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ABSTRACT

Reverse Osmosis membranes are an excellent method for desalination, wastewater reuse, and
industrial water recovery, but have major flaws that still need to be addressed for them to be able
to help solve the world water shortage crisis. Their high-energy usage during operation is caused
due to fouling and concentration polarization (cp) that become more and more problematic over
operating time. Earlier, the Kumar lab demonstrated that a easily scalable copper oxide (CuO)
nanoparticle coated membrane, could mitigate concentration polarization and fouling via an
chemical reaction that indces micromixing at the membrane surface (without stopping the
process). These membranes catalyzed the degradation of hydrogen peroxide pulse-injected into
the feed solution at low concentrations (2-7 mM). The reaction generated convection also
managed to enhance solute back diffusion mass transfer coefficients, resulting in the near
elimination of concentration polarization. Next, we decided to use catalase instead of CuO
nanoparticles to accomplish similar results. Catalase being an enzyme could be a more
ecofriendly and potentially more efficient alternative over metal oxide nanoparticles to
accomplish the same results. Preliminary testing seem to show that while catalase is does not
release as many free radicals, its reaction with hydrogen peroxide is more rigorous. We have also
been able to show that catalase coated membranes are able to reduce fouling in oily water
separations when exposed to hydrogen peroxide.
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Chapter 1
Introduction

1.1) The Near Future Water Shortage Crisis

A major crisis in the near future that needs to be addressed is global water scarcity. With
the constant increase in population, coupled with climate change, pollution, and economic
development, the demand for drinkable water will only increase as time passes. Even though
70% of the Earth is made of water, a very small fraction of it is actually fresh water
(approximately 97.5% of this water is saltwater) . The demand for drinkable water is projected to
rise by 55% between 2000 and 2050 while the demand for food production (which accounts for
70% of the freshwater used) is needed to increase by 69% in order to accommodate the
population by 2035.[1] The current known reservoirs used for drinking water are being depleted
at an astonishing rate. According to a range of different studies, it appears that the world water
supply will be unable to sustain the global population in the near future given the constant
increase in the rate of consumption of water. [1]

Because of this, obtaining new sources of water to be able to use in the future is
becoming increasingly more important. A variety of different countries have started to utilize
rainwater, for example 30% of the water needs in Singapore are met through rainwater
harvesting. [1] Other sources of water that are being considered are seawater and brackish water,
[9] which are not drinkable due to high salt content, but after treatment can become accessible
(over half of the drinking water in Israel is obtained through desalination of saltwater).
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Desalination can open up a variety of new potential water sources, and allow us to tap into the
97.5% of water, which would definitely meet the increasing water demand.

