorenylmethyloxycarbonyl chloride (Fmoc) in the form of nanocrystals that adhered
to the membrane surface. For either method, the methionine functionalized layers provided a
reactive barrier on top of the polyamide membrane, protecting susceptible amide bonds from free
chlorine damage. XPS shows that free chlorine reacts with the sulfur atom of the methionine amino
acids of the polyelectrolyte. The reactions of free chlorine with the sulfur atoms of methionine
produces the non-reactive chloride ion and methionine sulfoxide. FTIR scans show that the free
chlorine reaction with the methionine may save the amide bonds of the polyamide membrane from
scission during chlorine exposure. Furthermore, we regenerated the polyelectrolyte coating with
the chemical reducing agent, DTBA, which converts the methionine sulfoxide back to methionine.
With future work, I would want to explore ways to synthesize methionine rich polymers. I
would explore methionine rich peptide chains, perhaps only two or three methionine amino acids
long, or create block copolymers with sulfur rich functional groups and an electrostatic end, and
attach these to the membrane to see if we could get more sulfur per area of membrane for increased
protection. However, additional permeability and flux comparisons against a control would be
required to ensure the additional surface modifications do not interfere with the membrane’s flux
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capacity. Additionally, the Fmoc nanoparticle protection has just recently been worked on and
more investigation is needed, such as how to make the crystals more uniform and increase surface
area for each particle to maximize active sulfur. Moreover, some initial tests suggest that the
particles wash off the surface after prolonged soaking, suggesting that this approach would require
a new method for more secure attachment
Nevertheless, this regenerable and protective membrane coating was inspired by RCS
defenses and used to successfully protect polyamide RO membranes. In turn, this protection may
be easily implemented into the membrane manufacturing due to simple processes, such as layerby-layer or dip-coating washes, and cost-effective recovery, such as reclaiming methionine sulfur
groups and DTBA. The protective coating would enable the use of chlorine during the RO process
to eliminate harmful biofouling growth on the RO membrane, allowing them to be used longer and
more efficiently.
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Appendix A
DLS of methionine solutions

Figure A-1. DLS of PAA+ in water

Figure A-2. DLS of D-met/PAA+ in water

25

Figure A-3. DLS of saturated Fmoc in water
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Appendix B
XPS of sulfur regions for control methionine and membranes

A.

B.

Figure B-1. XPS signal of powdered A) methionine sulfoxide and B) methionine.
XPS signal from the S2p5 region of powdered methionine sulfoxide. The sulfoxide peak
is at ~166 eV. XPS signal of powdered methionine in the S2p5 region shows a strong peak at
~163 eV.

A.

B.

Figure B-2. XPS signal of unmodified SW30 RO A) with no chlorine treatment and
B) after 6ppm-hr treatment
XPS of the sulfur 2p4 region for unmodified SW30 RO. The same membrane was treated
with 6 ppm-hr of hypochlorite (B). The small, but distinct peak at 166 eV may correspond to a
sulfite contaminant or functionalization.

27

Appendix C
XPS relative values from scans
The following nomenclature is as follows from the name:
•

No letter after numerical coding: modified

•

“T” after numerical coding: modified, treated with chlorine

•

“R” after numerical coding: modified, regenerated with DTBA

Table 1. XPS relative % for modified PAA+ functionalized with D-met membranes
Sample
153R PS PAA+/PAA+ enzyme
053T PS PAA+/PAAlayers
053 PS PAA+/PAAlayers

C

Cl-

R-Cl

N

O

R-S

S=O

SO3

B

67.6

0.1

0.4

10.3

19.8

0.1

0.0

0.4

1.4

72.7

0.4

0.9

10.6

15.3

0.0

0.1

0.1

0.0

72.1

0.4

0.0

10.8

16.5

0.1

0.1

0.1

0.0

Si
0.4

R-S
0.7

0.5

0.1

S=O
0.1
<0.1
0.1

SOx
0.1
0.2
0.3

Table 2. XPS relative % for modified Fmoc membranes
Sample
EK FMOC-001
FMOC-001T
FMOC-0001R

C
73.3
72.7
73.5

Cl0.6
0.8
0.3

R-Cl
0.3
0.1

N
7.2
8.2
7.3

O
17.5
18.3
18.3
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