1.2) Different Water Purification Methods (Pros and Cons)
Desalination is the process of separating salt from water, which is something that would be
necessary to convert seawater or brackish water (with high salt concentrations) to something that is
drinkable or useable for agriculture.[2] The process of distillation involves heating a mixture that consists
of compounds of different boiling points to separate them by vaporizing one of the components of the
mixture. For example, distillation of salt water would involve the vaporization of water from the mixture,
followed by the cooling of this vapor to compound. Distillation as a large scale separation processes is
commonly used in a variety of different chemical plants as it is a very effective method of separating
mixtures especially in the downstream processing of oil. However since the use of distillation to
desalinate salt water would require enough energy to exceed the latent heat of vaporization of water
(making the process require a lot of energy), thermal desalination is not an efficiently scalable solution to
improving desalination.[3]
The energy barrier (the thermal energy that is required to vaporize water) is somewhat
reduced by lowering the ambient pressure (reducing the pressure by 75% would result in the boiling point
to decrease from 100C to 65C) [2], also by adding multiple stages to the distillation process the thermal
energy barrier can be further reduced. Using these concepts, there are several variations of thermal
desalination processes that are available now. They are : vapor compression (VC), Multistage Flash
Distillation (MSF), and multiple-effect distillation (MED). [3], [4]
Vapor compression can be accomplished by mechanical compression, or thermal vapor
compression (however, in distillation mechanical compression is used more often). A mechanical vapor
compression (MVC) desalination system is essentially a heat exchanger that is both a condenser and an
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evaporator. The system couples the evaporation and the condensation processes in such a way that the
heat required to evaporate water is supplied by the heat released during condensation on the other side of
the “heat exchange”. The mechanical compression is used to act as a driving force for the heat transfer,
providing both, the energy for the separation of the salt and water, and the energy to overcome the
pressure loss. [5] These processes are very efficient, however are best used for very small scale
separations (nominally used on production rates of 500 m^3/day, or 0.13mgd (million gallons per day)).
[2]
Multistage flash distillation (MSF) is commonly used in large scale separations (500,000
m^3/day). MSF units account for approximately 34% of the world’s seawater desalination, and widely
used in the Middle East.[2] The system relies on the successive evaporation of brine water into flash
steam coupled with condensation of steam into desalinated water inside the stages. The “stages” are
theoretical spaces where the liquid and vapor phases are in equilibrium, allowing for the water to vaporize
bit-by-bit and separate from the brine solution. [6]
Multiple-Effect-Distillation is most commonly used for volumetric rates that are smaller than the
typical MSF operation, and larger than the nominal VC water production rate. In this system, the feed
water, or the salt water is sprayed onto tubes containing steam. This causes some of the water to evaporate
and separate from the saline water. The issue with this method of distillation is that it is difficult to scale
up as it is incompatible with higher temperature heat sources. It is also hard to scale this process down,
due to the complexity of the system and the large number of different parts required. That being said
recent technological advancements have made it possible to apply MED to smaller and larger volumetric
production rates. [2]
Overcoming thermal energy barrier (heat of vaporization of water) is not the only way to
desalinate water. The use of membranes allows us to completely bypass this energy barrier by instead
driving the process using pressure or charge difference. The leading desalination process when
considering capacity and yearly growth, or the desalination process that holds the majority of the global
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market share is using Reverse Osmosis membranes (ranging from 60-90% based on the geographical
location)[2]. There are two types of desalination processes using membranes : Reverse Osmosis (RO),
and Electrodialysis (ED).
Electrodialysis (ED) is an electrically driven process; a typical unit consists of a series of cation
exchange membranes and anion exchange membranes in succession, with electrodes on either sides of the
series. The membranes are charged in order to allow current to flow through the series of membranes, this
potential difference across the ion exchange membrane (IEM) stack causes the flow of ions to their
respective electrode (cation to cathode, anion to anode). In the process the ion exchange membranes act as
selective barriers, anion exchange membranes allow anions to pass through them, however prevent the
passage of cations, while cation exchange membranes promote the opposite. This results in a decrease in
the salt concentration of the dilute compartments of the ED unit, and an increase in salt concentration in
the concentrate compartments. ED along with its variations, electrodialysis reversal (EDR) and
electrodeionization (EDI) are commonly used in low salinity desalination, however reverse osmosis
membranes are more favored (this is because IEMs are typically much more costly than reverse osmosis
membranes, and also due to the lower selectivity when more concentrated salt water solutions, like
seawater, is used as the feed solution). [7]

Currently, Reverse Osmosis (RO) membranes hold the majority of the world desalination
market (60 -90% worldwide, varying based on the geographical location). The major reason for
this is because of its lower capital and operational costs compared to other methods of
desalination. [8] Commercial RO membranes are able to obtain high salt rejection rates, while
maintaining an acceptable water flux through the membrane at reasonable pressures. The two
main types of saltwater that are treated using RO membranes are brackish water and sea-water.
The main difference between the two types of feed water would be the total dissolved solid
(TDS) concentration. Brackish water (typically found in estuaries, mangroves, and marshes etc.),
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typically has a TDS of 1000-15000 mg/L, while seawater is much more concentrated at 32,00040,000 mg/L. [8]

While Reverse Osmosis (RO) is a viable method for the desalination of water, there is
still a lot of room for improvement. The RO processes needs to be further optimized to make the
idea of using large scale desalination to produce drinkable water more economically and
energetically feasible. For example, in order to be economically feasible for brackish water
desalination, the RO system must surpass a product recovery of 70%. Richard Damania, the
global lead economist in the World Bank’s Water Practice stated that the price of water obtained
by desalination would be five to seven times more expensive on average [1]. One major issue
with RO membranes that ultimately drives up the price significantly is that prolonged use of
these membranes can cause fouling. [9] Fouling would ultimately lower the flux through the
membrane, which in turn would increase the operation cost, making long term use of the
membranes unviable. Inorganic fouling, also known as scaling, is the process by which dissolved
salts in the feedwater are concentrated before the membrane. Eventually, the concentration
exceeds the solubility limits of the salts which causes them to solidify or form a cake over the
membrane. [8]

Concentration polarization, another phenomenon that proves to be a problem for reverse
osmosis membranes can also exacerbate the scaling. [8] Concentration polarization is defined as
the concentration gradient of salts developed on the feed side of the membrane surface as water
permeates through the membrane leaving rejected solutes behind. High water permeate fluxes
and low cross-flow velocities allow for the concentration gradient between the wall (membrane
surface) and the bulk fluid to arise quickly thus creating the concentration polarization layer. Salt
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when oversaturated will either form crystals on the membrane or in the bulk liquid, which would
lower the permeate flux, increasing the pressure drop and shorten the membrane life (since these
membranes would need to be eventually chemically cleaned, which could in turn damage the
membrane). On top of this, the more important consequence of concentration polarization is that
it reduces the driving force for transport through the RO membrane.[9]

In addition to inorganic fouling, in an actual desalination plant, the membrane will face a
combination of biofouling, organic fouling and colloidal fouling. And these different
components in the brackish water could worsen the overall fouling problem that the RO
membrane faces. For example, organic fouling is known to promote mineralization, which would
exacerbate inorganic fouling. [8]

Another problem with RO membranes, is that because they are size exclusion
membranes, they will allow the passage of small unwanted compounds in the permeate. For
example, herbicides like atrazine have a tendency of also being able to pass through commercial
RO membranes in small quantities.

In order to tackle these problems and as a result make RO membranes more economically
viable (by increasing the membrane life and reducing fouling) in a long-term perspective, an
active area of research in the membrane field is the surface modification of RO membranes to
prevent fouling and concentration polarization. This thesis focuses on a specific surface
modification of RO membranes to induce circulatory flows on the membrane surface to break up
the foulant materials via a chemical reaction that occurs when these modified membranes come
into contact with hydrogen peroxide. In this thesis, we will also explore the applications of some
of these surface modified membranes in decomposing smaller molecules (such as Atrazine).
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Chapter 2 : Copper Oxide Coated Reverse Osmosis Membranes
Details
As mentioned earlier, two of main problems with RO membranes right now is concentration
polarization and fouling (the combination of inorganic, organic, biofouling, and colloidal particles settling
on the feed side of the membrane to increase the overall membrane resistance). Elimelech and Phillip
have recently made the argument that membrane efficiency is approaching its thermodynamic limit for
seawater desalination, which would mean that a further increase in efficiency can only be accomplished
by altering the operational design to treat the membrane so that it is capable of minimizing concentration
polarization and able to mitigate fouling. [20]
Research related to reducing concentration polarization has been overlooked in the past, inspite of
its significant contribution to the permeate flux decline and the rise osmotic pressure in high pressure
membrane separations. In the past, the Kumar lab had proposed a simple technique to tackle both
concentration polarization and fouling problems simultaneously. This technique could be implemented in
existed commercial membranes without much effort, would not require any significant changes to current
industry practice, and would have to potential to reduce energy consumption by over 30%. This is a
substantial number, when considering the fact that the current installed capacity of over 10 billions
gallons a day of reverse osmosis and the projected 10.5% growth per annum over the next decade. [21]
Using nanoparticles to modify the surface of membranes to mitigate fouling is not a novel idea.
There already a variety of different modifications made to commercial membranes, some to design
smoother surfaces, to alter the surface charge [23], some to alter the membrane hydrophilicity [25]. There
were even attempts to graft polymer onto a membrane surface to repel foulant materials via steric
repulsion. [22] However, most of these modifications have been unable to address long term fouling
prevention, and tend to only help mitigate specific types of fouling. As a result, these membranes are still
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required to be cleaned regularly to remove the foulant materials, which would require the entire
separation process to be stopped temporarily (causing the operation costs to rise). The regular cleaning of
these membranes could also result in their deterioration. To address these problems the Kumar lab
modified commercial membranes to become self-cleaning and able to address multiple foulants without
hindering the operation of the membrane.
The Kumar lab, (Guha et al), coated the active polyamide layer of the commercial sea
water membranes (SW30HR) with polydopamine, and then added another layer of copper oxide
nanoparticles to the polydopamine layer. The function of Polydopamine (PDA) in this system is to
provide superior resistance against fouling by increase the membrane surface’s hydrophilicity and also to
facilitate the functionalization of the membrane surface by acting as an adhesive layer for copper oxide
nanoparticles to attach to. PDA forms a layer over the polyamide active layer that is thin enough to have a
negligible impact on the mass transfer resistance to flux through the membrane. PDA is also known to act
as a protective layer for the membranes, since it is also a free radical scavenger. In the past, PDA has been
reported to strongly bind to metal oxides such as TiO2 nanoparticles and silver nanoparticles due to noncovalent co-ordinate complexation that occurs between the catechol groups of PDA and the nanoparticles.
[24] This interaction is responsible for the strong and stable adhesion between metal oxide and the
membrane surface, which is able to withstand a considerable amount of shear. The applications of PDA as
a coating on membranes has been limited to polymer grafting induced fouling prevention and biofouling
reduction. The concept of using PDA and a layer to facilitate nanoparticle catalysis to remove fouling is
still very new.
It was hypothesized that the membranes with copper oxide nanoparticles and PDA layers would
catalyze the decomposition of hydrogen peroxide to form water and oxygen. Hydrogen peroxide on
contact with CuO nanoparticles would decompose, leading to the in situ release of oxygen bubbles which
in part would induce microcirculatory flows near the surface of the membrane (by bursting or being
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released) which would break up any foulant materials that are being deposited on the membrane, thereby
allowing the membrane to recover its flux without stopping the operation for cleaning.
The lab was able to achieve the desired results of reversed fouling upon pulse injection of ppm
levels of H2O2 in the feed without hindering or stopping membrane permeation. H2O2 is already a
commonly used industrial cleaning solution (typically used at 0.2% on membranes). PDA served as an
ideal intermediate layer for the membrane due to its stability in high concentrations of H2O2 (it is able to
withstand concentrations as high as 30%) and also because of the fact that it is a free radical scavenger,
which would protect the membrane from any free hydroxyl radicals that may come near the membrane
surface.
The reaction approach followed by these modified commercial membranes have been proven to
be very effective at disturbing the boundary layer resulting in flux recovery, and even resulting a flux
increase (above the baseline flux) for some chelating and catalytic foulants by eliminating concentration
polarization. This approach to membrane modification was also successful in decreasing bacterial
attachment and biofilm formation on the membranes. The long term of use of H2O2 injections did not
cause any deterioration, which was observed by a lack of change in the intrinsic membrane permeability
or salt rejection. The process of coating the commercial RO membranes is also very simple and scalable,
and the application of this membrane would not significantly alter the industrial process.
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Figure 1
The figure is a schematic of the reactive membrane assembly. The active layer is coated with
polydopamine, and then with copper oxide (CuO) nanoparticles were added to form a layer over the PDA. O 2
bubbles are formed on the addition of hydrogen peroxide with these membranes via a fenton-like oxidation process.
[9]
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Chapter 3 : Materials and Methods used for Surface Modification of
Reverse Osmosis Membranes using Copper Oxide Nanoparticles

3.1) Preparation of the CuO/PDA membranes
Dopamine hydrochloride was polymerized in 10mM Tris-HCl buffer at a pH of 8.5 and coated
onto a commercial RO membrane surface under a continuous rocking condition. The copper oxide
nanoparticles were made at room temperature using drop-by-drop addition of NaOH to a solution of
Cu(NO3)2·H2O in deionized water. The modified membrane samples were named after the concentration
of the precursor Cu(NO3)2·H2O solution (8ppm CuO/PDA or 80ppm CuO/PDA). Figure 1 shows a
schematic of the surface-active catalytic membrane coated with copper oxide nanoparticles and
polydopamine. Figure 1, shows micrographs of the resulting membranes and nanoparticles.

3.2) Kinetic evaluation of membrane performance using methylene blue decolorization

The catalytic properties of the modified membranes were observed and quantified using a
model batch reaction: methylene blue de-coloration. The CuO/PDA membrane was cut 1cm ×
2cm pieces and put in a 5ml volume solution of Methylene Blue (12 mg/L), water and H2O2.
The absorbance of the solution was measured at regular time intervals using a UV-Vis
spectrophotometer at a wavelength of 667nm. This absorbance was converted to the
concentration of the methylene blue in the 5 mL solution using the Beer-Lambert Law, and the
decline in concentration was fitted into the form of a first order rate equation reaction.
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3.3) Probing of hydroxyl radical generation during H2O2 dissociation

To probe the generation of hydroxyl radicals, batch reactions for different concentrations
of CuO nanoparticles and H2O2 in 5ml solutions were conducted. Similar to the methylene blue
degradation test, 1cm × 2cm pieces of the coated 8ppm CuO/PDA and 80ppm CuO/PDA were
cut. The concentration of CuO nanoparticles in a 2 cm2 membrane surface was estimated at
0.01ppm. 5mM NaOH was used to dissolve 2mM terephthalic acid (which is used as the
hydroxyl radical probe). The reaction mixture was stirred for 24 hours and the products were
collected after filtering through a 200nm disc filter. At the same time, standards of 2-hydroxyterephthalic acid (for the calibration for hydroxyl radicals) in 5mM NaOH were made. These
standards and products were put into separate wells on a 96-well plate and analyzed using a
microplate reader for excitation and emission.

3.4) Cross flow RO system for run time evaluation of membrane performance

Humic acid was obtained from Aldrich (St. Louis, MO) and colloidal silica particles of
80nm mean diameter, was supplied by Nissan Chemical America Corporation (Houston, TX).
Both of these substances have been proven as standard RO foulants representing colloidal and
organic fouling in the laboratory. NaCl was purchased from Sigma-Aldrich and a 20mM NaCl
solution was used for all fouling experiments to simulate inorganic fouling. A constant pressure
bench scale cross flow RO system equipped with an Osmonics® SEPA CF membrane cell of
138 cm2 filtration area (Sterlitech corp., Kent, WA) was used for all fouling experiments.
Following a 24 hour membrane compaction using DI water, the CuO/PDA RO membranes were
conditioned using 20mM NaCl for 12 hours. After this, the foulants were changed to either
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0.017% silica nanoparticles for colloidal fouling or 50ppm HA for organic fouling. Once
changed, a feed volume of 4L was passed through the membrane, which would imply that the
process would continue on for another 24- 48 hours before the injection of 60-240ppm H2O2 into
the feed tank mid process. The pulse injection of H2O2 into the feed tank took approximately 1s
to administer (which would make this type of membrane a viable solution to fouling in industry)
and it was mixed uniformly with the help of a feed tank overhead stirrer. The concentration
polarization experiments with the 80 ppm CuO/PDA membranes were performed with flux
measurements for 2-6 hours at different NaCl feed concentrations ranging from 0 – 250mM and
injecting 240 ppm of H2O2.

Chapter 4 : Results and Discussion of Copper Oxide Coated
Reverse Osmosis Membranes
4.1) RO flux decline due to colloidal and organic fouling can be completely reversed by
pulse addition of ppm levels of H2O2 to CuO/PDA membranes

It was observed that the flux decline for both, colloidal and organic fouling was
completely reversed upon the injection of ppm levels of H2O2. The model foulants used were
silica colloids for and humic acid (HA) for organic foulants. It was noticed that for 18 L per
meters squared per hour (LMH) initial flux, there was a decrease of 9% in the normalized flux in
1300 min (foulant present was 0.017% silica nanoparticles). Addition of 240 ppm H2O2 cause the
flux to return to its original level (before fouling) within 2000 minutes of operation. The
normalized flux decline rate and normalized flux recovery rate was determined to provide a
measure of the effectiveness of this type of the CuO/PDA membranes. The average normalized
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flux decline rate was 0.0035 ± 0.0013 h− 1 , while the average flux recovery rate was 0.011 ±
0.005 h−1 for the colloidal foulant material experiment. By comparing the two it is visible that
the flux recovery rate is almost 3 times greater than the flux decline rate. In comparison to this, a
control experiment was run with uncoated commercial RO membranes and it indicated a
constant decline in the flux as time progressed. This proves that the reason behind the flux
recovery is because of the catalytic reaction that takes place near the surface of the membrane. It
was also found that this result was reproduceable, as indicated by the multiple flux decline and
recovery cycles using the same silica composition.

The Kumar lab proposed that the molecular oxygen bubbles formed by the decomposition
of the peroxide utilize the dominant forces on them (such as electrostatics, or buoyancy) to freely
move around the concentration boundary layer, causing a rapid mixing by developing strong
recirculatory flows. The bubbles attached to the surface of the membrane can also impart adverse
pressure gradients to crossflow, they may also cause recirculation wakes by a phenomenon
known as separation bubbles [11].

Similar to the results observed with colloidal foulants, HA foulants also show similar
results. Without the addition of peroxide, a decline in the flux was observed, albeit it was at a
slower rate than the flux decline rate shown by silica nanoparticles. CuO/PDA modified
membranes and control membranes fouled at similar rates, the addition of DI water did not
improve the flux. In the case CuO/PDA modified membrane, degradation of HA and
micromixing allowed for a rapid flux recovery (much like the recovery observed with colloidal
foulant materials). One thing to note for the HA case was that the normalized flux actually rose
to and sustained values above 1.0 for over 24 hours, which means that the flux actually rose
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above the baseline flux. The foulants were kept dispersed, concentration polarization was also
mitigated due to the reaction at the membrane surface. The average flux decline rate for HA
foulants was 0.0018 ± 0.0010 h−1, while the average flux recovery rate after the H2O2 injection
was more than 6 times greater at 0.014 ± 0.005 h−1. When comparing the recovery rates of HA
and silica foulants, it was observed that the recovery rate for HA was 30% higher than the silica
place. The reason behind this higher rate could be due to the synergistic relationship between
CuO and HA which can help further the H2O2 decomposition reaction rate. [12]. HA also acts as
an electron shuttle [13] accelerating the reaction, increase the rate of OH• production and low
molecular weight[14] acid production, which might help clean the membrane surface through
local pH changes, reverse diffusiophoresis [16] micromixing[15].

As a result, it was concluded that the micromixing mixing in the HA case, was simply
much stronger than the micromixing in the silica, which explains the fact that the silica case
could never cause a flux increase above the baseline flux. In the HA case, it was also found that
the flux recovery rate depended on the concentration of H2O2. A minimum of 60ppm of HA was
required to get a completely reversal of the flux decline at 18LMH and 50ppm HA, while a
higher concentration of H2O2 was able to generate 41.9 ± 4.8 μM of OH· per 2 cm2 of 80 ppm
CuO/PDA, and thus accelerate the recovery process.

16

4.2) Concentration polarization can be reduced/eliminated by reactive micromixing in the
presence of H2O2

Concentration polarization (CP) is quantified by the concentration polarization modulus
(fCP). The fCP was characterized by the ratio between the bulk feed salt concentration and the
concentration at the membrane surface. For example, an fCP of 1 would imply that there is no
concentration difference between the bulk and the membrane wall, i.e no concentration
polarization.

At low fluxes (18.3 LMH) the fCP was observed to be approximately 1.2 for an
experiment of running 20mM NaCl feed through a 80 ppm CuO/PDA membrane. A pulse
injection of H2O2 to make the feed contain 240 ppm H2O2 was observed to reduce the fCP to
approximately 1.1. The modulus was further reduced to 1.03 when both 240 ppm H2O2 and
10ppm of HA were added to the solution.

At higher fluxes (26.1 LMH), it was observed that the addition of HA increases the fCP
beyond that expected from just an increasing flux, the reason behind this is because organic
foulant deposition can increase the concentration polarization at higher fluxes [17]. In both cases,
(with and without HA) the addition of H2O2 was able to greatly reduce the concentration
polarization.

To get a quantitative comparison of the effectiveness of mass transport through these
membranes, the Kumar lab compared the bubble induced micromixing, and without bubble
induced micromixing normal back mass transport coefficient of the solute (k0 and k1). The two
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mass transfer coefficients were estimated using the stagnant film model based on the fCP and the
membrane flux (Vw).
At lower fluxes (18.3 LMH, where Vw = 5.08 μm/s) the fCP was found to be 1.2. Therefore in
this case for NaCl as the solute, the k0 was estimated to be: Vw/ln fCP = 3.0 × 10−5 m/s. For the
case when H2O2 was added, the fCP was reduced to 1.1 at the same flux, which implied that k1 =
5.34 × 10−5 m/s. At higher fluxes, it was noted that the fCP indreased without the addition of
any peroxide and this increase followed the exponential model that is given by Equation 2:

fCP = exp(VW/k)

Concentration polarization becomes much more prevalent at higher fluxes, and this series of
modified membranes is able to still reduce the concentration polarization as the membrane
operates. The ability of membranes to function efficiently devoid of concentration polarization
and fouling at higher fluxes will be especially useful for high flux membranes such as graphenebased membranes [18], carbon nanotube based membranes, and aquaporin based biomimetic
membranes that are being proposed for desalination [19].
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Figure 2
Flux decline was reversed and concentration polarization was significantly diminished in situ with the
addition of H2O2 to reative surface membranes. [9]
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Chapter 5 : Using Catalase to coat Reverse Osmosis Membranes
The Kumar lab’s previous work on surface modification of Reverse Osmosis membranes
successfully demonstrated the efficacy of these copper oxide coated membranes in mitigating fouling and
concentration polarization. There were still a variety of different directions that could be taken to further
advance and improve upon this concept.
One of the tests that were used to show the effectiveness of the copper oxide coated membranes
was by showing the decline in the fluorescence peak of methylene blue. It was believed that the copper
oxide membranes on contact with hydrogen peroxide would allow for a fenton-like oxidation process to
occur. In Fenton oxidation, the peroxide is decomposed to form water and release oxygen gas molecules,
however during this process, hydroxyl radicals are produced.
Earlier papers seemed to show that the fenton-like oxidation of H2O2 could release hydroxyl
radicals that could be applied to reduce small molecules that are usually able to cross through the
membrane [10]. It was hypothesized that the hydroxyl radicles would reduce small molecules, while
PDA, which is known to be a free radical scavenger would protect the membrane from deteriorating.
It was also hypothesized that using an enzyme could further enhance the results of these
experiments. Enzymes are known to be able to catalyze reactions a lot “better” than regular catalysts.
Therefore it was assumed that a more vigorous reaction with peroxide to form molecular oxygen would
create a higher convective flow. We guessed that stronger microcirculatory flows could be more easily
break up foulant materials, and a more vigorous reaction could also allow for a higher concentration of
hydroxyl radicals to be released near the membrane surface. However, after further study and
experimentation we realized that the catalase actually would not release hydroxyl radicals. This was most
likely an evolutionary feature to protect the surrounding tissue from free radicals.
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Catalase was coated onto membranes in a variety of different ways. PDA was used as an
intermediate layer for membranes, followed by submerging the PDA coated membranes in a catalase
solution, relying on shear to attach the enzyme to the PDA. An alternated method of attaching catalase to
the membrane surface was via dead end filtration. A catalase solution was “pushed” through a PDA
coated membrane in a stirred cell, as the solution went through the membrane, it was assumed that the
catalase would be coated onto the membrane.
These membranes were tested for activity with peroxide, and from a visual perspective it
appeared that the membranes with catalase were able to react with peroxide more vigorously. The amount
of bubbles created by the catalase coated membranes also increased based on the concentration of the
peroxide that the membrane is in contact with (as shown in figure 3).

Figure 3

A snapshot of a catalase coated membrane being exposed to different concentrations of hydrogen peroxide.
It was observed that the higher the concentration of the peroxide, the more vigorous the formation of O 2 bubbles
and thus the larger the magnitude of micromixing.

The catalase membranes were then tested using the same Methylene Blue test procedure as the one used
for the copper oxide membrane testing. The results of these tests were then compared to the methylene
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blue degradation test results from the copper oxide membranes. It was observed that for most
concentrations of catalases (of varying activities 500,000 units/mg and 30000 units/mg) the rate of
degradation of methylene blue in contact with catalase coated membranes were much lower than the rates
observed when using the Copper oxide membranes. It was also noted that unlike the copper oxide
membrane degradation curves, the degradation curves of the membranes in contact with the catalase did
not fit the 1st order reaction curve well. It appeared as if the rate of degradation decreased over time.

Figure 4

The figure is a comparison of the methylene blue degradation curves caused by copper oxide coated and by
catalase coated RO membranes. The graphs were fitted to first order reaction curves in order to obtain the rate
constant of the degradation of methylene blue. This degradation rate is directly related to the rate of decomposition
of H2O2 and thus the rate of O2 bubble production.

The rate of the catalase in the first hour of degradation was taken and compared with the copper
oxide coated membranes. In this situation we were able to obtain comparable rate constants.
We believed that a reason behind this decrease in rate could be because the catalase may be
becoming deactivated either due to denaturing when exposed to heat or when exposed to high
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concentrations of peroxide (as it may not be stable in that environment). Another potential reason behind
the lower degradation of methylene blue was that the catalase on exposure to peroxide could be protecting
the hydroxyl radicals in it’s active zone. This would prevent the presence of free hydroxyl radicals, which
in turn would perfectly explain the lower degradation rate when compared to copper oxide.

Figure 5

This is a comparison of the same two graphs as Figure 4, however the timescale of the graph representing
the catalase membranes was reduced to 1 hour.

As a result of these new ideas, we tested the plausibility of the two theories by trying two separate
things. To test the hypothesis related to stability, we attempted to encapsulate the catalase molecules in
PDA microparticles (as shown in the schematic in figure 5) and embed them onto the membrane.
The microcapsules were produced by dissolving a PAH(2mg/mL) solution in a 300mM solution
of CaCl2. An equal volume of 330mM Na2CO3 was added , and the mixture was stirred vigorously for
30s. first creating a CaCO3 framework, by adding _ and _ and shaking vigorously. Then allowing the
emulsion to sit for 3 minutes. These doped particles were centrifuged and washed with deionized water
and then with tris-HCl buffer (50mM, pH 8.5). The capsules were resuspended in a PDA solution
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2mg/mL in the same tris-HCl buffer concentration. Finally after some time, the particles were washed
again and made to sit in a 15mM EDTA-2Na solution to remove the CaCO3 framework leaving only the
PDA capsule behind. [27]
These encapsulated catalase particles were then tested using the methylene blue degradation test.
Unfortunately, the results obtained from these tests indicated even lower ratesof methylene blue
degradation. It was possible that the reason behind this was that the encapsulated microparticles prevented
any contact between the peroxide and catalase.

Figure 6

This figure contains a schematic of the procedure involved in creating the PDA microspheres. The graph on
the left is the corresponding methylene blue degradation curves for membranes coated with catalase encapsulated in
these microcapsules.

Around the same time, we decided to formulate a test that could show the effectiveness of these
membranes in removing fouling. As a result we decided to test some of the catalase coated membranes by
running oily/water emulsions through them in a stirred cell. The oil/water emulsions contained 4.5g of
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soybean oil and 0.45g of a nonionic surfactant (such as Triton-x) in 300mL of DI water. [26] The mass of
the permeate was measured over time and the membranes were allowed to foul. Oil/water emulsions
containing small concentrations of H2O2 250ppm) were compared to the results of the same setup without
the peroxide and it was observed that the emulsion without peroxide fouled much before the solution with
250ppm peroxide.
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Figure 7

The above graph is a comparison of the mass of permeate measured over time as the oil/water emulsion is
passed through the membrane. The blue line consists of an emulsion containing 250ppm H 2O2, , the orange line
consists of the emulsion without any H2O2, while the gray line represents the case when the feed was pure DI water.
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This data was further processed to obtain the flux through the membrane in the stirred cell over
the Volume/Area of the membrane. The two fluxes were also compared. It is evident by looking at figure
7 that the flux of both the emulsions started at approximately the same magnitudes (in fact the flux of the
no peroxide case actually starts a little higher), however the flowrate of the emulsion without peroxide
was quick to decline. While the flow rate of the emulsion containing peroxide also declined, it
consistently remained higher than the other flowrate and the rate of it’s decline also remained lower than
the rate of decline of the mass flowrate of the oil/water emulsion without peroxide.

Figure 8

A comparison of the flux through the membrane with and without peroxide. Looking at this, it is evident
that the flux decline without peroxide is a little prominent than the flux decline with peroxide.
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Conclusions and Future Direction
It can be concluded from these preliminary results that the surface modified catalase membranes
are efficient in removing fouling in oily/water emulsions. These membranes however may not be able to
effectively release hydroxyl radicals to reduce smaller molecules. This was shown by the fact that the rate
constant of methylene blue degradation was much lower catalyzed by catalase when compared to CuO for
long periods of time.
We must also work towards optimized the encapsulation of the catalase in order to allow
them to remain active while still being encased in the PDA microcapsules, since the current results seem
imply that either the microcapsules are unable to encapsulate the catalase, or prevent catalase from
coming into contact with any H2O2.
The next step would be to carry out cross flow filtration tests to test and compare the
effectiveness of these membranes to reduce fouling by using in situ pulse injections of H2O2. We also
wish to see if the oil is recoverable as it is being treating during the filtration test. As an effective
oil/water separation process could prove to be useful for the oil industry.
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